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Preface

“2018 9th China Academic Conference on Printing and Packaging and Conference
of Scientific Research Innovation”, one of the series “China Academic Conference
on Printing and Packaging” which is mainly hosted by China Academy of Printing
Technology, was held on 16–19 November 2018, in Jinan, China. The conference
was co-hosted by China Academy of Printing Technology and Qilu University of
Technology (Shandong Academy of Sciences) and co-organized by Beijing Key
Laboratory of New Technology of Packaging and Printing of China Academy of
Printing Technology, School of Light Industry Science and Engineering of Qilu
University of Technology (Shandong Academy of Sciences) and Printing
Technology Professional Committee of Chinese Society for Imaging Science and
Technology.

By far, “China Academic Conference on Printing and Packaging (CACPP)” and
its series of events have been held for nine sessions since the first session in 2010,
and have already become the most influential academic exchange activities in
printing and packing fields in China.

Scientific research and innovation is playing a more and more important role in
the development of enterprises and the whole country; the technology content is
higher and higher in printing and packaging fields. In order to promote the trans-
formation and application of research results in the actual production, the confer-
ence also hosted “Conference of Scientific Research Innovation” and set up the
exchange session between the enterprise technology demands and scientific results
of universities, to explore new ideas and new approaches of industrialization of
scientific research application, to widen research channel of the innovation technical
teams and the research institutes, to accelerate comprehensive collaborative inno-
vation in production, education, research and application, to create printing and
packaging industry innovation chain and to realize comprehensive promotion of
innovation capacity building in printing and packaging fields.

In recent years, the printing and packaging industry of China has been keeping a
stable growth. In 2017, the total output value of China printing industry has topped
to RMB 1205.77 billion, increasing by 4.6%, the speed of development has
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bottomed out and rebounded, the trend of controlling quantity and improving
quality is obvious, the new kinetic energy keeps growing, and the new window
period effect is emerging.

The conference invited Kaida Xiao, Associated Professor from University of
Leeds, England, TC 8-17 Technical Chairman from International Light Association;
Jeroen Guinée, Associated Professor from Leiden University, the Netherlands; Aran
Hansuebsai, Associated Professor from Chulalongkorn University, Thailand;
Zhigeng Pan, Professor from Hangzhou Normal University and Vice Chairman
from China Society of Image and Graphics (CSIG) to make keynote speeches
“Colour Image Reproduction for 3D Printing”, “Life Cycle Assessment of
Packaging; Past, Present and Future”, “Printability of an Aqueous Based
Nano-Silver Ink for Fabrication of Conductive Lines” and “Research Development
of VR/AR and it Application in Publishing”. Moreover, the conference also invited
distinguished Vice Prof. Sun Jiazhen from Qilu University of Technology
(Shandong Academy of Sciences), Prof. Wei Wu from Wuhan University, Prof.
Changqing Fang from Xi’an University of Technology, Prof. Min Huang from
Beijing Institute of Graphic Communication, Associate Prof. Guodong Liu from
Shaanxi University of Science and Technology, Dr. Yanan Liu from China
Academy of Printing Technology as outstanding young scholars to make speeches,
respectively. At the same time, the participants had oral presentations, academic
exchanges and latest research achievement communication on colour science,
image processing, digital media, printing innovation materials, packaging innova-
tion materials, etc., on four panel discussion meetings.

The conference received 236 papers this year, among which 138 were selected to
be published on Lecture Notes in Electrical Engineering (LNEE) (ISSN:
1876-1100) by Springer.

Here, we greatly acknowledge all the organizations that offered great support for
the conference, and they are: the Printing Technology Association of China,
Chinese Society for Imaging Science and Technology, School of Printing and
Packaging Engineering of Beijing Institute of Graphic Communication, School of
Printing and Packaging of Wuhan University, College of Communication and Art
Design of University of Shanghai for Science and Technology, School of Media
and Design of Hangzhou Dianzi University, College of Light Industry and
Engineering of South China University of Technology, Faculty of Printing,
Packaging Engineering and Digital Media Technology of Xi’an University of
Technology, Light Industry College of Harbin University of Commerce, College of
Packaging and Printing Engineering of Tianjin University of Science and
Technology, State Key Laboratory of Modern Optical Instrumentation of Zhejiang
University, School of Mechanical Engineering of Jiangnan University, School of
Light Industry and Chemical Engineering of Dalian Polytechnic University, School
of Packaging and Material Engineering of Hunan University of Technology, School
of Biological and Chemical Engineering/School of Light Industry of Zhejiang
University of Science and Technology, College of Engineering of Qufu Normal
University, School of Mechanical Engineering of Tianjin University of Commerce,
Food Science and Engineering College of Beijing University of Agriculture, School
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of Materials and Chemical Engineering of Henan University of Engineering,
College of Light Industry Science and Engineering of Nanjing Forestry University,
College of Bioresources Chemical and Materials Engineering of Shaanxi University
of Science and Technology, College of Materials Science and Engineering of
Beijing University of Chemical Technology, College of Material Science and
Engineering of Zhengzhou University, School of Food and Chemical Engineering
of Beijing Technology and Business University, Shenzhen Polytechnic, Shanghai
Publishing and Printing College, College of Communications of Taiwan University
of Arts.

We would like to express our gratitude to the 40 experts from China, Germany,
Britain, American and Japan for reviewing and recommending papers for the
conference with strict standards.

We also thank Springer for offering us an international platform for publishing.
We look forward to our reunion at 2019 10th China Academic Conference on

Printing and Packaging.

Jinan, China Edited by
October 2018 Beijing Key Laboratory of New Technology

of Packaging and Printing
China Academy of Printing Technology
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Testing Performance of Whiteness Formulas

Yuzhao Wang, Xi Lv, and Ming Ronnier Luo(&)

College of Optical Science and Engineering,
Zhejiang University, Hangzhou, China

m.r.luo@leeds.ac.uk

Abstract. Whiteness is an important characteristic for surface color, especially
in printing and textile industries. The widely used CIE whiteness formula had
two shortcomings, i.e. firstly, the formula was only defined under standard D65
illuminant, and secondly, the boundary was found to be too limited. With these
in mind, several modified whiteness formulas were developed. In this study, an
experiment was conducted to test the performance of whiteness formulas. In the
experiment, the whiteness appearance of 88 samples containing FWA
(fluorescent whitening agent) were estimated under four lighting conditions with
four different correlated color temperatures (3000, 4000, 5000 and 6500 K) at
high UV radiation, by 20 observers. The data were used to test the performances
of the developed whiteness formulas. The results indicated that generally the
CIE whiteness formula with the CAT02 chromatic adaptation transform had
good performances when predicting samples under each lighting condition
separately. However, when combining all the data including all the lighting
conditions, the performance of whiteness formula with the CAT02 chromatic
adaptation transform did not perform better than other formulas. It was found
that this is due to the incomplete chromatic adaptation under low CCT
conditions.

Keywords: Whiteness � Chromatic adaptation

1 Introduction

Whiteness is an important colorimetric characteristic for surface colors. In some area
the white perception is strongly related with the quality of the product, such as paper,
plastic, fabric, etc. Fluorescent Whitening Agents (FWAs) is widely used for whiteness
enhancement. These materials can absorb Ultra-Violet radiation and re-emit blue
radiation. Such an effect can make the appearance of surface color look brighter and
become slightly bluish. These two together enhance the whiteness of surface colors.

To characterize the whiteness of surface colors, many efforts have been done.
The CIE whiteness formula (WCIE) is the one of the most widely used metric [1]. The
formulas are given in Eq. (1).

WCIE ¼ Y þ 800 xn � xð Þþ 1700 yn � yð Þ ð1Þ

TCIE ¼ 1000 xn � xð Þ � 650 yn � yð Þ ð2Þ
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Or

T10;CIE ¼ 900 xn;10 � x10
� �� 650 yn;10 � y10

� � ð3Þ

where Y , x and y are the luminance factor and the chromaticity coordinate of s surface
color under CIE standard D65 illuminant; xn and yn are the chromaticity coordinates of
CIE standard D65 illuminant.

Equations (2) and (3) calculates the red/green tint value of the surface color under
2° and 10° Color Matching Function (CMF) respectively. It is noted that the WCIE only
make sense when 40\WCIE\5Y � 280 and �4\TCIE or T10;CIE

� �
\þ 2. These are

the defined whiteness limits.
However, WCIE has its shortcomings, i.e. it can only be applied under D65 illu-

minant, and the whiteness limits are not too limited. More recently, new formulas were
developed. One typical example is the Optimized CIE whiteness formula
(WCIE;Optimized), which was propose by Ma et al. [2]. Equation (4) defines the
WCIE;Optimized :

WCIE;Optimized ¼ Y10 þ a0 xn;10 � x10
� �þ b0 yn;10 � y10

� � ð4Þ

a0 ¼ �0:1891� CCT þ 2267:2 ð5Þ

b0 ¼ 0:3202� CCT � 493:36 ð6Þ

Where Y10, x10 and y10 are the luminance factor and the chromaticity coordinate of
the test specimen under CIE 1964 (10°) and D65 illuminant. The xn;10 and yn;10 are the
chromaticity coordinates of the reference white under the same CIE conditions, and
CCT is the Correlated Color Temperature of the lighting condition.

The other proposed method was to use Chromatic Adaptation Transform such as
CAT02 [3] to transform surface color from other lighting condition to CIE standard
D65 illuminant (WCIE;CAT02). The advantage of the method is that it can apply the
current WCIE to any lighting condition using this method.

The purpose of this study is to test the performance of several whiteness formulas
using newly collected data, and to develop a new adapted formula.

2 Experiment Setup

In order to obtain data to test the performance of several whiteness formulas, a psy-
chophysical experiment was conducted.

A multi-channel LED illumination system (LEDCube) was used for the experiment.
The system contained 11 monochromatic LEDs and 3 white phosphor lightings, which
allowed user to match any desired illuminants. The system was placed on top of a
viewing booth, whose interiors were painted uniformly using mate grey paint. The
lighting has a 98% uniformity on the floor of the viewing booth. This study designed 8
different lighting conditions for testing. The 8 lighting conditions included 4 Correlated
Color Temperature (CCT) with 2 different UV levels. All the experiments were carried
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out with a luminance of 140 cd/m2. Table 1 provides the engineering data for each
lighting condition.

Two UV levels was adopted, as medium and high. The former was adjusted to have
the whiteness values of some FWA samples measured by a spectroradiometer to match
the measurement results from a typical whiteness calibrated spectrophotometer. The
high UV level was made by adjusting the UV level to be 1.5 times as the medium level.
Figure 1 shows the Spectral Power Distribution (SPD) of the 8 lighting conditions used
in the experiment. UV content can be seen below 400 nm.

In total, 16 fabric samples were used for the experiment, including one as reference
sample. These samples had a size of 6 cm � 6 cm, and they were selected to have
different amount of FWAs, which allowed them to have different white appearance
under the 8 lighting conditions.

During the experiment, each observer was asked to look at the reference sample
under D65 illuminant first. Observer was asked to memorize the reference sample
having a whiteness value of 100, and then adapted to the testing lighting conditions for

Table 1. Engineering data for each lighting condition

TargetCCT (K) Exp. CCT (K) UV level Duv Ra

6500 6463 Medium 0.001 95.57
5000 4903 Medium 0.004 97.40
4000 3974 Medium 0.002 98.45
3000 2887 Medium 0.001 96.25
6500 6496 High 0.001 95.48
5000 4916 High 0.004 97.46
4000 3974 High 0.001 98.41
3000 2890 High 0.000 96.21
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Fig. 1. SPD of the 8 lighting conditions
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1 min before the whiteness estimation. During the visual assessment, observers were
asked to give a whiteness score to each fabric sample compared to the reference in their
memory. An 0°/45° illumination/viewing geometry was used.

Twenty observers participated in the experiment, with 7 males and 13 females. The
age of the observers was between 19 and 26 with an average age of 20.5. All of the
observers had normal color vision, i.e. they all passed the Ishihara color vision test.

3 Analysis and Discussion

3.1 Testing Different Whiteness Formulas

The visual results in terms of whiteness rating were used to test the above mentioned
whiteness formulae. Figure 2 shows the distribution of the results on “whiteness rating
—calculated whiteness” plane. The correlation coefficients (R) were calculated as well
and are plotted in Fig. 2.
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Fig. 2. The plots of the visual results against the predictions from 3 whiteness formulas: a WCIE,
b WCIE;Optimized and c WCIE;CAT02, respectively
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It can be seen that the R values for the 3 methods (WCIE, WCIE;Optimized

andWCIE;CAT02) were 0.5686, 0.2461 and −0.0107 respectively. Amongst the three
methods, WCIE had the highest R value, while WCIE;CAT02 had the lowest (even nega-
tive) R value. Note that the calculation for WCIE;CAT02 was assumed a full chromatic
adaptation by setting the chromatic adaptation degree (D) to 1. From the earlier studies,
we found CAT02 performed well with almost full adaptation for viewing surface
samples. However, in this study, the FWA samples appeared to be ‘fluoresce’, more
like self-luminance colors. This may be the reason CAT02 transform performed badly.

3.2 WCIE;CAT02 with Optimized Adaptation Degree

The performance of WCIE;CAT02 was not promising when data from different lighting
conditions were combined together. The visual whiteness results indicate that, when
under lower CCT lighting conditions the whiteness rating would have lower values
compared to those under higher CCT lighting conditions. However, this was found to
be opposite for the WCIE;CAT02 predictions. This implies optimizing the incomplete
adaptation factor, D, could improve the model’s performance. Recent studies by Zhai
and Luo [4] revealed that, the D of CAT could vary, especially under lower CCT
lighting conditions. Hence, efforts were first made to find the best general D value for
all the lighting conditions to achieve the highest R value.

Figure 3 shows the performance of WCIE;CAT02 with a generally optimized D
(WCIE;CAT02;generalD). The R value is 0.7224 which is much better than WCIE,
WCIE;Optimized andWCIE;CAT02. This result proves the incomplete adaptation under
lighting with different CCTs rather than 6500 K. The most ideal situation is that,
different CCTs should had its own adaptation degrees, but a general adaptation degree.
More efforts should be paid on this topic.
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4 Conclusions

This study focused on the performance of whiteness formulae. A new psychophysical
experiment was conducted to collect testing data for scaling whiteness. The results
indicated that, the WCIE;CAT02 and WCIE;Optimized did not perform better than WCIE even
though they were adapted formulae based on WCIE. A newly method to calculate
whiteness was purposed. The new formula was based on WCIE;CAT02 with an optimized
general chromatic adaptation degree. The result showed that, the new formula had the
best performance among the four whiteness formulae.
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Abstract. It is widely acknowledged that gamut-based measures have close
relationship with color preference of lighting. In order to explore the charac-
teristics of spectral power distribution of light with high values for gamut-based
measures, a large database which contains a lot of spectral power distributions
have been established. The values for gamut-based measures of these light
sources were calculated and it is found that the light sources with higher values
for gamut-based measures always exhibits three energy peaks in the red, green
and blue bands, respectively.

Keywords: Colour quality � Colour gamut � Spectral power distribution �
Colour preference

1 Introduction

As lighting technology continues to improve, people’s requirements for light quality
are increasingly getting higher. Among them, colour preference of lighting is
undoubtedly regarded as a very important dimension.

It is showed in existing research that people prefer light sources with higher values
of gamut-based measures [1–4]. That is due to the fact that colour preference is cor-
related with saturation and the increased gamut area is always related to saturation
(or chroma) enhancement. In our recent work, an absolute gamut volume based metric
(GVI) was developed based on meta-analysis and optimized colour samples [2]. The
performance of such a measure was comprehensively compared to 20 typical colour
quality measures, in form of the weighted average correlation between metric predic-
tions and preference ratings of 8 psychophysical studies. However, at current stage it is
still not known which kind of light source could obtain a better value for gamut-based
measures.

Therefore, in this contribution the values for four classical gamut-based measures
of 591 typical light sources from relevant research and dataset [3–16] were calculated.
The characteristics of spectral power distribution (SPD) of 50 light sources with highest
gamut-based values were further analyzed to explore the relationship between the

© Springer Nature Singapore Pte Ltd. 2019
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colour gamut quality of light source and their SPD characteristics. The results show that
a SPD with three peaks at certain red, green and blue wavelength regions always
exhibits higher scores for gamut-based measures.

2 Classical Gamut-based Measures

The four gamut-based measures adopted in this work are Gamut Area Index
(GAI) [17], Qg in Color Quality Scale (CQS) [18], Rg in IES-TM30 [19] and Gamut
Volume Index (GVI) [2].

2.1 Gamut Area Index

The GAI measure was proposed by Mark S. Rea and J. P. Fressinier in 2008. By this
measure, the gamut area is defined as the area enclosed by the polygon created by the
eight test-color samples used in the CIE colour rendering index calculation within the
CIE 1976 UCS diagram (u′, v′) [17].

2.2 Qg

Qg is a measure intended for gamut area quantification by the Color quality Scale
approach [18]. The CQS system is optimized in terms of color sample size, color
sample saturation and the calculation method of average color difference. The Qg in
CQS corresponds to the relative colour gamut area.

2.3 Rg

Rg is one of dimensions of the TM-30 (Rf and Rg) lighting color quality evaluation
system which proposed by the North American Lighting Engineering Association
(IESNA). Such a measure also corresponds to the relative colour gamut area.

2.4 Gamut Volume Index

This GVI measure was developed by our team in 2017. It is based on a meta-analysis of
8 psychophysical studies and thus has better performance in preference predicting [2].
It is based on the absolute gamut volume of optimized colour samples which was
obtained by optimizing the correlation between the metric predictions and the
subjective ratings for a large dataset of psychophysical studies.

3 SPD Dataset

The 591 light sources involved in this paper were derived from relevant research
[3–16], together with several typical SPD databases (IES-TM-30\CRI-2012\CQS
\Memory CRI\CRI-CAM02UCS) in the EXCEL program established by relevant
scholars or organizations, as well as 14 typical light sources provided by 7 famous
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lighting source suppliers for museum and gallery exhibition in China. Note that this
article only introduces these SPDs briefly. For more detailed information, please refer
to the relevant citations. In addition, some of the SPD data in this work is available
upon request.

To be specific, the 591 SPDs (without repetition) adopted in this paper mainly
come from the following work and dataset: Xu et al. (multi-CCT, 2017, 10 SPDs) [3],
Wei et al. (metameric lighting, 2014, 2 SPDs) [4], Narendran et al. (multi-CCT, 2002, 7
SPDs) [5], Szabó et al. (metameric lighting, 2016, 20 SPDs) [6], Feltrin et al. (multi-
CCT, 2017, 5 SPDs) [7], Royer et al. (50 SPDs), Dangol et al. (metameric lighting,
2013, 8 SPDs) [8], Islam et al. (metameric lighting, 2012, 24 SPDs) [9], Jost-Boissard
et al. (metameric lighting, 2009, 14 SPDs) [10], Jost-Boissard et al. (metameric
lighting, 2014, 17 SPDs) [11], He et al. (multi-CCT,2015, 4 SPDs) [12], Dikel et al.
(multi-CCT,2013, 6 SPDs) [13], Liu et al. (multi-CCT, 2017, 9 SPDs) [14], Royer et al.
(metameric lighting, 2016, 26 SPDs) [15], Khanh et al. (metameric lighting, 2017, 36
SPDs) [16], typical light sources provided by seven suppliers of lighting source for
museum exhibition in China (14 SPDs), CRI2012 excel dataset (36 SPDs) [20], CQS
9.0.3 excel dataset (83 SPDs) [18], MCRI excel dataset (30 SPDs) [21] and TM30-15
excel dataset (190 SPDs) [19].

4 Results and Discussion

The 50 light sources with highest values for each measure were selected for further
analysis. Obviously, the best case is that a certain light source ranks in the top 50 of all
the four measures (GAI [17], Qg [18], Rg [19], and GVI [2]).

Among the 591 light sources, there are 5 light sources that rank four times in the
top 50 of these four measures, and 30 light sources that rank three times. The total 35
light sources are shown in Fig. 1.

Fig. 1. The 35 spectral power distributions with best colour gamut performance
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It seems that the light source SPD with three peaks (450–480 nm, around 530 nm,
around 620 nm) will have a good objective evaluation for colour gamut and thus colour
preference. That is to say, if the energy distribution of the light source in the three
bands of R, G and B is relatively uniform, or have peaks in these three bands, the
values for these measures tends to be high.

In addition, the SPDs of the 50 light sources with highest values for these measures
of GAI [17], Qg [18], Rg [19], and GVI [2] are drawn separately, as shown in Figs. 2,
3, 4 and 5.

Fig. 2. Top 50 SPDs with highest GAI values

Fig. 3. Top 50 SPDs with highest Qg values
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It is quite obvious that the drawings in Figs. 2, 3, 4 and 5 correlate quite well with
Fig. 1, which to some extent proves a hypothesis—if a SPD possess three peaks at R,
G, B bands (450–480 nm, around 530 nm, around 620 nm), such a distribution tends
to obtain higher values for gamut-based measures.

In addition, it should be mentioned that there is an obvious difference between GAI,
GVI and Rg, Qg. The former two measures are absolute measures while the latter two
are relative measures. That is, the computation of GVI does not need any reference
source while GAI exclusively takes the equal energy spectrum as reference. However,
for Rg and Qg, a reference source of a same Correlated colour Temperature (CCT) with
the testing source is always needed. Therefore, according to Figs. 2, 3, 4 and 5, it seems

Fig. 4. Top 50 SPDs with highest Rg values

Fig. 5. Top 50 SPDs with highest GVI values
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that the above mention assumption that three RGB peaks generates higher colour
gamut could stand no matter under the conditions of a same CCT or of different CCTs.

At last, it must be pointed out that the above objective analysis, together with the
conclusions could only serve as a method to choose the SPDs with high values for
gamut-based measures. Since the performance of those SPDs has not been tested by
psychophysical studies, it is not safe to conclude that those lights will be definitely
appreciated by observers, let alone the fact that too saturated a light might also impair
colour preference of lighting [1, 2, 18].

5 Conclusions

In this paper, to reveal the truth about which light source could obtain a better value for
gamut-based measures, the values for four typical gamut-based measures of 591 light
sources in a newly-built database were calculated. The 50 light sources with highest
values for each gamut-based measure were selected and visualized. Through further
discussion, it is concluded that if the energy distribution exhibits three bands of R, G
and B in certain wavelength regions, it is easier to obtain higher values for gamut-based
measures. The authors believe such a finding could provide a better understanding for
light spectrum optimization in future.
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Abstract. In this paper, the influence of neutral backgrounds with different
lightness on color appearance was studied, five color centers and nine neutral
backgrounds with different lightness based on printed samples were prepared.
20 observers were organized to carry out visual experiment with the method of
paired comparison. The obtained experimental results indicate that the color
appearance of color center is more affected by higher lightness backgrounds
than the lower, which is quite different with the results computed by color
appearance models (CAM). Furthermore, the factor of Standardized Residual
Sum of Squares (STRESS) was used to evaluate the performance of CAM16
and CAM02 model. The STRESS values show that CAM16 (37.22) predicted
more close to the visual results and performed well comparing with CAM02
(44.00).

Keywords: Color appearance � Different lightness � Color difference � Paired
comparison

1 Introduction

The generation of visual color is a complex psychophysical process which is not only
related to the physical properties of the object itself, but also its surroundings, viewing
conditions and other psychological factors. Therefore, the same color stimuli can cause
different color appearance in different viewing conditions or backgrounds, which
makes it difficult to describe, replicate and evaluate accurately on different media. The
proposal of color appearance model provides a solution for accurate cross-media
reproduction which is based on the human color vision. It mainly solves the problems
of color accurate transmission and reproduction under different viewing conditions,
backgrounds and different surroundings. Nowadays, the most commonly used color
appearance model is CIE CAM02 [1], which has been widely used in scientific research
and industrial applications since recommended by CIE in 2002. However, it was
reported that in some cases, for example, in cross-media color reproduction applica-
tions, computational problems in the calculation of brightness J may result in poor
performance of this model. Li et al. [2] established a new color appearance model
CAM16 and its uniform color space (CAM16-UCS) by changing the structure of
CAM02 and complete the two adaptions in the same space.
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In order to study the influence of neutral backgrounds with different lightness on
color appearance, 20 observers were organized to carry out the visual evaluated
experiment with the method of paired comparison, and the experimental results were
also used to test the performance of CAM16 and CAM02 models.

2 Experimental

2.1 Samples and Illumination

Five color centers (gray, red, yellow, green, blue) recommended by CIE [3] were
selected as target colors in our experiments. The target color samples were printed by
Epson Stylus Pro7908 Inkjet Printer on Color Long Inkjet web matte paper, with the size
of 5 cm � 5 cm. In addition, nine neutral colors with different lightness (L10

* � 20, 30,
40, 45, 50, 55, 60, 70, 80), were also printed with the size of 20 cm � 20 cm to be the
background samples. When all the samples were prepared, each target sample was stuck
respectively on the center of nine background samples. The chromatic values of five
target color samples and nine neutral background samples measured by x-rite eXact
spectrophotometer were shown in Table 1.

Referring to CIE recommended observation conditions, the Gretag Macbeth the
Judge II viewing cabinet fitted with D65 simulator was selected in our visual experi-
ment. The correlated color temperature (CCT) and luminance measured by PR655
spectroradiometer was 6223K and 965lx, respectively. The relative spectral power
distribution (SPD) of the light source is shown in Fig. 1.

Table 1. The chromatic values of five target color samples and nine neutral backgrounds

X Y Z L10
* a10

* b10
* C10

*

Gray 28.95 30.01 31.94 61.66 −0.26 0.45 0.52
Red 20.00 13.89 6.97 44.07 36.78 23.22 43.50
Yellow 61.87 67.18 26.63 85.60 −7.03 49.57 50.06
Green 16.89 23.81 25.65 55.90 −30.40 −0.08 30.40
Blue 9.16 8.65 22.88 35.30 6.84 −30.96 31.70
L20 3.04 3.12 3.22 20.53 0.41 0.85 0.94
L30 6.20 6.39 6.96 30.39 0.19 −0.33 0.38
L40 10.49 10.89 11.90 39.39 −0.29 −0.53 0.60
L45 14.02 14.55 15.72 45.01 −0.26 −0.18 0.32
L50 18.29 18.86 20.77 50.53 0.30 −0.91 0.96
L55 22.26 23.00 24.99 55.07 0.15 −0.45 0.47
L60 26.56 27.61 29.44 59.53 −0.53 0.35 0.63
L70 39.61 40.82 44.15 70.05 0.45 −0.30 0.54
L80 54.05 55.95 60.89 79.59 −0.12 −0.68 0.69
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2.2 Experimental Procedure

The visual assessments were conducted in a dark room. For each color center, the target
color sample on L50 background was placed in the middle of viewing cabinet, other
samples on different neutral backgrounds were displayed randomly on the left or right
side, as shown in Fig. 2. Observers were asked to sit in front of the cabinet at a distance
of approximately 25–30 cm and the viewpoint is 0/45°. In the visual assessment,
observers need to compare the color difference between the target color on the left
background and the target color on the middle background, named DV1, and the color
difference between the right and the middle, named DV2. Then comparing which color
difference was larger, DV1 or DV2. When the judgment was done, the visual results
were recorded. For each target color center, 28 judgments (8 � 7/2 = 28) were gath-
ered and there were totally 140 (28 � 5 = 140) judgments for each observer.

20 observers aged from 22 to 25, involving 10 males and 10 females were orga-
nized to conduct the visual experiment. All observers were students from Beijing
Institute of Graphic Communication and have theoretical knowledge of color science.
In order to evaluate the reliability of judgments made by observers, 5 of the observers
were selected to perform the replicated evaluation.
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3 Results and Discussions

3.1 Observer Variability

Observer variability, including inter and intra observer variability, were evaluated using
the method of Wrong Decision (WD) [4]. For investigating inter- observer variability,
the number of wrong decision made by each individual against the panel results were
computed. For examining intra-observer variability, WD is also used to represent
number of wrong decision made by a single observer from two repetitions. For a
perfect agreement, WD should equal to zero.

From the obtained results, the inter-observer variability (0.18) is almost two times
larger than the intra-observer variability (0.09), which means the observer variability in
the visual experiment is reasonable and acceptable [4].

3.2 Visual Color Difference

The experimental results of each target color judged by all observers were used to do
probability statistics (P%) and then converted into Z-score using Eq. (1), i refers to the
ith observer, u refers to the average value and S refers to the standard deviation value of
the data judged by ith observer. After eliminating the negative numbers, the visual
color difference values [5] between target color in L50 background and other lightness
backgrounds judged by all observers were obtained, as shown in Table 2. The visual
color differences were drawn into histogram in Fig. 3.

Z ¼ ðPi � uÞ=S ð1Þ

From Table 2 and Fig. 3, it can be figured out that the visual color difference of
target color samples between L45 or L55 and L50 background is smaller than that of
other lightness background. Besides, the more the lightness of the background deviates
from that of neutral gray (L50), the higher the visual color difference is. When the
background lightness is 20–45, the visual color difference of yellow is larger than that
of the other four colors, while when the background lightness is 60–80, the visual color
difference of yellow is smaller than that of the other four colors. Because the lightness

Table 2. The obtained visual color differences

DV L20 L30 L40 L45 L55 L60 L70 L80

Gray 1.23 0.93 0.91 0.30 0.46 1.64 2.66 3.87
Red 1.22 0.98 1.00 0.84 0.34 1.03 2.39 4.20
Yellow 2.18 1.87 1.35 1.10 0.55 0.73 1.77 2.44
Green 1.24 0.99 0.77 0.52 0.76 1.36 2.15 4.20
Blue 1.24 1.02 0.53 0.36 0.77 1.48 2.55 4.04
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of yellow is higher, its color appearance is more influenced by low lightness back-
ground and less by high lightness background. For other colors except for yellow, the
visual color difference with higher lightness backgrounds is larger than those with low
lightness backgrounds compared with the L50 neutral background.

3.3 Performance of CAM16 and CAM16-UCS

The measured XYZ values of five target colors, the lightness of nine neutral back-
grounds and other known parameters were put respectively in CAM02 and CAM16
models. Then the color differences of each target color between L50 background and
other eight different lightness backgrounds were computed by CAM02-UCS and
CAM16-UCS. Further, the power function (DE = 1.41(DE′)0.63) developed by Huang
et al. [6] was applied to the color difference metric associated with CAM02-UCS. The
obtained results were shown in Figs. 4 and 5.
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The color difference histograms computed by color appearance models both form
symmetrical V-shape, which is quite different from Fig. 3 that shaped by observers’
visual color difference. The computing results indicated that the color difference
between the target color on L50 background and the target color on other lightness
backgrounds increases with the lightness deviates from L50 neutral background and the
color differences computed by CAM02-UCS are larger than the results computed by
CAM16-UCS.

In order to compare the performance of CAM16 and CAM02 color appearance
model, Standardized Residual Sum of Squares (STRESS) [4] was used to evaluate the
correlation between the visual color difference judged by observers and the color
difference predicted by color appearance model, the results were shown in Table 3. The
range of STRESS value is 0–100, and the smaller the STRESS value is, the better the
corresponding color appearance model performs.

As shown in Table 3, the STRESS value in gray center computed by CAM02-UCS
is smaller than that of CAM16-UCS, while for other four color centers, especially in
yellow center, the STRESS value computed by CAM16-UCS is quite smaller than that
of CAM02-UCS. Comparing the color difference histograms in Figs. 4 and 5, the
variation trend in yellow center is quite different. From the average of five colors’
STRESS values, it can be concluded that CAM16 color appearance model has been
improved and performed better than the prediction of CAM02.
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Table 3. The performance of CAM02-UCS and CAM16-UCS in terms of STRESS

STRESS Gray Red Yellow Green Blue Mean

CAM02-UCS 40.44 49.09 33.22 48.42 48.84 44.00
CAM16-UCS 42.11 43.57 12.31 42.94 45.17 37.22
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4 Conclusions

In order to study the influence of neutral backgrounds with different lightness on color
appearance, five CIE recommended target colors and nine neutral backgrounds were
prepared based on printed samples. 20 observers were organized to carry out the visual
experiments with the method of paired comparison. The results showed that the color
appearance of color center is more affected by the backgrounds with higher lightness
than the lower. And The lightness of target samples may also have an impact on the
color perception. Furthermore, the experimental results were used to test the perfor-
mance of CAM16 and CAM02 model. The average STRESS value of five colors
predicted by CAM16-UCS is 37.22, while the average value computed by CAM02-
UCS is 44.00, which indicated that CAM16 performed better than CAM02.
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Abstract. Significant color discrimination exists among color deficiency
observers, while the color vision variability was used to being neglected among
ordinary individuals. The standard observer is widely used in the traditional
colorimetry for convenience with the observer metamerism phenomenon
ignored. While with the contribution of physiology, psychophysics, color sci-
ence and other areas, the study of color vision variability in individual observers
goes further. This paper reviews on the past research works about observer
metamerism and individual color vision variability according to its physiological
influence factors, significance and quantification.

Keywords: Review � Observer metamerism � Physiological � CMFs

1 Introduction

Metamerism [1] is the phenomenon exhibited by two color stimuli with the same
tristimulus values but different spectral radiant power distributions under certain con-
ditions. It is the core and fundamental theory that the televisions, cameras, projects and
printings etc. based on to present thousands of colors with only three or four primaries.

Kuo [1] comprehensively concluded four types of metamerism, which respectively
occurs due to the change in illuminant, observer, or the geometry of illumination and
viewing. However, the illuminant and observer metamerism (OM) are known more
widely. OM was defined by the CIE [2] as variations of color matches (of spectrally
different stimuli) among different observers. It is mainly caused by individual vari-
ability for quite complex physiological attributions.

In traditional colorimetry, standard observer is used to describe the average
observer color characteristic for convenience at the cost of the precision. It has influ-
enced the critical modern color critical applications nowadays, especially, for the newly
developed techniques such as LEDs, OLEDs, and lasers. They have spectrally narrow
primaries and tend to present the OM effect. It calls for more precise characterization of
individual color vision.
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2 Physiological Attributions

Physiological factors which contribute to individual visual variability are quite com-
plex. First of all, the genes from parents give a person unique physiological con-
struction. However, it changes as one get older or suffer from certain diseases. It even
relates to one’s dietary intake, fat percentage and habits like smoking. From a group
perspective of view, difference in gender and ethnicity also show individual variability.

2.1 Lens and Variable Factors

Age is the most important factor for lens variability. According to Artigas et al. [3] age
explains 47% variations in lens, or 50% reported by Berendschot [4]. Norren and Vos [5]
examined on Crawford’s [6] 50 observers aged from 17 to 30, and found the lens optical
density (LOD) of these young people mainly varies 25% from the average. After that,
Pokorny et al. [7] aimed to investigate the individual variability throughout one’s lifelong
time, it was shown that the LOD increases by 38% from the age 20 to 60. In addition,
Artigas [3] was confirmed greater variability of lens density after the age 60.

Figure 1 [8] shows extracted lenses of people in nine different ages from the new
born of six months to the 91-year-old one. The change is obvious from the nearly pure
white of the new born gradually turns yellow and then even darker. More related details
can be referred in Werner [9], Schefrin [10], Xu et al. [11] and Berendschot [4].

Fig. 1. Extracted lenses of people in different ages: a six months, b eight years, c 12 years, d 25
years, e 47 years, f 60 years, g 70 years, h 82 years, i 91 years

24 Q. Chen et al.



Diabetic’s influence on lens was investigated by Lutez and Bresnick [12] in 1991.
He affirmed that young diabetic individual has similar yellow lens as normal indi-
viduals over 60 years which may cause by ace rated glycosylation of lens proteins.
Other pathological factors such askeratitis or cataracts [13] also have been reported to
influence lens. The differences in lenses of three different cataracts patients can be seen
from Fig. 2 [8].

Individual habits related with LOD such as smoking was investigated by Hammond
et al. [14]. It was proved that smoking would make LOD increase even after smoking
cessation.

To conclude, the age factor which matters most has been well investigated.
Pathological factors and individual habits have been proved to have relations with
LOD. The general trend was obvious, yet more data are required.

2.2 Macular and Variable Factors

Significant differences exist in the macular pigment optical density (MPOD) among
observers, even sometimes varies from the right and left eyes of a single observer. The
variability occurs mainly between 400 and 525 nm and the peak MPOD varies over 1.2
log units [15]. Estimation variability exists in a range of 40–50% from the average
according to recent publications.

To investigate the race factor, researchers took samples from different living areas
and found macular variability from different human race. Howell et al. [16] compared
samples of south Asian and the white, concluded that the white group has MPOD
significantly lower than the Asian group. While Iannaccone et al. [17] reported a 41%
below in blacks than in whites from his test group.

Human cannot produce lutein and zeaxanthin which consists in macular pigment
(MP) themselves. Therefore, factors that have influence on the efficiency of lutein and
zeaxanthin transportation that the retina consumes could affect MPOD. External dietary
intake could increase MPOD, which was verified by Ciulla et al. [18] and Bone et al.
[19]. In addition, Nolan et al. [20] examined that MPOD drops as the human body fat
content climbs, due to the adipose tissue and retina will compete for lutein and
zeaxanthin. In addition, the gender factor matters for the reason that men have stronger

Fig. 2. Cataract patients: j nuclear cataract, age 70, k cortical cataract, age 68, l mixed nuclear
and cortical cataract, age 74
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ability in lutein and zeaxanthin transportation than women. Related researches have
been carried on by Hammond.

In conclusion, besides the race factor, variable factors for MPOD mainly correlate
to the content of lutein and zeaxanthin.

2.3 Photopigment and Variable Factors

Lens and macular can be seen as pre-receptor in the visual pathway. Light has to reach
the photoreceptor layer at the back of the retina. Thomas et al. [21] summarized the
underlying optical density variations including the length of the cone outer segment,
the concentration at which photopigment is expressed, and quantal efficiency of indi-
vidual photopigment molecules.

In addition, the genetic sequence is another variable factor. Neitz et al. [22] con-
cluded that a single amino-acid substitution was correlated with trichromacy in the
subjects who have photopigments with the same peak wavelength sensitivity but only
different in optical density.

Lately, Yuta [23] described two types of variability in photopigment types:
(1) variations in the peak optical densities of photopigments; (2) variations in kmax

shifts (overall shifts in spectral sensitivity curves either toward shorter- or longer-
wavelength region) of photopigments.

Few researches on photopigment variability were reported compared with lens and
macular, perhaps for the difficulty of physiological experiments.

3 Quantification of Observer Metamerism

As to quantify observer metamerism, individual variability factors discussed above
should be taken into consideration based on the traditional standard observer in col-
orimetry. Endeavor has been made by many researchers on this topic.

3.1 Standard Observer

Color Matching Functions (CMFs) composed by three sets of spectral energy distri-
butions have been applied to represent the visual characteristics of human eyes.
Meantime, thest and ardobserver was recommended by CIE to represent the average
normal observers.

Researches on color matching can be traced back to Maxwell [24] in 1860. But it
wasn’t until 1928 that Wright [25] started to collect actual measured observer data.
Wright [26] and Guild [27] conducted experiments based on 10 and 7 observers
respectively with the same experimental conditions (bipartite field, 2°). In 1931 CIE
defined the 1931 standard observer CMFs based on their data, on behalf of the human
vision characteristic, on average.

However, CIE 1931 function calculations show deviation for the field size larger
than 4°, due to the rod intrusion. Then in 1964, CIE recommended the 1964 CIE large-
field standard observer for colorimetry based on color matching data from the labo-
ratories of Stiles and Burch [28] and Speranskaya [29].
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3.2 Individual Observer

CIE has paid more attention to OM since 1979. The metamerism subcommittee of
CIE TC 1.3, Colorimetry, devoted on how to specify test observers for deriving suitable
indices of OM.CIE TC1-07 recommended a Standard Deviate Observer (SDO) which
was based on Nayatani et al.’s study in 1989 [30]. However, it was reported that real
human observer variability was significantly underestimated.

Fairchild and Heckaman [31] developed a Monte Carlo model of color matching
functions that allowed the computational creation of color matching functions for
hypothetical individuals with various lens and macula optical densities and cone
spectral responsivities.

In 2006 the CIE TC1-36 of Division1published a model named CIE Physiological
Observer 2006 (CIEPO06) to predict mean color matching functions for average
observers of various ages and field sizes [32].

Recently in 2015, Asano [23] developed an Individual Colorimetric Observer
Model as Eq. 1. The proposed model is an extension of the CIEPO06, while it
incorporates eight physiological parameters, representing all known significant
variables.

lms� CMFs ¼ f age; fs; dlens; dmacula; dl; dm; ds; sl; sm; ssð Þ ð1Þ

(1) age, fs: age and field size as in CIEPO06;
(2) dlens, dmacula,dl, dm, ds: density deviations [%] from average for lens, macula,

L-, M-, S-cone;
(3) sl, sm, ss: shifts of k [nm] from average for L-, M-, S-cone;

In summary, growing body of literature has drawn their attention to model and
quantify individual observer CMFs. However, it is a tough work for too much vari-
ability involved, and more physiological data need to be collected.

3.3 Categorical Observer

Sarkar [15] developed a two-step method for deriving a minimal set of colorimetric
observer categories. Meantime, eight observer categories and their corresponding
CMFs were proposed through this method. Sarkar also developed an experiment to
classify observers into nine observer categories.

Asano [23] made improvements on Sarkar’s work, and proposed ten categorical
observers. He derived categorical observers by two steps too. First 10,000 observer
functions were generated from his individual colorimetric observer model using Monte
Carlo simulation. After that cluster analysis with a modified k-medoids algorithm was
applied.

The method of sorting human into different categories, offered a new way to deal
with the problem of vision variability. However sufficient investigations need to be
made on the more critical method or the number of categories.
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4 Conclusions

Color science and technologies are undergoing a revolution, it is time to break through
the limitation of traditional colorimetry which use a standard and average color
description. Thus, observer vision variability among normal individual shall be taken
seriously to promote the industrial applications.

It is recommended that further research should be undertaken in the following
areas: (1) Further and in-depth physiological investigation shall never stop for it is the
fundamental and root cause which contribute to individual variability and observer
metamerism, although it is a tough work. (2) More rigorous observer data should be
collected by carefully designed psychophysical experiments with variable control
under full consideration. Among the various and complex physiological factors have
been discussed above, only very few of them had been quantified. (3) Quantified
relationships need to be built through mathematical methods with the support of more
verified data. (4) Recognizing the significance of individual visual variability, coop-
erative investigation shall be taken through areas including physiology, psychophysics,
colorimetry.

Potential applications need to be developed with the cutting-edge technologies,
such as modern display and illumination industry, especially the LED, OLED and laser
technologies. The special customized services will also be a broad and new application
area, such as personalized calibration for color devices, or offering specific design for
the certain group of consumers.
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Abstract. The constancy of color vision is referred to as an ability of human
eye under different ambient light source illumination conditions to correctly
identify and perceive colors of objects. It is of great significance for color
recognition and high-fidelity reproduction. Based on measurement of Chroma,
three psychophysical experiments of visual color constancy, constancy of the
same color under different illuminant, constancy of different colors under dif-
ferent illuminant, instances of color constancy in daily life, were designed. By
altering the illumination conditions of external photo-source, the experimenter’s
visual changes are employed for use of obtaining test conclusions. The results
indicate that constancy of color vision includes process of selective extraction of
color, automatic correction and compensation. It is affected by external illu-
minant, contrast between observed objects, as well as precedent memory of
color on objects in human brain. This advanced visual feature of human brain
makes it enjoy a relatively stable judgment of color between same or similar
color, which is conducive for human to acquire, process and express color
information.

Keywords: Color constancy � Color vision � Automatic correction � Selective
extraction � Vision persistence

1 Introduction

The constancy of color vision is referred to as an ability of human eye under different
ambient light source illumination conditions to correctly identify and perceive color of
the object. This attribute diminishes the effect on color of image from illumination
change or even hardly to detect the color change [1–3]. The color constancy includes
size constancy, color constancy, shape constancy and brightness constancy, studies
currently focus on constancy of color [4]. The study of color constancy is vital for color
recognition, computer vision, video surveillance, and high-fidelity reproduction [5–8].

Current studies on color constancy mainly focuses on how to eliminate impact from
illumination of light source, maintenance of color constancy, the algorithm of color
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constancy, and ill-posed problem of color constancy under low illumination and
complex illumination conditions [9–11]. However, there is a lack of research on
psychophysics of color constancy and evaluation index system of color constancy. For
this reason, the thesis designed three psychophysical tests of the visual constancy of
color (constancy of the same color under different light sources, constancy of different
colors under different light sources, examples of color constancy in daily life), by
changing the outside illumination conditions. Visual changes of the tester were
employed to draw conclusions of the tests (The publication of the paper was approved
by all testers.). And, based on the self-compensation theory generated by human brain
in order to cope with changes in the external environment, the laws of color visual
constancy and cognitive functions of human vision were deeply studied.

2 Color Visual Constancy Experiment

The experiment is based on optical color measurement, observing and analyzing the
visual persistence of the objects’ color by changing the physical observation condi-
tions, so as to study the color constancy laws of different objects. A total of three
psychophysical tests were designed and illustrated as follows.

2.1 Same Color Constancy Experiment in Different Light Sources

Use software Photoshop to design four color blocks (as shown in Fig. 1, the RGB
values of the four color blocks are R = 200, G = B = 0; G = 200, R = B = 0; B = 200
R = G = 0; R = 150 and G = B = 0).

First of all, in the case of four kinds of light sources (A light source: average
daylight D65, B light source: cool white fluorescence, C light source: horizontal
sunlight, D light source: incandescent light), diffused through frosted glass, evenly
illuminates the color sample’s surface. Then, 10 college students (5 males and 5
females) with good color vision and visual acuity of 1.5 or more were selected for
observation. Finally, print color blocks in high-fidelity, and then use a digital camera to
shoot, a spectrophotometer for colorimetric measurements (measurement values shown
in Table 1) and conduct human eye visual evaluation (the visual result of color blocks
under four light sources is shown in Fig. 2), compare it, to go further, with original
color data criterion to investigate the laws related to the human eye’s color constancy.

Red 1 Green Blue Red 2

Fig. 1. Four color blocks
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As the experiments suggest, although the appearance of the above four colors has
undergone major changes, the experimenters still hold that they are the same color. In
particular, the green color patches have become sky blue under the D light source,
however, the testers still insist that they are the same color. This shows that the human
visual system can automatically correct and compensate certain colors (especially the
memory colors such as sky blue and grass green). In addition, the human eye has a
strong adaptability to ambient light, and a strong selective extraction characteristic for
visually obtained color information.

2.2 Constancy Experiment of Different Colors Under Different
Illuminants

Design five red color blocks (as shown in Fig. 3, color block color values G = B = 0,
R are 250, 200, 180, 160, 120, respectively) by software Photoshop, then print out and
shoot it by digital camera, finally display it on a computer and viewed under standard
illuminant and incandescent illuminants.

Table 1. RGB value of 4 blocks under A, B, C illuminants

Results A B C

Red 1 225 59 62 261 26 38 189 23 15
Green 231 48 56 269 36 41 169 10 12
Blue 219 56 36 258 48 18 189 15 21
Red 2 189 38 42 288 59 62 163 12 9

Fig. 2. Four blocks’ color results under four illuminants (from left to right, under A, B, C, D
illuminant)

Fig. 3. Five color block samples
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It was found that the visual evaluation results of the five color blocks under dif-
ferent light conditions were almost the same, and only one experimenter contended that
the color of the fifth color block was dark red. This demonstrates that the color
constancy is not only affected by the contrast between the color blocks but also by the
implicit cognition of the color. Therefore, so long as the brain is given sufficient
environmental information, it will automatically compensate for the color of the
environmental object according to the environmental information, such as the external
illuminant, the background illuminant, the contrast with the surroundings of measured
object, etc. it will automatically compensate for objects’ genuine color so that the visual
sense perceives the original color of the object.

2.3 Instances of Color Constancy in Daily Life

Through the color effect of the colorful Rubik’s Cube, easy to find in daily life, under
different filters, the color constancy is studied (as shown in Fig. 4). The specific plan is:
Place the Rubik’s Cube in the daytime outdoor daylight environment, and then observe
through the red and the blue filter. As a result, the testers can recognize the red and also
the blue blocks well; finally input two pictures to the computer. Although the colors of
the color blocks in the image have transformed hugely, we can still recognize it easily.
Hence, the brain produces a visual compensation and correction for changes of the
ambient light source so that no changes in the color perception of the object can be
detected.

3 Analysis of Experiment Results

From the above experiments it can be concluded that the constancy of color vision is
influenced by the contrast between the colors of the objects as well as the latent impact
of the memory colors in the human brain. The constancy of color vision involves the
selective extraction to color information, the visual experience compensation from
cerebral cortex and the process of surrounding environmental correction, which is a
complex physical, physiological and psychological activity.

(a) Cube under yellow
filter 

(b) Cube under blue 
filter Yellow

(c) Cube color effect 
on computer

Fig. 4. Rubik’s Cube under different filters and color effect on computer
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The human visual system automatically corrects and compensates for physical
changes of color vision caused by altering ambient light source, so that the color at the
visual level remains intact or changes little. This kind of correction or compensation
phenomenon of human color vision allows for a specific adaptation environment for
maintaining the constancy of color vision.

The constancy of color vision is not only a kind of visual low-level activity limited
to eye cells, but also a judgment through combination of various environmental
information so as to complete selective color extraction, automatic correction or
automatic compensation to objects. It further confirms that the constancy of color
vision is a high-level consciousness activity of human brain’s visual information
processing.

4 Conclusions

The constancy of color vision includes the process of selective extraction, automatic
correction and compensation of color objects. It is influenced by the contrast between
ambient environment illuminants and observation object, also by the pre-existing color
memory of the object itself in human brain. This high-level human brain’s visual
characteristics makes relatively stable color judgments to same or similar colors
available, which is conducive for human to acquire, process, and express color
information.

The study of color constancy enriches theoretical theory of color vision, and pro-
vides a certain reference for color information processing and high-fidelity reproduc-
tion, therefore it is of great significance both on theory and application. In addition,
postulated condition of the psychophysics test is the single color external light source
in a homogeneous light intensity, but the genuine lighting environment is much more
complicated. Hence, it is necessary to carry out research on the color constancy under
the multiple light sources and real environment. Meanwhile, there is a lack of an
objective evaluation system for color constancy at present, which is a topic to be further
studied in the future.

Acknowledgements. This work is funded by application research project of Zhejiang Province
public technology (2016C31080), key technology innovation special project of Zhejiang Pro-
vince (2015-422), postdoctoral fund of Anhui Province (2016B125) and interdisciplinary
research project of Zhejiang University of Science and Technology (2015JC06Y).

Compliance with Ethical Standards
Conflict of Interest: The authors declare that they have no conflict of interest.
Ethical Approval: All procedures performed in studies involving human participants were in

accordance with the ethical standards of the school of environmental and natural resources,
Zhejiang University of Science and Technology and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards.

Informed Consent: Informed consent was obtained from all individual participants included
in the study.

Study on the Constancy of Color Vision 35



References

1. Zhao, Q., Pan, B., & Zheng, S. (2009). Color constancy enhancement in two steps under
variable illumination. Optics and Precision Engineering, 17(4), 859–866.

2. Liu, Q., Wan, X., Liu, Z., Li, C., & Liang, J. (2013). Research on developing the spectral
dataset for dunhuang typical colors based on color constancy. Spectroscopy and Spectral
Analysis, 33(11), 3071–3074.

3. Jiao, S., Ji, G., & He, H. (1997). The process of human vision system’s cognitive operation
in keeping color constancy. Acta Psychologica Sinica, 29(2), 113–120.

4. Zhang, X. (2016). The color constancy algorithm research based on computer vision. China:
Tianjin.

5. Rao, X., Zhang, L., & Zhou, H. (2014). Color constancy for scenes of non-uniform spectral
power distribution of multiple light sources. Journal of Yunnan University, 36(2), 187–192.

6. Cai, X., Meng, X., & Xiang, H. (2004). The study of an illumination & hue color constancy
algorithm. Journal of Image and Graphics, 9(8), 922–926.

7. Amano, K., Linhares, J. M. M., & Nascimento, S. M. C. (2018). Color constancy of color
reproductions in art paintings. Journal of the Optical Society of America, 35(4), 324–333.

8. Tang, Z., Liu, H., & Yuan, J. (2016). Advances research on color constancy computation
under singe illuminant. Computer Science, 43(11), 12–18.

9. Liu, Q., Wan, X. X., Liu, Z., & Sun, P. (2014). Spectral separation method for multi-ink
printers based on color constancy. Applied Mechanics and Materials, 731(1), 18–21.

10. Zhu, J. (2011). The research on color constancy theory and application in image
enhancement. Hefei, China.

11. Gao, S.-B., Zhang, M., Li, C.-Y., & Li, Y.-J. (2017). Improving color constancy by
discounting the variation of camera spectral sensitivity. Journal of the Optical Society of
America, 34(8), 1448–1462.

36 H. Wang et al.



Research on Digital Printing Color Prediction
Model Based on PSO-BP Neural Network

Siwei Lu(&), Qiang Wang, Ping Yang, and Weiyan Zhang

College of Media and Design, Hangzhou Dianzi University, Hangzhou, China
sweeluu@163.com

Abstract. This paper is aimed at the key technology of digital printing in the
textile industry. According to the color reproduction characteristics of digital
printing, a color prediction model based on Particle Swarm Optimization
(PSO) was proposed to optimize the three-layer BP neural network, solving the
problem that BP neural network is easy to fall into local minimum value through
optimization of weights and thresholds, which effectively improved the digital
printing color prediction accuracy. The experimental and industrial application
results show that the prediction accuracy of this paper is higher than BP neural
network model and the Yule-Nielsen modified Neugebauer model these two
mainstream algorithms, which is more in line with the practical needs of digital
printing industry applications.

Keywords: Digital printing � BP neural network � Particle swarm optimization
(PSO) � Color prediction model

1 Introduction

Digital printing technology is the application of digital inkjet printing and digital
control technology to break through the bottleneck of traditional textile printing pro-
duction long cycle, high cost, and complex quality control. It is a new technology for
the establishment of on-demand printing custom [1]. However, digital ink jet printing
still has the problems of large color fluctuation and insufficient accuracy of partial color
reproduction, which makes the color prediction model in color reproduction of high-
precision digital inkjet printing a key issue and a hotspot.

In recent years, researches on color prediction models mainly focus on the
Neugebauer cell model, the spectral Neugebauer models and its modified or optimized
models, the polynomial regression models, the table-look up models and the neural
network models [2]. However, due to the large number of non-linear factors in digital
ink jet printing equipment, the existing models have the disadvantages of low sample
size, model complexity, and low model efficiency. Therefore, it is urgent to construct a
high-precision color prediction model to break through the bottleneck.

Based on the neural network, this paper proposes a new PSO-BP neural network
model for color prediction of ink jet printing by using PSO to optimize the BP neural
network and solve the problem that BP neural network has slow convergence rate and
it’s easy to fall into local minima.
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P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_6&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_6


2 PSO-BP Neural Network Principle

2.1 BP Neural Network

BP neural network is a multi-layer feed-forward neural network trained according to
the error reverse propagation algorithm [3]. It adopts the minimum mean square error
learning method [4] and the network has the three-layer topology structure of input
layer, hidden layer and output layer. Through the hidden layer from the input layer, the
signal finally reaches the output layer, and from the output layer to the hidden layer, the
error in the input layer is back-propagated to adjust the weight and bias of the hidden
layer to the output layer and the input layer to the hidden layer in turn.

2.2 PSO Algorithm

Particle swarm optimization (PSO) is a biological evolution algorithm [5] that defines one
point as a particle by defining a D-dimensional search space. It first initializes a group of
particles and then iteratively finds the optimal solution in a group of particles. In each
iteration, the particle updates the position and velocity through their own search for the
optimal solution Pbest and the global extremum Gbest searched by the entire particles.
The update formulas for the position and velocity of particles are Eqs. (1) and (2).

vij tþ 1ð Þ ¼ x� vij tð Þþ c1 � r1 � pij tð Þ � xij tð Þ
� �

þ c2 � r1 � pgi tð Þ � xij tð Þ
� � ð1Þ

xij tþ 1ð Þ ¼ xij tð Þþ vij tþ 1ð Þ ð2Þ

Among them, x is inertia weight, c1, c2 are learning factors, r1, r2 are random
numbers between 0 and 1.

If the population particle number is n, each particle is m-dimensional, and the
position of the i-th particle is expressed as xi ¼ xi1; xi2; . . .; ximð Þ, and the i-th particle’s
current optimal position is Pbesti ¼ pi1; pi2; . . .; pimð Þ, the group’s current optimal
position Gbesti ¼ g1; g2; . . .; gmð Þ, and the position change of the i-th particle is
vi ¼ vi1; vi2; . . .; vimð Þ.

2.3 PSO Optimization BP Neural Network

This paper aims at the BP neural network does not have local search optimization
method for global search performance. It has slow convergence speed, easily falls into
local extremum, and is very sensitive to parameters such as initial weights and learning
rates. So we adopt PSO algorithm with fast convergence rate, high robustness, and
good global search capability, optimize weights and thresholds of BP neural network
by updating the position and rate of particles to obtain the optimal initial weights and
thresholds of fitness value, which can make up for the defects of BP neural network,
meet the accuracy of the output value. The working principle of PSO-BP neural net-
work is shown in Fig. 1.

38 S. Lu et al.



3 The Construction and Realization of Prediction Model

3.1 PSO-BP Model Establishment

1. The PSO parameters in the PSO-BP algorithm of this paper are based on the better
optimization result of the dynamic values, that is, using the linear decrement of the
weights, decreasing linearly from 0.9 to 0.4, and selecting the particle dimension H,
H is calculated from formula (3):

H ¼ hj þ hi � hj þ hj � hk þ hk ð3Þ

Among them, hi, hj and hk are the number of nodes in input layer, hidden layer and
output layer respectively.

2. When constructing the PSO-BP model and BP network parameter settings, the
number of nodes selecting the input layer and the output layer is three. The number
of hidden layer nodes is calculated by using empirical formula (4):

hj �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hi � hk þ 3ð Þ

p
ð4Þ

3. The mean square error function of the BP neural network is selected as the fitness
function of the particle swarm algorithm. The formula for calculating the fitness
value of the particle is formula (5).

Fitness ¼ 1
N

XN

i¼1

XM

j¼1

yij � yij
� �2 ð5Þ

Fig. 1. PSO-BP neural network working principle
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where N is the number of samples, M is the particle dimension, yij is the theoretical
output of the BP neural network corresponding to sample i, and yij is the actual output
of the BP neural network corresponding to sample i.

4. If the fitness value of the current particle is better than its historical optimal fitness
value Pbest, the historic optimal fitness value Pbest is changed to the current par-
ticle’s fitness value; if not, then the global optimal fitness value Gbest is changed to
the historical optimal fitness value of the current particle.

5. When these two extremums are found, the position and velocity of each particle are
iteratively updated according to Eqs. (1) and (2) to reach the optimum. When the
stop condition is satisfied, the iteration is stopped and the connection weights and
thresholds are output. Use them to train BP neural network.

3.2 Layers Partitioning Based on Lightness

In this paper, considering the sensitivity of the human eye to lightness and the maxi-
mum ink value of K (black) in actual production, the color space is divided into six
layers K0, K10, K30, K50, K70, and K90 based on lightness. The prediction of the
model is performed separately in six layers.

3.3 Experimental Design

The experimental samples of this article used the Honghua 3186S high-speed machine
for digital ink jet printing, and the printing fabric was twill silk. C, M, and Y were
arranged according to the dot area percentage [0, 10, 50, 90, 100%] as a training
sample, 35 ¼ 243 in total, and the dot area percentage of C, M, and Y were arranged as
[0, 5, 30, 70, 95, 100%] and combined color patches as test samples, 36 ¼ 729 in total.
The color patch samples are shown in Fig. 2. X-rite’s spectrophotometer i1 was used as
a measuring device to measure the L, a, and b values of the color patches. PSO-BP
network training and analysis used MATLAB R2015 software.

The device was tested for constancy before the experiment. The sample was
measured three times with i1 and analyze the result. The average color difference of the
three measurements was DE00 ¼ 0:05. To reduce the error, the experimental data was
taken as the average of the three groups of sample data.

3.4 Prediction Results and Analysis

Figure 4 shows the trend of the color difference statistics obtained from the different
layers K0 to K90. The horizontal axis is the numbered samples based on statistics, and
the vertical axis is the color difference range. It can be seen that the statistical color
difference trends in each layer are approximately the same. And the whole model itself
can be compared longitudinally. When the lightness decreases, the smaller the color
difference is, the less the sample with the color differences above 4 and the higher the
precision of the model. Figure 3 shows the variation curve of the individual fitness of
particles in the iteration process of the PSO algorithm in the K0 layers. In the constant
iteration process, the fitness value is minimized, that is, the mean square error is
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minimized, and the model is trained at about 40 times. At that time, the model tends to
be stable and the model reaches a convergent state, which avoids the problem that the
BP neural network easily falls into a minimum value.

With the same number of samples, this paper compares the prediction errors of
PSO-BP and BP and Yule-Nielsen modified Neugebauer model, and uses color dif-
ference and root mean square error (RMSE) to represent the predicted accuracy. The
results are shown in Table 1. we can see that the PSO-BP model has the best indexes,
while the Yule-Nielsen modified Neugebauer model has the largest error.

Fig. 2. Color patch samples
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4 Conclusion

According to the nonlinear characteristics of ink-jet equipment in digital printing, this
paper proposes a digital printing color prediction model that optimizes BP neural
network weights and thresholds through particle swarm optimization algorithm and
compares the prediction accuracy of PSO-BP with BP, Yule-Nielsen modified
Neugebauer model. Experimental results show that the PSO-BP algorithm can avoid
the occurrence of local extremes, reach the minimum fitness value, significantly

Fig. 3. K0 layer fitness curve

Fig. 4. Color difference trend chart of K0 to K90 layers
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improve the model’s prediction accuracy, algorithm stability and portability, and better
meet the actual needs of digital printing industry applications.
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Table 1. Comparison of prediction accuracy among PSO-BP, BP and Yule-Nielsen modified
Neugebauer

Partition 4 � 4 � 4 PSO-BP 4 � 4 � 4 BP 4 � 4 � 4 Y-N
Mean
DE�

ab

Mean
RMSE

Mean
DE�

ab

Mean
RMSE

Mean
DE�

ab

Mean
RMSE

K0 2.997 0.823 11.689 2.697 16.325 27.414
K10 2.7 0.601 10.004 2.402 13.758 25.989
K30 2.296 0.457 8.452 2.328 11.554 20.127
K50 1.899 0.234 8.048 2.179 10.208 15.735
K70 1.759 0.111 7.265 1.934 8.995 10.989
K90 1.88 0.065 6.788 1.69 7.698 10.322
All 2.255 0.382 8.708 2.205 11.423 18.429
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Abstract. The paper is to study the atmosphere and emotional performance of
undergraduate students in simulated clothing store LED lighting environment.
By analyzing the basic evaluation indicators in this environment, the influence
of color temperature and brightness on the evaluation indicators of atmosphere
was discussed. Using psychophysical experiments, 53 undergraduates (aged 19–
22 years old) assessed the atmosphere of the four light environments. For each
condition, 71 pairs of scales questionnaires were used. Factor analysis deter-
mines a basic dimension of the environment: cosiness and liveness. And eigh-
teen scales are established to evaluate the atmosphere of clothing stores. The
results of the study show that higher brightness will make the environment
livelier. The clothing store uses a warm light of about 3000 K to make people
feel comfortable.

Keywords: LED lighting � Psychophysical experiment � Factor analysis �
Atmosphere � Emotionalization

1 Introduction

Many surveys have shown that the lighting environment affects human emotions,
behaviors, perceptions and preferences. Therefore, the atmosphere of the clothing store
will directly affect the enthusiasm of consumers. Vogels believes that emotion and
atmosphere are an experience that human observers have for the surrounding envi-
ronment [1]. At the same time, research shows that the definition of atmosphere
requires at least two dimensions: comfortable and lively [1], but she uses fluorescent
lamps and halogen lamps when defining these dimensions. With the increasing pop-
ularity of LEDs, traditional light sources (halogen lamps, etc.) are gradually being
replaced, and most apparel stores today also use LED lighting combined with tradi-
tional lighting (halogen lamps, etc.).

In view of the above problems, this paper, based on the current situation of
shopping malls and clothing stores, invites college students to conduct psychophysical
experiments by simulating the environment of clothing stores, and obtain psychological
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perception data of observers in the atmosphere of simulated clothing stores. Study the
atmosphere and emotional performance of college students in the LED lighting envi-
ronment of simulated clothing stores.

2 Psychophysics Experiment

2.1 Observer Selection

53 (14 female, 39 male) undergraduate observers from Dalian University of Tech-
nology were selected for the experiment. Except for the 14 people in the B1 group, the
other three groups were thirteen, and the age range was 19–22 years old. The color
blindness test was normal. Before observers entered the experimental environment, it
was necessary to adapt to the test adaptation environment for one minute, then walked
around the experience and fill out the questionnaire. The 71-scales questionnaires are
used by XY. Liu is in the questionnaires [2].

2.2 Experimental Environment and Method

The experiment was completed in the Light Environment Simulation Laboratory of
Dalian Polytechnic University. The lights are all bright, except for the two halogen
lamps, all the lights are brightened, and some of the lights are illuminated, all the lights
are extinguished in four cases, divided into A (all lights are bright), B (all lights except
two halogen lights) A1 (part lights) B1 (no lights) four groups experiments were carried
out, and basic parameters were measured at the center. The observers were divided into
four groups to evaluate the atmosphere of the 71 groups of the lights in the four
environments, and the lowest score of −3 means no ** (like, comfortable, attractive,
etc.), the highest score of 3, indicating very ** (like, comfortable, attractive, etc.)
(Table 1).

Experiment process:

(1) Visual test (testing whether the observer has visual defects or color blindness);
(2) Introduce the experiment to the observer;
(3) Adaptation of the lighting environment (about 1 min);

Table 1. Basic parameters of the light source used in the experiment

Lighting
condition

Ambient color
temperature/K

Ambient
illumination/lx

x y Ra

A 3431 1457 0.4090 0.3921 91.9
B 3407 1125 0.4097 0.3909 92.4
A1 3415 1383 0.4096 0.3916 92.2
B1 3632 1.6 0.4247 0.4624 81.8
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(4) Subjective evaluation of the atmosphere of the light environment of the simulated
clothing store (the experimenter requires the observer to fill in the corresponding
score according to the questionnaire);

(5) Switching light source to change the lighting environment of the simulated
clothing store;

(6) Repeat 3–4 times until the end of the experimental data collection.

3 Results and Analysis of This Experiment

3.1 Observer Reliability

The values of reliability a range from 0.628 to 0.942. It can be seen from Table 2 that
the credibility values of the four groups of experiments are within the range of values,
so the observers of the experiment have high reliability.

3.2 Principal Component Analysis

Using the principal component analysis software SPSS to determine the basic elements
of atmosphere perception Principal component. It is designed to generate independent
variables called factors. Table 3 lists the distribution of each factor. According to the
principal component analysis, the five main factors extracted were 22.964, 8.82, 6.044,
5.473, and 4.716%. For each factor, there is a feature value calculated to correspond to
it. The values of factors 3–5 are significantly small, indicating that their differences are
small. Figure 1 shows the distribution of various factors. It can be seen from the figure
that the distribution of factor 1 is the most dense, according to the theory of confirming
the basic dimension according to PJM Custers M.Sc. [3] as shown in Table 4: the basic
perceptual dimension of factor 1 is cosiness. And in the factor 1, there are also pairs of
words such as depression-inspired, so liveness can therefore also be used. At the same
time, 18 scales of factor 1 were also established to evaluate the atmosphere of the
clothing store.

3.3 The Relationship Between Brightness, Warmth and Cosiness

In this paper, the bright-dark as the brightness, the cool-warm as the warmth, through
the multi-factor analysis of variance, the results are shown in Table 5. The results show
that the cosiness is positively correlated with the visual acuity, and it is opposite to
Vogels’ experiment [4]. At the same time, it was found that cosiness was positively
correlated with warmth. The CCT used in this experiment is mostly in a warm yellow

Table 2. Reliability analysis of each group of observers

Groups A B A1 B1 Total

Cronbach’s alpha 0.930 0.917 0.739 0.927 0.929
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light of about 3000 K, so the regional culture difference can be found. Vogels
experiment found that the Dutch are more comfortable and active in the case of low
CCT [5], and this experiment is contrary to him. The Chinese observers feel more
comfortable under a CCT of around 3000 K.

Table 3. Load the atmospheric size using a factor of 71 scales

Overall variance: 48.025% Factor 1
22.96%

Factor 2
8.82%

Factor 3
6.04%

Factor 4
5.47%

Factor 5
4.71%Scales

Depressed-cheerful 0.789 −0.054 −0.280 0.015 0.087
Dejected-inspiring 0.767 −0.218 −0.119 0.064 0.188
Negative-positive 0.757 −0.119 −0.204 −0.027 0.173
Bright-dark 0.724 −0.018 −0.107 −0.197 0.225
detached-cheerful 0.716 −0.141 −0.100 −0.150 0.154
Safe-dangerous 0.699 −0.010 0.308 −0.021 0.054
Cool-warm 0.698 −0.162 0.006 −0.171 −0.135
Wilted-excited 0.686 −0.091 0.027 0.086 0.043
Lifeless-energetic 0.681 −0.068 0.170 −0.162 0.047
Alienated 0.680 −0.131 −0.187 0.010 0.105
Desolation-radiant 0.679 −0.137 0.085 −0.194 −0.250
Unhappy-happy 0.670 0.047 −0.330 −0.097 −0.074
Hostile-friendly 0.662 −0.333 −0.121 0.144 0.046
Repressed-active 0.639 −0.310 0.034 0.203 0.288
heavy-happy 0.635 −0.127 0.580 −0.108 0.151
Dull-vivid 0.634 −0.044 0.218 −0.298 −0.098
Fearful-close 0.626 −0.305 −0.092 0.279 0.229
Old-fashionable 0.606 0.205 −0.241 −0.263 0.023
Vulgar-noble 0.219 0.817 −0.180 −0.047 −0.041
Feminine-masculine −0.035 0.643 0.124 −0.205 0.287
Unsightly-beautiful 0.531 0.559 0.322 −0.074 −0.126
Cheesy-refined 0.234 0.522 −0.281 0.089 −0.117
Frivolous-serious −0.091 0.517 0.188 −0.244 −0.036
Impetuous-calm −0.053 0.416 0.516 0.296 0.098
(In)dependent −0.240 −0.082 0.504 −0.217 0.057
Classical-modern 0.321 −0.057 0.428 0.237 −0.110
Commercial-literary 0.328 0.195 0.340 −0.151 −0.200
Anxious-calm 0.125 0.169 0.351 0.601 0.139
Casual-formal 0.057 0.428 −0.178 0.019 0.644
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4 Conclusions

This research is mainly to study the atmosphere of the clothing store. The research
results show that the cosiness is enough to describe the atmosphere of the clothing
store. The same liveness can also be used to describe the atmosphere of the clothing
store, and the eight scales are established which can be used to study the clothing store.
The study also found that higher brightness will make the clothing store more com-
fortable, about 3000 K. The color temperature makes the environment of the clothing
store more comfortable. Finally, cultural differences were discovered.

For cosiness, in the clothing store environment, Chinese people feel warm when the
color temperature is about 3000 K.

Acknowledgements. This work is supported by QianBaiHui Research Fund Project (2017-
228195).

Fig. 1. Distribution of five factors

Table 4. Four basic atmosphere dimensions

Dimensions Cosiness Liveness Tensenness Detachment

Items Cosy Lively Tense Business
Intimate Stimulating Terrifying Forma
Pleasant Inspiring Oppressive Cool
Safe Cheerful Uncomfortable Chilly

Threatening

Table 5. The effect of brightness and warmth on factor 1 (cosiness)

Brightness Warmth

Factor 1 (cosiness) Person r 0.729** 0.702**

P value 0.000 0.000

**P<0.01
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Abstract. The antagonistic mechanism of human color vision is the physio-
logical characteristics of the human visual system. The processing of spatial
color information in visual color channels is opposite, which presents that the
black-white opposition color channel, the red-green opponent color channel and
the yellow-blue opposition color channel are all multi-scale. This paper aims to
study the algorithm of the antagonistic mechanism of human color vision. Based
on the theory of the visual receptive fields, seven filter operators associated with
the human observation condition are designed; the mapping relation between
these operators and human visual observation scale is established. The paper put
forward to an algorithm for simulating the antagonistic mechanism of human
color vision, which is carried out in visual opposite color space. The experiment
results show that the algorithm has the ability of color constancy prediction, and
the color reduction accuracy is not lower than the automatic white balance
processing result of the professional digital SLR camera.

Keywords: Color vision � Contrast sensitivity � Color constancy � White
balance

1 Introduction

Neurophysiological evidence shows that color antagonistic cell exists on the optic
nerve pathway of the retina and brain visual cortex area. Color antagonistic cell only
responds to color or color contrast. This type of cell has a central-marginal antagonistic
organizational structure [1]. Based on the central- marginal antagonism mechanism,
researchers have developed algorithms that simulate this mechanism in order to achieve
some desired effect. The algorithms have been applied accordingly in digital image
enhancement techniques [2], high-dynamic image compression techniques [3], com-
putation of color constancy [4] and other aspects. This type of algorithms only
embodies the single-scale or dual-scale nature of spatially complex color stimulation.
But in fact, color antagonistic cell is multi-scale in perception of spatial color
information.
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The purpose of this paper is to simulate the multi-scale processing algorithm of
spatial complex color stimulation in human eye color antagonism mechanism. It is
expected to solve two problems. Firstly, a quantization method for spatial frequency
tuning curve filter operator corresponding to visual opposite color channel is proposed
to solve the problem that visually antagonizing color space cannot describe the spatial
correlation of spatial complex color stimulation. Secondly, to solve the problem that the
current human eye color visual antagonist mechanism simulation algorithm does not
realize the multi-scale processing mechanism simulation of human visual field color
perception field space.

2 Antagonism Mechanism Simulation Algorithms

The center-edge antagonism of the human eye vision is measured by the image of the
color contrast changing with the spatial frequency of the sine wave. The measurement
result is the human visual contrast sensitivity function (CSF) [5–8].

As shown is Fig. 1, The CSF function can be decomposed into multiple band-pass
filter operators in the frequency domain. These operators show that the perception of
color information of human eyes is a process of extracting details level by level. If the
filter characteristics can be quantified, the human eye can be realized. The antagonism
mechanism simulation algorithm of human eye visual system can be developed.

Fig. 1. CSF and spatial multi-scale processing
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2.1 Visual Spatial Scale Decomposition

Visual spatial scale decomposition is quantified by the size of the perspective. The size
of the human eye space scales in different visual attention areas are related to the
resolution, image size, and observation distance shown as Formula 1.

SpD ¼ 0:01745 � D� imR ð1Þ

In the formula, SpD indicates the number of sampling points in the 1° viewing
angle, imR indicates the resolution of the observed image, and D indicates the visual
observation distance. Theoretically, the maximum viewing angle Vmax is known when
the observation distance, image size, and image resolution are fixed. If the angle of
view changes in 1 step, the image can be decomposed into [Vmax] visual window. If
decomposing the image into multiples scales according to the method of half down-
sampling, the decomposition form of the image is expressed as Formula 2, where the
original size of the image is represented as V0.

V ¼def V0;
1
2
V0;

1
4
V0;

1
8
V0; . . .; SpD

� �
ð2Þ

2.2 CSF Multi-channel Filter Operator

If the CSF model proposed by Johnson and Fairchild [8] is approximated by multiple
Gaussian numbers, the multi-band expressions as Formulas 3 and 4 show:

csflum ¼ a1 � exp �ðx� b1Þ2
c21

 !
þ a2 � exp �ðx� b2Þ2

c22

 !
þ a3 � exp �ðx� b3Þ2

c23

 !

ð3Þ

csfchrom ¼ a1 � exp �ðx� b1Þ2
c21

 !
þ a2 � exp �ðx� b2Þ2

c22

 !
ð4Þ

Formulas 3 and 4 are the CSF functions of the luminance and chroma channels in
the form of the sum of multiple Gaussian functions. The relevant parameters are shown
in Table 1. The ci in Table 1 can be used to calculate the half bandwidth FWHM of the
Gaussian function to simulate the width of the visual bandpass filter. The calculation of
the half bandwidth is expressed by Formula 5. ai simulate the telescopic characteristics
of the analog bandpass filter. Different filters are mapped to different visual spatial
scales, that is, the starting and ending frequencies are different, which can be defined by
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defining the size of the filtering window Hsize. The calculation of the filtering window
size is expressed as Formula 6:

FWHM ¼ 2 � ci � sqrtð2 ln 2Þ ð5Þ

Hsize ¼ FWHM � SpD ð6Þ

Therefore, Gaussian filter operator convolution in the opposite color space of the
human visual can be calculated with the sub-images decomposed by the spatial scale of
the image and the Formulas 3 to 6. It can realize the simulation of spatial color multi-
scale processing algorithm of the human eye color antagonism mechanism:

Loutðx; yÞ ¼ Lðx; yÞþwi
P3

i¼1 liðx; yÞ � Liðx; yÞ
R Goutðx; yÞ ¼ R Gðx; yÞþwi

P2
i¼1 r giðx; yÞ � R Giðx; yÞ

Y Boutðx; yÞ ¼ Y Gðx; yÞþwi
P2

i¼1 y biðx; yÞ � Y Biðx; yÞ

8<
: ð7Þ

In Formula 7, L(x, y), R_G(x, y) and Y_B(x, y) indicate black-and-white, red-
green and yellow-blue opposite color channel image separately which are input images.
li(x, y), r_g(x, y) and y_bi(x, y) indicate filter operators corresponding to different
frequency bands of each color channel. wi indicates weight adjustment factor which is
ai in Table 1. Li(x, y), R_Gi(x, y) and Y_Bi(x, y) indicate sub-images of each color
channel after visual image-decomposed. Lout(x, y), R_Gout(x, y) and Y_Bout(x, y)
indicate visual image processed after visual antagonism.

3 Experimental Results

The simulation calculation mainly includes the following steps: (1) converting the RGB
color mode image to the CIE Lab color mode image which describing color in the
opposite color space, (2) performing 3 scale filtering calculations on the L channel, and
performing 2 scales on the a and the b channel separately, (3) synthesizing the multi-
scale filtering result image in each channel separately (4) converting the Lab color
mode image into the RGB color mode image.

In order to verify the performance of the algorithm to predict the color constancy,
The Xrite ColorChecker SG (hereinafter referred to as CC) color standard is captured
by the Nikon D700 camera in a neutral gray darkroom environment in this experiment.
Four kinds of light source which are CIE D50, D65, A, C, and two kinds of luminance

Table 1. The parameters for CSF multi-channel decomposition model

a1 a2 a3 b1 b2 b3 c1 c2 c3
L 0.3793 0.5008 0.2815 3.092 6.26 10.11 3.261 6.232 12.42

a1 a2 b1 b2 c1 c2
r-g 1.126 0.3415 −7.435 5.467 14.95 5.52
y-b 1.023 0.1406 −1.184 9.4 5.066 9.118
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which are 1000 lx and 500 lx are used in this experiment. For each combination of
illumination and light source, the experiment gets the images under two kinds of
situations. Situation 1, custom shooting situation, turns off all the automatic color
correction functions of the camera, and set the camera shooting color temperature
which is the closest to the actual measurement value. Situation 2, auto white balance
shooting, images with automatically white balance of the camera under corresponding
environment. A total of 16 test images are achieved in this experiment.

4 Analysis and Discussion

The test images are divided into two groups. The first group of 8 images is obtained by
the custom shooting situation and calculated using the algorithm proposed in this paper.
The second group of 8 images is obtained by the automatic white balance shooting
situation. Taking the measured values of the CC card under the D50 light source as the
standard values, the color difference calculations are performed respectively with the CC
card values in the two groups of images. The color difference formula adopts the CIE
DeltaE00 (hereinafter referred to as DE00) color formula. And the average value and
standard deviation of the color difference DE00 of all the color patches in the CC card
are used as evaluation indexes. The color difference calculation result is shown in Fig. 2.

In Fig. 2, the ordinate indicates DE00, the abscissa indicates the shooting color
temperature, ○ AWB indicates the color prediction accuracy of the automatic white
balance algorithm, and � Proposed indicates the color prediction accuracy of the
algorithm proposed in this paper. The vertical line in Fig. 2 expresses two statistical
parameters of color reproduction, the average color difference (indicated by the center
point position) and the standard deviation (indicated by the length of the line segment).
The lower the center point and the shorter the line length is, the higher the prediction
accuracy is. Figure 2 shows that when the color temperature is higher than 4000 K, the
standard deviation of the prediction results using the algorithm of this paper is

Fig. 2. The results of the DE00 color difference
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obviously small (the blue line in Fig. 2 is shorter) and the prediction accuracy is higher
than the white balance algorithm of the camera. when the color temperature is lower
than 4000 K, the algorithm has no obvious advantage compared with the camera
automatic white balance algorithm. For the case of 2500 K, the average prediction
result is larger than the camera automatic white balance prediction, but the standard
deviation is relatively small. It shows that the color difference data is relatively small.
For the case of 2630 K, the prediction result of this algorithm is not as good as the
camera automatic white balance algorithm and the color difference is large. However,
as shown in Table 1, this image is captured under the condition of A source illumi-
nation and 1000 lx. The color temperature deviation between ambient light source and
setting is also the largest which is greater than 50. Based on the comprehensive
comparison results, it can be considered that the prediction performance of the algo-
rithm proposed in this paper is relatively better than that of the professional white SLR
automatic white balance algorithm in color constancy.

5 Conclusions

The paper argues that the processing of color information by the human eye visual
antagonism mechanism is a mapping between spatial scale and spatial frequency tuning
curve. In this paper, the CSF model of the opposite color space is used to calculate the
isotropic Gaussian filter operator by Gaussian function fitting when simulating the
spatial frequency tuning curve of human visual space. Based on this, the simulation
algorithm of human eye color visual antagonistic mechanism is proposed. The
experimental results show that the prediction performance of the algorithm is not lower
than the automatic white balance performance of high-end digital SLR cameras in color
constancy of human visual vision. The focus of this paper is on theoretical reasoning
and simulation verification. Due to the lack of measurement data of human visual
spatial frequency tuning curve, the multi-scale filter operator in the paper only repre-
sents the theoretical reasoning characteristics of the visual spatial frequency tuning
curve, so the operator characteristic of the instantiation algorithm needs to be sup-
plemented which is the direction for the efforts in the future.
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Abstract. Based on the chemical kinetic model, the effect of influencing factors
on the rate of change and the reaction mechanism of organic matter in the
process of change were recorded. In this paper, 240 h aging simulation of the
commonly used color printing materials—untreated Xuan Paper, treated Xuan
Paper and the oil painting board was simulated. By analyzing the LCH, X, Y, Z
values and spectral reflectance of the same pigment on different substrates, the
faded model of the painted substrate can be constructed according to the
chemical kinetic model. In this paper, the precision coefficient SSE and the
decision coefficient R-square are chosen as the evaluation parameters to con-
struct the model. The precision coefficients SSE of the resulting untreated Xuan
Paper, treated Xuan Paper and the oil painting board are respectively 1.1452,
0.4911 and 0.6461; the decision coefficients R-square are 0.3393, 0.3037 and
0.4994. The results show that the faded model built error is small, simulated
color fading effect is good. The faded model reflects the rull of fading of dif-
ferent substrates: With the extension of aging time, the chromaticity of untreated
Xuan Paper is reduced and the hue becomes yellowish; the tone of treated Xuan
Paper is more stable, brightness increased; the chromaticity of the oil painting
board increased. This conclusion provides constructive guidance for the high
simulation of artwork.

Keywords: Dynamic model � Printing materials � Fade model � SSE � R-square

1 Introduction

As a treasure of traditional culture, painting depicts the cultural characteristics of
various periods in China. However, with the passage of time, the changes of the
environment, the protection and restoration of painted calligraphy and painting, also
faces enormous difficulties. Focusing on the study of the fading and restoration of
painted calligraphy and painting is the primary task of protecting painted painting and
calligraphy.

China’s painted paintings and foreign oil paintings cannot avoid the problem of
fading and discoloration [1]. Therefore, in order to protect cultural heritage, scholars at
home and abroad have conducted a lot of research. For example, Soo-Chang adjusts
yellowed paper by color correction and adjusts faded pigments by enhancing saturation
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[2, 3]; Pan Yunhe, a fellow at Zhejiang University, studies the virtual restoration of
Dunhuang frescoes based on the experience of Dunhuang workers [4]; Shanxi History
Li Yuhu, the director of the Cultural Heritage Protection Science Research Center,
invented the technique of painting and visual restoration to restore the original outline
of the painting [5]. Although there have been various advances in the study of the
fading and restoration of painted paintings, the ancient painting restoration techniques
based on color adjustment and the ancient painting color restoration methods based on
multi-spectral images still need to further improve the accuracy [6–8].

In this paper, the aging test is used to explore the law of fading of painting and
calligraphy, and the advantages and disadvantages of existing research are combined to
restore the aging environment as realistically as possible [9–12]. The chemical kinetic
model is used to record the influence of the influencing factors of organic matter on the
rate of change of the organic matter, so as to improve the accuracy of the restoration of
painting and calligraphy [13–15]. It is of great significance for the protection and
restoration of painted calligraphy and painting.

2 Substrate and Representative Pigment Aging Model

2.1 The Experimental Process

The aging simulation was carried out by selecting untreated Xuan Paper, familiar
propaganda and oil painting board [16–18]. Apply solid color blocks and color blocks
to the substrate to cover the color of the paper [19, 20]. Through the above method,
three experimental samples containing 34 colors were obtained, each of which con-
tained 24 solid colors and ten mixed colors. The prepared sample was air-dried for use,
and the tristimulus value and spectral reflectance of the sample were measured.

The prepared color card is aged in a constant temperature and humidity ultraviolet
aging box. The temperature is set to 25 °C. Humidity is set to 60. Keep two ultraviolet
lamps 20 h per aging. After each aging, it is measured with an integrating sphere
spectrophotometer. The Color i control software was used to record the tristimulus
values and spectral reflectance of the paper white and color blocks of the three color
cards of untreated Xuan Paper, treated Xuan Paper and the oil painting board. A total
240 h of aging, and the aging time for each sample is 240 h. The L*, C*, H*, X, Y, Z
values and spectral reflectance of each color of each color card are recorded each time.

2.2 Aging Models of Printing Materials

The Arrhenius model is a chemical kinetic mode. Chemical kinetics mainly studies the
influence of influencing factors on the rate of change and the reaction mechanism in the
process of change. It is widely used in all aspects of chemistry. The process of color
fading is also a process of organic changes. Therefore, the Arrhenius model of chemical
kinetics also applies to the study of color fading.
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The Arrhenius model, as shown in Eq. (1), reveals the essence of the effect of
temperature on the reaction rate and the more accurate empirical equation for the k-t
relationship.

k ¼ k0e�
Ea
RT ð1Þ

Among them, Ea means activation energy, k0 known as a pre-finger or frequency
factor, both Ea and k0 are empirical constants.

From the aging experiment, the trends of L*, C*, and H* of Shengxuan, Shuicuan
and oil painting boards are consistent. As the aging time increases, the brightness value
of the medium increases and the chromaticity value decreases. From the perspective of
the chromaticity angle, untreated Xuan Paper and treated Xuan Paper, are in the
direction of yellowish at around 90°; The oil painting board changed from 304.87 to
66.9, indicating that the oil painting board changes from blue to yellowish; These
changes are consistent with the actual aging of paper and oil painting boards, con-
firming the accuracy of the model.

Because paper is sensitive to ultraviolet light, it usually takes a severe chemical
bond break after 10–20 h of irradiation. Untreated Xuan Paper, treated Xuan Paper
have a significant change in L* and C* values before aging until the 20th hour.
Therefore, in the establishment of the aging model, the birth and maturity should be
analyzed from the 60th hour of aging. The oil painting board has a large reduction after
60 h of aging, and the color change is too large. The model should be selected from the
80th hour of analysis. It can be seen that the aging phenomenon of the oil painting
board is not obvious, which is the main reason for the long retention period of the oil
painting works (Figs. 1, 2 and 3).

Fig. 1. Aging trends table of L* values of untreated Xuan paper, treated Xuan paper, and oil
painting boards
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Combining the aging trend of untreated Xuan Paper with the Arrhenius model, the
aging model function of untreated Xuan Paper can be obtained as Formula (2).

L� ¼ 92:74eð5:741e�6Þt

C� ¼ 3:304e�0:002192t

h� ¼ 93:66e�0:0005643t
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>:
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>;
ð2Þ

Combining the aging trend of treated Xuan Paper with the Arrhenius model, the
aging model function of treated Xuan Paper can be obtained as Formula (3).

L� ¼ 91:92eð9:55e�7Þt

C� ¼ 5:359e�0:0008612t

h� ¼ 88:69eð8:766e�5Þt
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>><

>>:
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>>;

ð3Þ

Fig. 2. Aging trends of C* values of untreated Xuan Paper, treated Xuan Paper, and oil painting
boards

Fig. 3. Aging trends of H* values of untreated Xuan Paper, treated Xuan Paper, and oil painting
boards
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Combining the aging trend of Oil Painting Boards with the Arrhenius model, the
aging model function of Oil Painting Boards can be obtained as Formula (4).

L� ¼ 91:05eð�4:643e�5Þt

C� ¼ 0:8509e�0:001652t

h� ¼ 11:7e0:007378t
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><

>:

9
>=

>;
ð4Þ

3 Results and Discussion

The aging model test image obtained by untreated Xuan Paper’s aging function model
can be further obtained as Fig. 4.

Fig. 4. An L* (a), C* (b), H* (c) curve of untreated Xuan Paper aging model

Study on the Faded Model of Painting Substrate … 61



It can be seen from the image that the brightness change of untreated Xuan Paper is
relatively small. As the aging progresses, the color of the raw will be biased toward the
yellow. The precision coefficients SSE of the L*, C*, and H* value function models are
1.792, 0.7197, and 0.92.4, respectively. R-square is 0.005205, 0.5585 and 0.4541,
respectively. On the whole, there are certain errors, but constructively apply the aging
chemical principles to data.

The aging model test image obtained by treated Xuan Paper’s aging function model
can be further obtained as Fig. 5.

Fig. 5. An L* (a), C* (b), H* (c) curve of treated Xuan Paper aging model
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It can be seen from the image that the fluctuation of the treated Xuan Paper change
is relatively small. As aging progresses, it will continue to shift in the yellow direction.
The precision coefficients SSE of L*, C* and H* value function models are 0.6692,
0.3781 and 0.4259, respectively. R-square is 0.000383, 0.5862, and 0.3245, respec-
tively. Overall, the fitting effect error is small, which improves the high-precision
reproduction of painted paintings and paintings.

The aging model test image of the fitted model can be further obtained by the aging
function model of the oil painting board as Fig. 6.

It can be seen from the image that the brightness of the oil painting board is lowered
and the chromaticity is increased. As the aging progresses, the oil painting board
changes from a reddish to a yellowish direction. The fitting precision coefficients SSE

Fig. 6. An L* (a), C* (b), H* (c) curve of oil painting panel aging model
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of the L*, c*, and h* value function models are 0.6956, 0.1068, and 1.136, respec-
tively. The R-square is 0.3777, 0.432, and 0.6884, respectively. From the fitting effect,
the law of color fading based on the chemical kinetic model can accurately reproduce
the true color before color fading.

4 Conclusions

Painted calligraphy and painting has a very high appreciation and human value.
However, as time goes by, it is prone to problems such as yellowing and fading. The
restoration of faded color paintings is a difficult technical issue. The use of information
technology to protect and restore painted paintings and calligraphy has important
significance in the protection of cultural relics.

This paper combines the chemical kinetics Arrhenius model with the actual aging
experiment to explore the law of fading of painted paintings. Combine various
influencing factors, find out the law of color fading of painted paintings, and establish a
fading model of color substrate materials. Through the established model, the state of
the color after aging in a certain period under experimental conditions can be suc-
cessfully introduced. And the model takes the fitting precision coefficient and the fitting
variance as the measurement parameters, and the obtained model has high accuracy and
close fitting to the actual aging process. This conclusion is of great guiding significance
in the replication of art.
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Abstract. In order to promote the greening of flexographic printing and reduce
the waste of consumables such as plates and printing materials. It is necessary to
accurately predict the spectral reflectance of flexographic film-type printing and
establish a spectral reflectance color prediction model for flexographic film
prints. The prediction model of flexographic film prints is based on the theory of
multiple internal reflections of photons in a plastic film substrate and horizontal
transmission inside the plastic substrate, assume that the film and the ink have
the same refractive index and the flexographic print is placed on a standard
white background. Finally, we tested our model on a flexographic printing
machine. Good agreement was found between the predicted and measured
reflectance for the flexographic printed patches. The model could be used in
prepress color prediction and virtual color proofing, significantly reduce printing
materials and energy consumption.

Keywords: Halftone prints � Prediction model � Reflectance model �
Flexographic process

1 Introduction

As an environmentally friendly printing, flexographic printing is increasingly used in
packaging products around the world. Flexographic printing has become the fastest
growing printing method in the printing process worldwide. Especially in the field of
packaging, flexographic printing has been widely used in various types of packaging
printing. With the continuous development of science and technology, the flexographic
printing process has been continuously improved, and flexographic printing will have a
broader development space with the development of the packaging and printing
industry. In order to better save energy and reduce emissions and reduce the waste of
printing raw materials, it is necessary to have a good flexographic printing color
prediction model to accurately predict the printing color. Printed image color theory
can be divided into two categories. One is for halftone prints such as the Neugebauer
equation, the Yule-Nielsen model and the classic Clapper-Yule model. The other is the
K-M theory based on the principle of continuous color reduction. These theories have
made a significant contribution to color control in the printing industry.
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In 1937, Neugebauer first used mathematical methods to indicate the propagation of
light between paper and ink after it entered the printed matter. Although this is a
mathematical relationship obtained under perfectly ideal conditions, and the model
can’t solve its value by conventional calculation method, it is this way of thinking that
promotes the development of later color prediction models. In 1953, based on the
Neugebauer equation proposed by Neugebauer, Clapper and Yule considered the
interaction of light into the coloring matter and the actual propagation of light inside the
printed matter, and came up with the classic Clapper-Yule color prediction model.
Later, Williams and Clapper considered the propagation law of light in the ink layer,
and obtained the Williams-Clapper color Prediction model [1, 2]. However, Clapper-
yule, like the Williams-clapper model, does not consider the effects of paper base,
coloring layer and air-coloring boundary on light reflection and transmission. When
multicolor ink overprinted, the calculations become complex and error-prone, resulting
in unsatisfactory prediction results.

Therefore, it is necessary to establish a color spectrum prediction model for half-
tone prints to accurately control the color of printed matter to achieve optimal color
reproduction. In the process of color reproduction, accurately predicting the color
rendering characteristics of color halftone prints, and establishing a spectral reflection
color prediction model for flexographic halftone prints is a topic of printing equipment
characterization and printing quality control.

Based on the theory of multiple internal reflections of light in a plastic film sub-
strate and lateral propagation of light inside the plastic film substrate, the paper assumes
that the film substrate and the ink have the same refractive index and the film is placed
on a standard white substrate. It is consistent with the actual measurement method of
the printing industry.

The structure of this paper is as follows: In Sect. 2, spectral reflectance model for
flexographic film prints is proposed. Then, in Sect. 3, an experimental and results of the
model is given. In Sect. 4, draw conclusions.

2 Spectral Reflectance Model for Flexographic Film Prints

The ink penetrates into the paper when it is printed. The printing ink of flexographic
film printing can’t penetrate to the interior of the substrate, but it is adsorbed on the
surface of corona-treated film. Therefore, the color prediction model for plastic film is
very different from the paper-based color prediction model [3–5].

In the prediction of the color of paper prints, the ink penetrates to the interior of the
paper, so when photons are returned from the plastic base to the upper interface, only
the inside reflection of the plastic base and the non-image area needs to be considered,
regardless of the colored upper interface reflection. In flexographic of plastic films
printing, since the ink is adsorbed on the surface of the film, in addition to considering
the internal interface reflection of the plastic and air, the reflection between the image
area and the plastic film interface is also considered. Therefore, these situations are to
be considered and a new model is built.
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In order to create a new color prediction model, first, we consider that only one
color is transferred to the plastic film. In the case of the imaged area and the non-
imaged area, as shown in Fig. 1.

Assume that the ink dot area coverage on the film substrate is a, the probability that
a light beam enters the film through the ink (as the ink transmittance) is t, and the
probability of directly entering the film substrate of non-image area is (1 − a). The
index of refraction of the ink and film substrate is approximately equal, the trans-
mission of the film substrate is tp, the substrate reflectance is rg, and the reflectance
between the inked layer and air inside interface is ri [6–9].

When a beam of light with unit intensity energy is incident on the air and printed
interface, the first surface reflectance between the air and film substrate interface is rs.
The reflected light reaches the spectrum measuring instrument is K, the light reflected
from the first surface is,

R0 ¼ Krs ð1Þ

Then only (1 − rs) parts enter the surface of the print. Therefore, the light that
enters the film through the ink is (1 − rs) at, and the light that directly through the
plastic film is (1 − rs)(1 − a). The sum of the light in these two parts is the light which
enters the film substrate at the first time. Its size is 1� rsð Þ 1� aþ atð Þ.

Since the total reflectance of the film substrate to light is rg, the light entering the
film base is diffusely reflected by the white background, and the light reaching the
upper surface of the film base is r1tp.

The other part of the light, reflected by the inside surface of the plastic film, will
then be split into two parts, one part out of the surface of the print and the other part
back to the film substrate. The light emitted from the surface of the print has two parts,
one part directly passes through the surface of the print, the size is
1� rsð Þ 1� aþ atð Þrgt2p 1� að Þ, and the other part passes to the ink area. Since the
reflectivity of the inked layer inside layer is ri. The light has ri part reflected to the film
substrate, and only the (1 − ri) part emerges from the ink layer. This portion of light
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Fig. 1. Multiple internal reflection process of flexographic plastic prints
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has a size of 1� rsð Þ 1� aþ atð Þrgt2p � at 1� rið Þ. The sum of the two parts is the light
emitted from the surface of the print product for the first time. Its intensity is,

R1 ¼ 1� rsð Þ 1� aþ atð Þrgt2p 1� að Þþ at 1� rið Þ½ � ð2Þ

The intensity of the light reflected back to the film substrate is also composed of
two parts, one is the size of the part of the light reflected by the blank part back to the
film base, and the other part is reflected by the ink from the interface between the ink
layer and the non-image area. The intensity of photons emitted from surface of the
printed product again is:

R2 ¼ 1� rsð Þ 1� aþ atð Þrgt4p 1� að Þþ at2 � ri
� � � rg 1� að Þþ at 1� rið Þ½ � ð3Þ

Similarly, the intensity of the light emitted from the surface of the printed product
for the nth time is:

Rn ¼ 1� rsð Þ 1� aþ atð Þt2np rg 1� að Þþ ri � at2
� �� �n�1

� rg 1� að Þþ at 1� rið Þ½ �
ð4Þ

By considering the photons from all inside reflections, we obtain the spectral
reflection model.

R ¼ Krs þ 1� rsð Þ 1� aþ atð Þrg 1� að Þþ at 1� rið Þ½ �
1� rgt2p 1� að Þþ ri � at2½ � ð5Þ

3 Experimental and Results

To prove the accuracy of the model, color control bar of flexography prints have been
measured. The dot area coverage of cyan, magenta and yellow are 0.25, 0.5, 0.75, 1,
respectively. Based on the reflectance between the prediction model calculated and the
X-Rite Exact device measured, the CIE L*a*b* value we are calculated through
MathWorks MATLAB 2016a. The color difference CIEDE00 of each control bar
between measured and predicted is then calculated.

The measuring instrument is X-Rite Exact spectrophotometer. Spectral Range is
from 400 to 700 nm. The measurement conditions are D50/2°, M1, Status T. Mea-
surement Geometry is 45°/0° ring illumination optics. The flexographic equipment is
TAIYO CI Press, and the screening frequency of printing is 150 LPI.

According to the measurement and Eq. 5, we get rs = 0.05, K = 0, ri = 0.65,
tp = 0.9. The color difference CIEDE00 of test patches between measured and pre-
dicted (Eq. 5) are as follows (Table 1).
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4 Conclusions

The study assumes that the ink and plastic film are non-scattering media. Based on the
theory of multiple internal reflections of light in a plastic film substrate and lateral
propagation of light inside the plastic film substrate, assumes that the film substrate and
the ink have the same refractive index and the film is placed on a standard white
substrate, the reflectance model for flexographic film prints is proposed. In the color
difference result, maximum and minimum color differences are 2.01, 0.001. The results
show that the predicted reflectivity of the model is very consistent with the measured
reflectance. The established model can provide a method for flexographic halftone
prints to accurately control the color of printed matter to achieve optimal color
reproduction. In the future work, we will test more colors including gray balance
patches to improve the model and expand the scope of the model.
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Abstract. This study is aiming to investigate the adaptive white point of dif-
ferent images on a display in terms of preference and naturalness under a dark
condition and five ambient lighting conditions with different correlated color
temperature (CCT). Under each ambient lighting, the natural and preferred white
points were assessed by eleven observers using a categorical judgment method.
The data were analyzed by the weighted average method in term of CCT and the
departure from the Planckian locus (Duv) for each ambient light. The results
showed a general agreement between the preferred and natural white points, the
adapted white also varied according to different images. The white point of the
display was also dependent on the CCT of the ambient illuminant. The Duv
value for the Preferred and natural white points are both slightly below the
Blackbody locus (BBL).

Keywords: White point � Chromatic adaptation

1 Introduction

Manufacturers for mobile devices are interested to achieve high image quality, for
which white balance has been a major issue. The white point is typically specified by
CIE x, y chromaticity coordinates, or correlated colour temperature (CCT) and the
distance from the Planckian locus (Duv). The experiments to look for pure white have
continued since last century [1–8]. Most people did research to find an adaptive white,
then moved on to find white locus. They mainly used patches illuminated by light
sources. Until recently, electronic products play an increasingly important role in work
and life, display white is becoming increasingly interested. Choi and Suk [9] and
Huang et al. [10] recently reported their research results.

Choi and Suk investigated [9] the image of black texts against a white paper on a
tablet display in a room both under varying ambient lighting condition and in the dark
environment. The results showed that CCT of the dark-adapted white was 7300 K, and
the Duv value is positive which means the white point is above the BBL. It was also
found that the adapted whites were ranged from 6179 to 7479 K in CCT and from
−0.0038 to 0.0144 in Duv under chromatic-adaptive conditions. Huang et al. [10]
investigated the white perception of a white screen on a tablet display under 17 ambient
lighting conditions surrounding the BBL including a dark condition. Their results
showed that when the CCT of the ambient light higher than 3000 K, the adapted white
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also has a higher CCT on the BBL. However, when the CCT of ambient light is lower
than 3000 K, the adapted white is lower than the BBL but has a higher CCT. Although
Huang et al. [10] conducted their experiments on displays, they used uniform white
colour covering the full screen, which was rarely used in the daily life. Choi and Suk
[9] only studied one image (black texts on white paper) which was somewhat limited.
Besides, they asked observers to judge degree of “optimal” white, which could be
difficult to understand. The goal of this study is to identify the most “preferred” and the
most “natural” white point for images on a display under a set of ambient lighting
conditions in a real room, which can be applied in practical applications.

2 Experiment Setup

2.1 Lighting Conditions

A psychophysical experiment was conducted to identify the most “preferred” and the
most “natural” white point. The experimental room arranged as an office environment
illuminated by a spectrum tunable LED system. The system can accurately produce
desired sources with CCTs ranged from 2000 to 20,000 K. And many other light
parameters cloud be precisely controlled, including CIE Ra, Duv, luminance and
intensity. Five ambient lighting conditions close to zero Duv but varying CCTs at
3000, 4000, 5000, 6000, 7000 K were used in the experiment, which all keep a
constant illuminance level of 300 lux at the table top. The dark condition was set an
illuminance below 2 lux.

2.2 Stimuli

Figure 1 shows the four original images used in the experiment. Image ‘Text’ was
made by typing black Chinese calligraphy on white background. The other three
images were selected to include contents of memory colours such as variety of fruits
and skin colors from the images used in the previous study [11]. They represent the
typical image contents used on mobile phone display.

Each original image under 6500 K was rendered by CAT02 chromatic adaptation
transform [12]. As a consequence, 96 stimuli images were generated, i.e. 4 original
images � 24 white points. Figure 2 shows the 24 white points varying at 6 CCTs
(3000, 4000, 5000, 6500, 8000, 10,000) and 4 Duv levels (−0.02, −0.01, 0 and 0.01). It
was designed to cover a large colour gamut uniformly close to BBL.

2.3 Experimental Environment

Figure 3a shows the experimental setup. An EIZO CG243W display (24″) was used. For
each image, a white border was included, which forced observers to adapt to the image
white point. The width of the white border was 1.6 cm on the vertical direction and
1.2 cm on the horizontal direction. A black instead of gray background on the display
was used to avoid chromatic adaptation induced by the surrounding environment.

When the ambient lighting is on, the glare was added to the image with a level
below 2 cd/m2. In the experiment, observers were asked to be seated in front of the
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Fig. 1. The original images a fruit, b party, c lady, d text

Fig. 2. The blue and red circles showed 24 display white points and 5 ambient light stimuli
respectively in CIE 1976 u′ v′ chromaticity diagram
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display and were instructed to observe the images on the display. The viewing distance
about 60 cm (the distance used in daily work and learning), providing an image
stimulus field of view (FOV) of 30°, a display and adaptation white border FOV of 46°
and 3°, respectively. Hence, all of the chromaticity values were calculated with the
CIE 10° observer. The display was switched on for at least an hour before the
visual experiments to ensure a stable luminance output. The size of the room was
6 m � 5 m � 3 m, the walls were white and a majority of the furniture were black.
Figure 3b shows the experimental environment.

This study involved totally 11 participants (5 males and 6 females) with a mean age
of 22 ranged from 21 to 27. They all are the volunteers from ZheJiang University and
were agree that the experimental data based on their judgement was used for publi-
cation. All participants passed the Ishihara’s colour vision test. The participants were
asked to assess stimuli in terms of preference and naturalness using a six-point scale,
respectively. The scale ranged from −3 (least preferred/natural) to +3 (most
preferred/natural). In total, 1152 times of judgment were made in the experiment: 96
(display stimulus) � 6 (illuminants) � 2 (questions).

3 Analysis and Discussion

3.1 Weighted Average Result

A weighted averaged method was used to calculate the most natural and preferred
image white point. Each observer’s raw data were processed to obtain acceptance
percentage which means the proportion of the observers who considered the white

Fig. 3. a Experimental environment, b real environment
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point of the image is natural or preferred. The average scores for each image at each
white point were calculated and ranked in a descending order. The most natural and
preferred image white points were computed by the tristimulus values of the white
points whose acceptance percentage is high enough and taking the acceptance per-
centage as the weight. Equation (1) explained the operating steps of the weighted
average method.

Tw ¼
P5

i�1 Ti �Wi
P5

i�1 Wi

ð1Þ

where T is one of the tristimulus values (X, Y, Z); Ti represents the stimuli of the high
acceptance white points which had highest total scores among the twenty-four image
white points; Wi is the mean score of all the observers; Tw are the weighted average
tristimulus values of the most natural or preferred white points. The CCT and Duv were
obtained from the weighted average tristimulus values. Tables 1 and 2 shows the
weight result of the preferred and natural image white point under varying ambient
lighting conditions.

Table 1. Preferred white for all images under 6 lighting conditions

CCT of the light Dark 3000 K 4000 K 5000 K 6000 K 7000 K

1. Fruit CCT (K) 4578 4208 4680 4749 4851 5331
Duv −0.0025 −0.0045 −0.0034 −0.0024 −0.0022 −0.0013

2. Kids CCT (K) 5008 4821 4976 4971 5069 5187
Duv −0.0028 −0.0028 −0.0028 −0.0027 −0.0028 −0.0028

3. Lady CCT (K) 6644 5133 5515 5672 5656 5693
Duv −0.0007 −0.0020 −0.0015 −0.0015 −0.0013 −0.0012

4. Text CCT (K) 7607 5947 6284 7081 7145 7219
Duv −0.0003 −0.0015 −0.0007 −0.0007 −0.0001 −0.0006

Table 2. Natural white for all images under 6 lighting conditions

CCT of the light Dark 3000 K 4000 K 5000 K 6000 K 7000 K

1. Fruit CCT (K) 4599 4197 4596 4623 5175 5319
Duv −0.0021 −0.0041 −0.0031 −0.0020 −0.0023 −0.0021

2. Kids CCT (K) 5220 4943 5005 5105 5119 5138
Duv −0.0023 −0.0030 −0.0027 −0.0029 −0.0026 −0.0027

3. Lady CCT (K) 5894 5444 5470 5561 5689 5803
Duv −0.0014 −0.0025 −0.0016 −0.0014 −0.0013 −0.0012

4. Text CCT (K) 7578 5869 6261 6822 7054 7835
Duv −0.0007 −0.0011 −0.0007 −0.0006 −0.0005 −0.0006
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The correlation coefficient r between preference and naturalness scores, from the
present study r as high as 0.912. The values of 0.911, 0.901 and 0.62 were found
between naturalness and preference according to individual lighting conditions, indi-
vidual images and individual observer, respectively. These results confirm the good
agreement between naturalness and preference. The white perception take off a rather
large region. The CCT of the white point in the dark was higher than that in the varying
ambient lighting conditions. While the Duv of the white point under both conditions
were found to be below the BBL. The result was found to be image-dependent. For
example, the average preferred CCT of the ‘Fruit’ image was only about 5000 K, but
that of the preferred CCT of the ‘Text’ image was 7000 K. This implies the natural and
preferred white points were dependent on the images. Besides, all images had same
tendency, the CCT of image white points increases when the ambient light CCT rises.
This indicates that image white point also was highly dependent on the chromaticity of
the ambient illuminant.

3.2 Compare with Former Studies

For ‘Text’ image, the most natural and preferred image white points were at 7600 K for
dark environment, which is close to Choi and Suk’s [9] result 7200 K and Huang
et al.’s [10] result 7900 K. The CCT of the image white points under chromatic-
adaptation condition were also very similar to Choi and Suk’s result, with the range
from 6000 to 7300 K while Huang et al.’s CCT was higher at the range from 6600 to
7300 K. Besides, the natural and preferred Duv of the Text image was slightly below
the BBL in the present study while the proposed white point is slightly above the BBL
in Choi and Suk’s result. While Huang et al.’s Duv was more negative than that of
present study (Table 3).

3.3 General Discussion

The image white points were investigated both in the dark and under chromatic-adapted
ambient lighting conditions on the display. The dark-adapted white region was shifted
towards a higher colour temperature and slightly under the BBL. Moreover, the
chromatic-adapted white have a lower CCT and negative Duv values. The present
study also found that there are well agreement between natural white points and

Table 3. Compare results of different study groups

CCT of the light Dark 3000 K 4000 K 5000 K 6000 K 7000 K

Ours CCT (K) 7607 5947 6284 7081 7145 7219
Duv −0.0003 −0.0015 −0.0007 −0.0007 −0.0001 −0.0006

Huang et al. [10] CCT (K) 7924 5975 6647 7082 7690 8395
Duv −0.0055 −0.0079 −0.0067 −0.0044 −0.0025 −0.0005

Choi et al. [9] CCT (K) 7246 5769 6124 6723 6970 7326
Duv 0.0010 0.0019 0.0022 0.0052 0.2259 0.0640
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preferred white points. From the results, it was also found that no matter how the
images and illuminant changed, the natural white points were always higher than the
preferred white points. This implies that the images viewed under higher CCT would
appear more natural and those under slightly lower CCT would be more preferred. The
experiment found that image white point was dependent on both the image itself and
the chromaticity of the ambient illuminant.

This study was aimed to investigate the effect of the chromaticity of ambient
lighting conditions on display images, the effect of illuminance level was not consid-
ered, while Smet et al. [7] and Walraven and Werner [13] confirmed that white per-
ception is luminance invariant. Additionally, as mentioned in the introduction, the
standards of white points differ substantially depending on the applications and a
culture influence. Hence, it would also be valuable to evaluate whether any cultural
effects exist on the perception of white. Overall, the present study can be used to
enhance image quality on computer and mobile displays. Our wish is to contribute the
findings to achieve the preferred or comfort white balance.

4 Conclusions

An experiment was conducted to study the naturalness and preference of image white
point under varying CCT conditions. Weighted average method was used to allocate
the most natural and preferred image white point of four typical indoor images. The
results showed that the most natural and preferred image white points were image
dependency and the white point was also dependent on the chromaticity of the ambient
illuminant. White points with negative Duv (−0.0041 * −0.0005 and
−0.0045 * −0.0001 levels) were seemed natural and preferred. The results of this
study can be used to enhance image quality on computer and mobile displays.

Compliance with Ethical Standards. Conflict of Interest: The authors stated that they had no
conflict of interest with the experimental subjects.
Ethical Approval: All the procedures carried out in the research involving human participants
were in line with the Academic Rules of Engineering Graduates of Zhejiang University and 1964
Helsinki declaration and its subsequent revisions or similar ethical standards.
Informed Consent: All individual participants included in the experiment were informed and
agreed that the results of this study were used for academic research and publication of the paper.
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Abstract. To compare the color discrimination and then to study the retinal
spectral response between young and old observers, 18 pairs of nearly meta-
meric color patches based on 3 target colors (gray, nigger brown and light
brown) were prepared, 40 color-normal observers (26 young observers aged
from 20 to 25 and 14 old observers aged from 62 to 75) were organized to
conduct the color difference experiments by using the method of psychological
paired-comparison. The STRESS factor was computed between the visual color
difference and CIE DE2000 values calculated from different color matching
functions [CIE1931, CIE1964, S2, S6, S7, CIE2006 (age = 22, 68)]. The results
show that there are significant differences about the performances of color
matching functions (CMFs) between young and old observers. For young
observers, CIE2006 (22y) CMFs gets the best performance, attended by S2 and
S6 CMFs. For old observers, CIE1931 outperforms others.

Keywords: Color matching functions � STRESS � Color discrimination �
Nearly metamerism

1 Introduction

The CMFs of CIE1931 and CIE1964 only took into account the effect of small field of
view (1–4°) and large field of view (>4°) on human eye color perception, and did not
consider the difference of color vision of observers with different ages. The CIE2006
model was based on a great deal of work of Stockman and Sharpe [1], with the
reference of 47 CMFs under the Stiles and Burch [2] 10° view field. The model
provided the average cone fundamentals of the observer that can calculate any field size
between 1° and 10° and any age between 20 and 80.

In 2011, Sarkar [3] proposed eight different CMFs by using cluster analysis
methods to analyze 47 individual CMFs of Stiles-Burch data and 61 CIE2006 CMFs,
hereinafter referred to as S1, S2,…, S8 color matching functions. But the performances
of the CMFs are still needed to be tested, especially for individual observers with
different ages.
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2 Experimental

2.1 Lighting Source

The viewing cabinet used in this experiment was THOUSLITE LED Cube illumination
device, which color temperature could be adjusted to simulate the LED lighting con-
ditions at 5000 K. The spectral power distribution measured by Photo-Research PR655
spectral radiometer is illustrated in Fig. 1. Moreover, the illuminance received at the
bottom of the viewing cabinet was 1117 lx. Most importantly, the color rendering
index was 98.2. Figure 2 presents the diagram of color samples at 5000 K.
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Fig. 1. Spectral power distribution of light illumination

Fig. 2. Diagram of color samples
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2.2 Colors Samples

Three colors (gray, nigger brown and light brown) in the color card (published by
China Popular Color Association in 1987) were selected as the target samples in the
visual experiment, six comparative colors with different reflectance were chosen from
hundreds of color samples around each target sample. Epson Stylus Pro7908 inkjet
printer and Color long Inkjet soft proofing paper were used to prepare comparative
samples. The size of all samples was both 5 cm � 5 cm. Their spectral reflectance
measured by the e-Xact spectrophotometer is shown in Fig. 3.

Experimental samples were made according to CIE DE2000 color difference ten-
dencies computed by CIE1931 and CIE1964, which colorimetric values and CIE
DE2000 color difference are summarized in Fig. 4 and Table 1. For example, in the
gray center, CIE DE2000 color difference increase/decrease from color pairs #1 to #6
using the CIE 1931/1964 standard observers.

2.3 Experimental Process

26 young observers (9 males and 17 females) and 14 old observers (5 males and 9
females) with normal color vision participated in the paired comparison experiment.
Young observers’ ages varied from 21 to 24, with the average age of 22. They are both
students from Beijing Institute of Graphic Communication with a background of color
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Fig. 3. Spectral reflectance curves of the target and compared color patches
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science. Meanwhile, old observers’ ages varied from 61 to 74, with the average age of
68. All of them are retired people.

The visual experiment was carried out in a dark room. The visual angle of
observation was about 45° and each observer about 25–30 cm in visual distance. Each
of target samples was placed in the center of the viewing cabinet, while the samples to
be compared were randomly placed on both sides of the target sample. Additionally, a
gray mask with a window of 5 cm � 15 cm was played on the target and compared
samples, whose L�

10a
�
10b

�
10 values were 61.00, −0.76, −0.08. The color pair No. 1 was

composed of the target sample and a test sample 1 on the left, and No. 2 was composed
of the target sample and a test sample 2 on the right, observers need to judge which
color difference appears larger than the other by comparing with the target sample.
After that the results will be recorded and then the organizer randomly picks out a test
sample 3 to the observers.

All observers did 10 repeated experiments on each target color in the visual
experiment at different time intervals. For one observer, there are 15 [= 6 � (6 − 1)/2]
judgments about one target color. In total, there are 18,000 (= 15 judgments � 10
repetitions � 3 target colors � 40 observers) data sets.

Table 1. Color samples’ colorimetric values and CIEDE2000 color-difference values

CIE1931 CIE1964
L* a* b* DE00 L�

10 a�10 b�10 DE00

Target (gray) 44.31 −1.12 2.76 44.18 −0.27 2.48
1 45.57 −1.41 2.10 1.41 45.66 −2.21 2.86 3.03
2 44.94 −1.24 1.28 1.50 45.05 −2.12 2.05 2.75
3 45.28 −0.71 0.45 2.39 45.38 −1.58 1.14 2.53
4 45.69 −0.08 0.86 2.62 45.79 −0.99 1.54 2.05
5 45.35 1.00 0.67 3.80 45.45 −0.02 1.33 1.63
6 44.74 1.33 1.11 3.94 44.85 0.20 1.83 1.10
Target (nigger brown) 43.09 8.87 17.55 42.51 10.92 16.38
7 42.42 8.00 17.18 1.01 42.18 7.45 17.74 3.84
8 42.70 8.63 15.62 1.22 42.48 7.91 16.17 2.88
9 43.17 9.07 14.65 1.99 42.95 8.39 15.07 2.25
10 43.57 9.78 15.01 2.24 43.35 9.06 15.43 1.78
11 43.84 10.76 16.45 2.31 43.59 10.03 16.86 1.42
12 43.28 11.51 15.79 3.17 43.04 10.65 16.20 0.53
Target (light brown) 63.02 12.07 30.25 62.14 15.01 28.83
13 63.88 10.71 29.29 1.19 63.42 10.55 29.97 3.81
14 64.56 14.84 31.80 2.23 64.04 14.52 32.36 2.51
15 64.53 14.72 30.64 2.27 64.03 14.35 31.18 2.16
16 64.33 14.78 29.39 2.50 63.86 14.32 29.92 1.71
17 63.31 16.43 30.05 3.26 62.82 15.86 30.57 0.97
18 63.63 16.29 29.38 3.38 63.16 15.68 29.89 1.00
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3 Analysis and Discussions

3.1 Visual Color Difference

The experimental data of each observer were recorded to calculate the probability.
Then the probability was converted to z-score. Finally, in order to get the visual color
difference data, a value of 3 was added to the z-score to eliminate negative values.
Thus, the visual color difference DV was obtained [4].

The mean values of the normalized visual color difference about young and old
observers are shown in Fig. 5. It can be seen that under the three target samples, the
visual color difference of the older observers show an upward trend, while young
observers show a decreasing trend.

3.2 The Accuracy of the Observers

The root-mean-square error (RMSE) of each observer was computed to verify the
accuracy of the observers’ visual evaluation. The maximum values calculated by young
and old observers were 1.62 and 1.37, the minimum values were 0.24 and 0.37, and the
mean values were 0.75 and 0.67, respectively. The results of accuracy evaluation about
young and old observers were similar. Compared with previous experiments by Ou [5],
the accuracy of 16 young and old observers was 1.90 and 2.14, respectively. The
results of different observers in our experiment were reliable and effective.

3.3 Test Different Color Matching Functions

The CMFs used in this experiment were CIE1931, CIE1964, S2, S6, S7, CIE2006
(age = 22, 68). All color samples were chosen from different CIE DE2000 color dif-
ference tendencies calculated by CIE1931 and CIE1964. In our previous study [6], S2,
S6 outperformed others between young observers; while for old observers, CIE1931
CMFs had the best performance. The average age of young and old observers in our
experiment was 22 and 68 respectively. So 22y and 68y from CIE2006 CMFs were
chosen to evaluate the results.
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STRESS (Standardized Residual Sum of Squares) was used to determine the
consistency between the CIE DE2000 color difference data calculated by different
CMFs and the visual color difference data. The variety range of STRESS is 0–100, the
smaller the value is, the better the consistency between the two groups of data sets is. In
Table 2, the number labeled in bold font is the minimum STRESS value of the three
colors in each color matching function.

It can be seen from Table 2 that for young observers, the minimum STRESS value
is 27.86 which means CIE2006 (22y) color matching functions has the best perfor-
mances with the visual results. CIE1964, S2 and S6 CMFs have the better performance.
While, for old observers, CIE1931 outperforms others with the minimum STRESS
value is 23.84, followed by CIE2006 (68y) and S7 CMFs. This consequence is con-
sistent with Sarkar’s conclusion that S7 is suitable for calculating the cone cell response
of old observers.

The number of observers with minimum STRESS value among 7 CMFs was
counted. For 26 young observers, there were 3, 10, and 8 people were respectively
consistent with the results of S2, S6 and CIE2006 (22y) CMFs. About the 14 older
observers, 11 people were consistent with the results of CIE1931 and 3 people were in
good agreement with S7 CMFs. It is obvious that the individual difference of the
observer leads to abnormal spectral response of cone cells at the same age.

4 Conclusions

The paired comparison experiments were conducted for 40 color-normal observers by
using 18 pairs of nearly metameric samples. The STRESS factor was used to evaluate
the performance of different CMFs. The experimental results show that the visual color
difference between young and old observers is quite different. On one hand, CIE2006
(22y) color matching functions gets the best performance for young observers. On the
other hand, CIE1931 outperforms others in the function evaluation between old
observers. Additionally, individual differences among young observers are greater
while old observers are more stable.

Acknowledgements. This research was supported by National Natural Science Foundation of
China (grant 61675029, 61308081). Thanks for all participants in our study.

Table 2. Performance of different CMFs for young and old observers in terms of STRESS

CMFs CIE1931 CIE1964 S2 S6 S7 22y 68y

Young Max 75.20 62.85 53.17 62.93 55.96 51.05 78.22
Min 40.43 18.45 15.52 16.63 24.06 14.54 47.41
Mean 62.71 32.50 31.10 32.14 41.34 27.86 66.68

Old Max 47.17 75.71 68.00 75.55 44.69 68.30 52.91
Min 9.63 38.08 27.16 38.75 19.53 25.33 16.80
Mean 23.84 67.57 59.42 67.59 35.78 58.43 27.45
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Abstract. 460 pairs of printed samples, around 5 CIE recommended color
centers, with/without gap, and 4 color-difference magnitudes of 1, 2, 4 and 8 in
CIELAB units, were employed to study the effects of separation and color-
difference magnitude on perceived color difference. All the sample pairs were
visually evaluated 20 times, using a gray-scale method, by a panel of 15
observers. The experimental results show that the smaller the color difference is,
the larger the uncertainty of perceived color difference will be. Comparing
datasets gathered with and without separation, it was found that the smaller the
color difference is, the more obvious the influence of the gap between two
samples will be. The visual data were also used to test the performance of six
color-difference equations: CIELAB, CIEDE2000, CIE94, CMC, CAM02-UCS,
and CAM16-UCS, the results show that CAM16-UCS outperformed the
remained color-difference formulas.

Keywords: Parametric effect � Color difference � Gray scale method �
Color-difference formula

1 Introduction

The quantitative description of color difference is a prerequisite for color management
and accurately control of any color. However, the color-difference evaluation is
affected by many viewing conditions, including sample size, sample separation, tex-
ture, color background, color-difference magnitude, etc. Manufacturers in industries
must provide products with desired colors and control color changes to suit product use
and customer expectations. Color-difference assessment is the basic tool to help
manufacturers achieve an efficient color production process.

CIE [1] has periodically recommended color-difference assessment methods.
CIELAB [2] color-difference formula was recommended in 1976, CIE94 [3] and
CIEDE2000 [4] were optimized based on CIELAB color space in 1995 and 2000,
respectively. CMC [5], CAM02-UCS [6], CAM16-UCS [7] and a series of color-
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difference formulas were all established on the basis of visual data obtained under
certain experimental conditions. The models for industrial color-difference evaluation
are limited to use under the reference conditions, and correction factors are sometimes
used to minimize the parametric effects for various conditions of use. If the viewing
conditions change, the sensitivity of the human eye to color difference may change
significantly.

Recently, Mirjalili et al. [8] studied the effect of gapless printed sample pairs and
color-difference levels on perceived color difference, around 11 CIELAB color centers.
For each color center, the samples were uniformly selected around the center, in three
vertical planes, namely L*a*, L*b*, and a*b*. 1012 sample pairs, with average CIE-
LAB color difference of 1, 2, 4 and 8, were selected. Each color pair was printed
without gap on a HP Latex 365 Printer on an 8 * 8 cm2 Avery Self-Adhesive Vinyl
substrate with CMYKcm inks. 19 observers with an average age of 27.5 years per-
formed visual color-difference evaluation on the color sample pairs using a gray scale
method.

In this study, the 460 (5 centers * 4 levels * 23 pairs/per-center) pairs for 5 CIE
recommended color centers, including gray, red, yellow, green, and blue [9], with 4
color-difference levels of 1, 2, 4, and 8, used by Mirjalili et al. were selected again.
However, the original sample pairs were cut into two patches with a gap of hairline to
show the effect of separation on perceived color difference, and visual assessment
experiments were performed using the same gray scale as Mirjalili et al. The motivation
of the study was to examine the effect of printed samples’ separation and color-
difference magnitude on the perceived color difference.

2 Experimental

An X-Rite SpectroEye spectrophotometer was applied to measure the spectral reflec-
tance of the samples in 45°:0° measuring geometry.

All the gray-scale samples were also prepared using the same inkjet printer on the
same substrate with different gray level inks in a 4 * 8 cm2 rectangular size. The gray
scale contained 8 gray levels and one standard (S). The first grayscale sample had the
same gray level as the standard (S). The other grayscale samples had higher gray level
than the standard (S), and the gray level gradually increased from the sample 1 to
sample 8.

All the visual assessments were carried out inside a viewing cabinet lighted with
spectrum tunable LED, under a D65 simulator. The relative spectral power distribution
(SPD) as well as the colorimetric characteristics of the D65 simulator including the
correlated color temperature (CCT), color rendering index (CRI) and illuminance were
measured using a calibrated JETI spectroradiometer. The CCT (K), CRI (Ra) and
illuminance (lux) of the lighting system were 6460, 96.5 and 960, respectively.

The experiment was carried out in a very quiet dark room. 15 observers, all of them
were graduate students with normal color vision, and average age of 24 years, par-
ticipated in the experiment. Five of them repeated the experiment twice to investigate
the observer repeatability. Before starting the experiment, the observers had been well
trained. During the experiment, the sample pair and the gray-scale samples were
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situated in the middle of the cabinet’s floor, and the left-right position and sequence of
sample pair to be presented were randomly selected, as shown in Fig. 1.

Before the beginning of experiment, the lights in viewing cabinet were warmed up
for at least 5 min. The observer performed light adaptation for about 1 min and then
officially started the color discrimination experiment. The gray scale score (GS) for
each color-difference pair was collected.

3 Results and Discussion

To convert the gray-scale score (GS) into visual color difference (DV), a regression
(curve fitting) technique was used to find the relationship between the gray level and
the corresponding color difference (DE*) of these levels, as shown in Eq. (1). The color
difference (DE*) for each gray level is equivalent to the visual color difference (DV).

DV ¼ 0:0933e0:6571GS ð1Þ

3.1 Observer Variability

The STRESS index [10] which been widely used in color-difference evaluation was
applied to evaluate the intra-observer’s and inter-observer’s variations, and in the
remained data analysis. The smaller the STRESS is, the better the agreement between
two datasets compared will be. The intra-observer variability computed from five
observers’ repeated experiments ranged from 21.0 to 25.8 with an average of 23.7. The

Fig. 1. Configuration of the sample pair and grayscale samples inside the viewing cabinet
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range of inter-observer variability among 15 observers (including replicated data for
five observers) was 16.8 to 37.2 with an average of 23.8. Compared with other related
color-difference evaluation experiments [8], this value represents the typical perfor-
mance of visual evaluation by the observer using the gray-scale method.

3.2 Magnitude Effect

To study the effect of one parameter on the perceived color difference, the visual color
differences (DV) obtained from two experiments with different values of the parameter
can be directly compared, i.e., comparing the visual color difference for the color-
difference level 1 with levels 2, 4 and 8, respectively, and calculating the corresponding
STRESS and/or correlation coefficient r, to reveal the effect of magnitude between level
1 and level 2, 4, and 8, and so on. The correlation between visual differences of
different color-difference magnitudes are listed in Table 1.

From Table 1, it can be observed that the maximum correlation reaches 0.78, and
STRESS value is 20.6 for DV − 2 versus DV − 4. The correlation of DV − 1 and
DV − 8 is the smallest (only 0.45) amongst all the comparisons. Those findings are
similar to that of Mirjalili et al. Mirjalili et al.’s results with gapless samples show that
there is a greater correlation between high color-difference levels, especially the cor-
relation between DV − 4 and DV − 8 is the largest, and the correlation between
DV − 1 and DV − 8 is the smallest.

3.3 Gap Effect

Comparing with the Mirjalili et al.’s study [8], the only difference between two
experiments was that the separation or gap between two color samples in a pair, i.e.,
without gap in Mirjalili et al.’s study and with hairline gap in this study, so it is more
persuasive to see the gap effect on the perceived color difference by comparing two
studies. The STRESS values between Mirjalili et al.’s and current studies for each
center and each color-difference level were computed, and the results of comparison are
enumerated in Table 2.

From the data in Table 2, it can be seen that the samples’ gap has a significant effect
on the visual color difference, i.e., the STRESS value for each color center decreases as

Table 1. Correlation between visual differences of various color-difference magnitudes

Comparison STRESS r

DV – 1 versus DV − 2 24.5 0.68
DV − 1 versus DV − 4 21.6 0.71
DV − 1 versus DV − 8 25.5 0.45
DV − 2 versus DV − 4 20.6 0.78
DV − 2 versus DV − 8 27.6 0.53
DV − 4 versus DV − 8 21.5 0.68
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the color-difference level increases. That means the smaller the color-difference mag-
nitude is, the more obvious the influence of the gap between the samples will be.

3.4 Performance of Color-Difference Equations

The performances of six color-difference equations were tested using STRESS measure
and the current experimental data (Table 3).

From the total data in Table 3, it can be noticed that the STRESS values of all the
formulas were ranged from 23.0 to 26.7, and the performances for six tested formulas
were very close, with CAM16-UCS performed best, and CIE94 performed the worst.
However, they are very close to the average intra-observer and inter-observer vari-
ability for the experiment, i.e., 23.7 and 23.8, respectively. That means the tested color-
difference formulas performed well in predicting color difference in this study. It can
also be seen from Table 3 that in evaluating different color-difference magnitudes for a
color-difference equation, the performances of all formulas were gradually improving
as the color difference increasing from DEM = 1 to DEM = 8.

4 Conclusions

A psychophysical gray-scale experiment was conducted to collect visual color-
difference data for printed samples under two sample gaps: gapless and hairline, and
four color-difference magnitudes: 1, 2, 4 and 8 in CIELAB units. The effects of sample
gap and color-difference magnitude on perception and on the performance of six color-

Table 2. Effect of separation on perceived color difference in term of STRESS

Color-difference level Blue Green Gray Red Yellow

1 49.1 52.4 49.6 61.7 41.6
2 39.6 44.2 40.3 46.8 55.1
4 31.9 37.8 22.5 28.0 39.5
8 23.5 23.3 15.8 21.8 26.2

Table 3. Performance of six color-difference formulas in terms of STRESS

CIELAB CIEDE2000 CIE94 CMC CAM02-
UCS

CAM16-
UCS

Full data
set

25.0 24.1 26.7 25.0 23.9 23.0

DEM = 1 38.0 29.2 34.8 31.9 31.1 30.5
DEM = 2 33.2 23.7 31.8 25.8 26.8 26.0
DEM = 4 29.7 23.7 29.7 26.6 26.1 25.2
DEM = 8 20.5 22.7 23.7 23.2 21.5 20.4
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difference equations were studied. From the experimental results, it can be concluded
that the sample gap and color-difference magnitude had an obvious effect on the
perceived color difference and on the performance of color-difference equations. The
sample gap’s effects increased as the color-difference magnitude decreased for printed
samples.
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Abstract. In this contribution, the colour quality of lighting was evaluated with
21 typical objective colour quality metrics. A large dataset of 591 light sources
was established. This database includes different kinds of sources including
incandescent lamps, LEDs, fluorescent lamps, high intensity lamps as well as
theoretical lights. A multidimensional scaling analysis method was adopted to
reduce the dimensionality of colour quality evaluation, by which 6 typical
measures were obtained for the final assessment. At last, the overall performance
of the 591 light sources was comprehensively analyzed, together with a deep
discussion on the colour quality of 14 typical sources for gallery lighting in
China.

Keywords: Colour quality of lighting � Objective evaluation �
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1 Introduction

Nowadays, due to the fact that people always pay much attention to the visual colour
perception of lighting conditions, the assessment of colour quality has become the
hotspot of current research [1–5]. It is quite clear that subjective evaluation based on
psychophysical studies is the most reliable and rigorous evaluation method [2, 5].
However, limited by time, space, and test environment, subjective evaluation is difficult
to achieve in most of the applications.

According to previous studies, it is a fast and relatively effective method to evaluate
the colour quality of lighting with typical objective metrics [1–5]. Therefore, in this
work with the aim of systematically assess the colour quality of lighting, 591 light
sources (including 14 typical light sources of gallery), were objectively evaluated with
21 typical color quality metrics. To our knowledge, the objective evaluation of so many
of SPDs with so many colour quality measures has not been reported in current
literature.

A multidimensional scaling analysis method was adopted to reduce the dimen-
sionality of 21 typical color quality metrics. It is found that six of them in colour
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fidelity and colour gamut dimensionalities could be defined as typical measures.
Therefore, the corresponding six typical measures were used for the final assessment
and their sum of ranking orders was used to represent the overall colour quality of each
source.

To be specific, the aims of the study are as follows: (1) To find the optimal Spectral
Power Distributions (SPDs) which exhibit best colour quality from the light source
dataset. (2) To investigate the impact of Correlated Colour Temperature (CCT) upon
the overall colour quality. (3) To compare the performance of 14 typical light sources
of the galleries.

2 SPD Dataset

A large dataset of 591 light sources was established, the detail information is shown in
Table 1. There is no repetition in this dataset and the wavelength ranges were uni-
formly set to 400–700 nm, with 5 or 10 nm intervals.

Table 1. The 591 light sources adopted in this dataset

No. Psychophysical study or dataset SPDs adopted

1 Wang et al. (Multi-CCT, 2017) [4] 10
2 Wei et al. (Metameric lighting, 2014) [6] 2
3 Narendran et al. (Multi-CCT, 2002) [5] 7
4 Szabó et al. (Metameric lighting, 2016) [7] 20
5 Feltrin et al. (Multi-CCT, 2017) [8] 5
6 Royer et al. (Metameric lighting, 2016) [9] 50
7 Dangol et al. (Metameric lighting, 2013) [10] 8
8 Islam et al. (Metameric lighting, 2013) [11] 24
9 Jost-Boissard et al. (Metameric lighting, 2009) [12] 14
10 Jost-Boissard et al. (Metameric lighting, 2014) [13] 17
11 He et al. (Multi-CCT, 2015) [14] 4
12 Dikel et al. (Multi-CCT, 2014) [15] 6
13 Huang et al. (Multi-CCT, 2017) [16] 9
14 Royer et al. (Metameric lighting, 2016) [9] 26
15 Khanh et al. (Metameric lighting, 2016–17) [17–20] 36
16 Typical sources for gallery exhibition in China 14
17 CRI2012 excel [21] 36
18 CQS 9.0.3 excel [22] 83
19 MCRI excel [23] 30
20 TM30-15 excel [24] 190
Sum —— 591
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3 Twenty-One Colour Quality Metrics

Twenty-one typical color quality metrics are used for objective evaluation, including
Color Rendering Index [25], Gamut Area Index [26], Color Quality Scale (Qa, Qf, Qg,
Qp) [22], Full Spectrum Color Index [27], Color Preference Index [28], Feeling of
Contrast Index (CAM02) [29], Color Discrimination Index [30], Cone Surface Area
[31], CRI-CAM02UCS [25, 32], CRI2012 [21], Memory Color Rendering Index [33],
IES-TM 30 (Rf and Rg) [34], ΔC* [18, 19], Color Quality Index (CQI [19], CQI′ [18]),
GAI-RA [13] and Gamut Volume Index GVI [2]. Limited by the length of this paper,
this section only serves as a short list for the metrics. Please refer to the relevant
citations for detailed information.

4 Result and Discuss

4.1 Multi-dimensional Scaling

Multi-dimensional scaling (MDS) is a visualization method to display high-
dimensional multivariate data in low-dimensional space. The method looks similar to
plotting scores with principal component or plotting scores. The basic goal of multi-
dimensional scaling is to minimize any deformation caused by dimensionality reduc-
tion by “fitting” the original data into a low-dimensional coordinate system [35]. The
problems involved in multidimensional scaling can be described as: when the similarity
(or distances) between each item in n project is certain, the representation of these items
in low-dimensional space is obtained, and the degree of proximity among the projects
is “general match” with the original similarity (or distance).

MDS subdivision can be divided into several types. This article only introduces one
of the most commonly used requirements of raw data: non-metric MDS. The idea of
this method is to create points based on the similarity matrix such that the Euclidean
distance between them can represent the original similarity approximately.

Based on the MDS method and the relevant research findings mentioned in the
above citations, six typical measures (CRI, Rf, GAI, Qg, MRCI, GVI) were selected, as
shown in Fig. 1. In the following, these six measures will be used to analyze the colour
quality of 591 SPDs and the overall performance of each candidate could be assessed
by the sum of rank orders with regard to each measure.

4.2 Overall Analysis of 591 light Sources

The results of overall analysis of 591 light sources indicate that the gamut-based
measures and fidelity-based measures could not reach an optimum simultaneously. For
instance, among the 591 sources a LED of 6500 K exhibits smallest sum of rank order,
whose rank (CRI) = 266, rank (GAI) = 11, rank (Qg) = 116, rank (MCRI) = 5, rank
(Rf) = 149, rank (GVI) = 5. Obviously, such a measure exhibits better colour-gamut
attribute than that of colour fidelity. As for other SPDs, quite similar results (i.e. the
gamut-based metrics and fidelity-based metrics do not vary simultaneously) were
obtained.
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Figure 2 illustrates the correlation between Correlated Colour Temperature and
Sum of rank order. From this picture, it is quite clear that although a certain CCT may
corresponds to different sum of rank orders, in general there is a trend that a higher
CCT correlates with a smaller sum of rank order.

4.3 Analysis of 14 Typical Light Sources for Gallery Lighting

The colour quality performance of the 14 typical light sources for gallery was further
analyzed. Such light sources were provided by 7 suppliers of gallery lighting in China
(each supplier provides two light sources, 3000 and 4000 K). Due to the fact that the

Fig. 1. Multidimensional scaling of the 21 colour quality measures based on 591 SPDS

Fig. 2. Correlation between Correlated Colour Temperature and sum of rank order
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CRI, Qg and Rf measures are relative measures (i.e. their calculation is based on certain
reference source of a same CCT), only the sources of similar CCT were grouped and
compared together. Therefore, 130 SPDs from the dataset with a CCT between 2900
and 3100 K were adopted to evaluate the performance of 7 gallery lights with a CCT of
3000 K, while 83 SPDs with a CCT between 3800 and 4100 K were adopted to
evaluate the performance of seven 4000 K sources.

Tables 2 and 3 summarize the colour quality of the gallery lightings. From these
two tables, several conclusions could be drawn. First, the light sources for gallery
lighting always exhibit sound performance in colour fidelity (i.e. CRI, Rf) while their
performance in colour gamut (GAI, GVI, Qg) is relatively poor. This could be ascribed
to the fact that the light sources suppliers actually pay much attention on the colour
fidelity attribute while relatively ignore the colour gamut attributes, although many
psychophysical studies have revealed that the gamut-based measures are in closer
relationship with human visual appreciation [2, 12, 13, 16, 36]. Secondly, interestingly,
the light sources of supplier 4 exhibit smallest sum of rank order compared to other
suppliers (9/137 for 3000 K, 24/90 for 4000 K), which indicates that such sources tend
to perform best, at least from the aspect of overall colour quality.

Table 2. The colour quality of light sources for gallery lighting (3000 K-LED) compared with a
pool of 137 SPDs

ID Rank
(CRI)

Rank
(GAI)

Rank
(Qg)

Rank
(MRCI)

Rank
(Rf)

Rank
(GVI)

Rank
(Sum)

3000 K-
supplier 1

21 83 97 43 24 74 342

3000 K-
supplier 2

17 74 67 28 13 72 271

3000 K-
supplier 3

23 73 49 28 24 61 258

3000 K-
supplier 4

4 61 49 17 6 56 193

3000 K-
supplier 5

24 79 88 43 16 68 318

3000 K-
supplier 6

22 90 88 43 12 75 330

3000 K-
supplier 7

12 84 58 28 7 69 258
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The followings are the metric values for the sources of supplier 4 (T825-CF26-
3WB and T825-CF26-4WB): CRI-3000 K = 98; GAI-3000 K = 58; Qg-
3000 K = 101; MCRI-3000 K = 91; Rf-3000 K = 95; GVI-3000 K = 81; CRI-
4000 K = 96; GAI-4000 K = 76; Qg-4000 K = 100; MCRI-4000 K = 91; Rf-
4000 K = 93; GVI-4000 K = 87. At last, it must be mentioned that there are several
criterions when judging the lighting quality for gallery, such as glare, UV level and
temperature rise. Therefore, for gallery lighting design, those factors should be taken
into consideration as well.

5 Conclusions

The objective assessment of colour quality for lighting is of crucial importance for
lighting design and applications. In this study, the colour quality of lighting was
evaluated with 21 typical objective colour quality metrics and the SPD data of 591 light
sources. A Multidimensional scaling method is used to get 6 representative measures
(CRI, Rf, GAI, Qg, MRCI, GVI) and the sum of rank orders of those 6 measures were
used to quantify the colour quality of light sources. At last, the overall performance of
the 591 light sources was comprehensively analyzed, together with a deep discussion
on the colour quality of 14 typical sources for gallery lighting in China.

Table 3. The colour quality of light sources for gallery lighting (4000 K-LED) compared with a
pool of 90 SPDs

ID Rank
(CRI)

Rank
(GAI)

Rank
(Qg)

Rank
(MRCI)

Rank
(Rf)

Rank
(GVI)

Rank
(Sum)

4000 K-
supplier 1

28 62 57 43 27 45 262

4000 K-
supplier 2

11 44 42 29 18 47 191

4000 K-
supplier 3

26 58 57 35 30 38 244

4000 K-
supplier 4

6 42 38 29 6 37 158

4000 K-
supplier 5

15 49 42 35 8 39 188

4000 K-
supplier 6

25 69 50 43 14 52 253

4000 K-
supplier 7

32 46 42 43 28 46 237
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Abstract. Whiteness is an important property to characterize the surface color.
A lot of whiteness formulas are used to characterize the whiteness of the
materials. However, the performance of these formulas for paper samples is
unknown. In this paper, 38 paper samples [27 fluorescent whitening agents
(FWA) samples and 11 non-FWA] were evaluated under 6 light sources,
including 3 levels of CCT (3000, 5000 and 6500 K) and 2 levels of ultraviolet
(UV) radiation (with UV and without UV), by 12 observers (6 males and 6
females) with normal color vision. And 7 whiteness formulas were used to
evaluate the accuracy of whiteness formulas in predicting the whiteness of paper
samples using STRESS factor. The results suggest that WCIE and WUchida can
predict the whiteness of paper samples more accurately.

Keywords: Whiteness formula � Whiteness appearance � Fluorescent
whitening agents � Ultraviolet

1 Introduction

Whiteness is one of the most familiar colors in our minds and there are different white
in our daily life. With the development of FWAs and UV radiation, the materials
contained FWA can absorb the UV light and emit visible blue light subsequently, and
then the object can be whiter in vision.

There are various whiteness formulas to character the whiteness of an object. It is
well known that the CIE whiteness formula [1] is the most widely used whiteness
formula but it can only be defined under CIE illuminant D65. Recently, a new
whiteness formula named optimized whiteness formula has been proposed by Ma et al.
[2] and this new formula can be used under arbitrary correlated color temperature
(CCT). Wei et al. [3] conducted a psychophysical experiment based on textile and
paper samples to verify this new formula’s performance. Later, Wei et al. [4] collected
textile samples, plastic samples, paper samples, NCS and Pantone matt samples to
optimize the whiteness boundary. The above studies are based on multiple materials
and the amount of paper samples is relative small. This study aims to verify the
performance of various whiteness formulas for paper samples.

In this study, 38 paper samples were evaluated under 6 light sources by 12
observers with normal color vision. And 7 whiteness formulas were used to evaluate
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the accuracy of whiteness formulas in predicting the whiteness appearance of paper
samples using STRESS factor. The results can be used to evaluate the accuracy of
different whiteness formulas in predicting whiteness and provide basic data and the-
oretical support for the optimization of whiteness formula.

2 Whiteness Formulas

Many whiteness formulas have been proposed to characterize the whiteness of an
object. The CIE whiteness formula (WCIE) [1] was proposed in 1986. However, it is
only defined for the CIE D65 illuminant. This formula can only be used when WCIE

value is between 40 and 5Y-280. In 1998, the Uchida whiteness formula (WUchida) [5]
was proposed.

In this paper, WCIE (xn, yn), WUchida (xn, yn), WCIE, CAT16 and WUchida, CAT16 were
also used. WCIE (xn, yn) and WUchida (xn, yn) are calculated using WCIE and WUchida,
respectively. However, Y and (x, y) are the chromatic values of a paper under the
current light source, and (xn, yn) are the chromaticities of the current light source. WCIE,

CAT16 and WUchida, CAT16 are calculated using WCIE and WUchida, together with CAT16
[6] respectively. Y and (x, y) are the chromatic values converted to D65/10° using
CAT16.

WOptimizd can be defined by Eq. (1). Y and (x10, y10) are the chromatic values of a
sample under the current light source, while (xn,10, yn,10) are the chromatic values of the
current light source. The variables of a′ and b′ are defined in Eq. (2).

WOptimized ¼ Y þ a0 xn � xð Þþ b0 yn � yð Þ ð1Þ

a0 ¼ � 0:1891 � CCT þ 2267:2

b0 ¼ 0:3202 � CCT � 493:36
ð2Þ

3 Experimental

3.1 Light Sources

The light sources are produced by LED lighting device produced by THOUSLITE
company with wavelength ranging from 350 to 800 nm. 6 light sources are selected in
this experiment, including 3 CCT levels (i.e., 3000, 5000 and 6500 K) and 2 ultraviolet
radiations levels (with UV and without UV). The relative spectral distributions of 6
light sources, measured by FS spectrometer, are shown in Fig. 1 and the colorimetric
values are summarized in Table 1.

Note that “1, 2, 3” represent the 3000 K without UV, 5000 K without UV and
6500 K without UV light source, respectively, and “4, 5, 6” represent the 3000 K with
UV, 5000 K with UV and 6500 K with UV light source, respectively.
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3.2 White Samples

Thirty-eight white paper samples are carefully prepared, including 27 FWA samples
and 11 non-FWA samples. The distribution of 38 paper samples in a* − b* plane is
shown in Fig. 2. The red circles represent non-FWA samples while the blue diamond’s
represent the FWA samples.

3.3 Visual Experiment

Twelve observers (6 males and 6 females) with normal color vision are organized to
conduct this visual experiment. All of them are student and the average age of these
observers is 22. In this experiment, observers were instructed to sort samples from pure
white to “feeling of color”. All the samples are evaluated at the center of the cabinet as
much as possible. Figure 3 illustrates the process of this visual experiment. Each
observer repeats 2 or 3 times under each light source to test the observer variability, 30
datasets are gathered under each light source. In total, 6840 evaluations are collected
(i.e., 38 samples � 6 light sources � 30 datasets).
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Fig. 1. The relative SPDs of the light sources

Table 1. Colorimetric characteristic of the illuminants

Light sources CCT Lux xn yn Ra

1 2833 1379 0.45 0.41 97.0
2 4894 1019 0.35 0.36 93.8
3 6556 1014 0.31 0.33 95.0
4 2827 1379 0.45 0.41 97.0
5 4897 1018 0.35 0.36 93.8
6 6574 1008 0.31 0.33 95.0

104 C. Guo et al.



4 Results and Discussions

4.1 The Calculation of Perceived Whiteness

When an observer completes a visual experiment, the experimenter records the order in
which the observer arranges the paper samples. The order of arrangement represents the
perceived whiteness of each observer. For each sample, the average of 30 assessments

Fig. 2. Distribution of the paper samples

Fig. 3. Process of visual experiment

The Performance of Different Whiteness Formulas for White Papers 105



was taken as the perceived whiteness of the paper sample under the current light
source. According to the method, the perceived whiteness value under other light
sources can be calculated.

4.2 Observer Variation

The Standardized Residual Sum of Squares (STRESS) [7] is used to evaluate the inter-
and intra-observer variations. The inter-observer variation is calculated between 38
judgements made by each observer and the 38 average judgements. The intra-observer
variation is calculated between the repeated judgements and the average judgements of
each observer. The average inter- and intra-observer STRESS value is 9.64 and 7.50,
respectively, compared with the previous study [3], which indicates that the collected
data from this experiment is valid.

4.3 The Performance of Whiteness Formulas

The STRESS factors was also used to evaluate the performance of 7 whiteness for-
mulas (WCIE, WUchida, WCIE(xn, yn), WUchida(xn, yn), WCIE, CAT16, WUchida, CAT16 and
WOptimizd) with the calculated whiteness value and the perceived whiteness. There is a
sample (FWA sample) whose value of Tw is out of range, so the sample is no longer
considered in followings. The STRESS values are listed in Table 2.

Note that “I”, “II” represent the STRESS value between perceived whiteness of 111
samples (37 samples under 3 light sources) and calculated whiteness of 111 samples,
while “III” represents the STRESS value between perceived whiteness of 222 samples
(37 samples under 6 light sources) and calculated whiteness of 222 samples.

As shown in Table 2, WUchida (xn, yn) cannot predict the whiteness of paper samples
under 3000 K with UV radiation (light source 4), as most of the calculated Tw values
of samples under this light source are not between −4 and +2, and this condition is not
considered in the following discussion. The performances of WCIE and WUchida have

Table 2. The performance of 7 whiteness formulas in terms of STRESS values under different
light sources

Light sources WCIE WCIE(xn, yn) WCIE, CAT16 WUchida WUchida(xn, yn) WUchida, CAT16 WOptimizd

1 21.00 36.67 30.35 21.00 37.67 30.90 35.98

2 20.54 31.25 29.54 20.44 29.68 27.57 31.32

3 19.81 26.92 26.73 19.70 23.79 23.35 26.54

I 21.26 36.15 32.58 21.90 31.90 29.21 35.70

4 21.78 27.74 21.99 22.05 75.35 29.28 28.37

5 21.05 24.64 23.21 21.32 25.68 20.72 25.34

6 21.68 23.79 23.65 21.84 22.27 22.18 23.62

II 22.49 29.25 25.78 23.37 51.46 27.65 29.97

III 21.89 34.49 32.73 22.65 44.70 31.59 34.31
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been improved after color adaptive transformation, especially under 3000 K light
sources. In general, the whiteness formulas have the worst performance under light
sources with 3000 K color temperature. WUchida and WCIE have better performance in
predicting the whiteness of paper samples.

5 Conclusions

In order to evaluate the performances of different whiteness formulas, a visual
experiment was conducted under 6 different light sources with 38 white papers. Twelve
observers were organized to carry out the whiteness assessments. The results indicated
that the performance of WCIE and WUchida have been improved after CAT16. With the
increase of CCT, the performances of whiteness formulas have been improved. Both
WCIE and WUchida have better performance in predicting the whiteness of all paper
samples.
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Abstract. 3D printing surface, a tridimensional surface with varied region
color as the angle change, has exhibited an obvious difference compared with
that of plane printing which was based on 2D plane in accordance with the
existing color reproduction rule of color perception and evaluation. According to
the characteristics of 3D printing, an idea was put forward to measure and
evaluate the surface color of 3D paper product buy using quantities of simple
angles to simulate three dimensional angles. A simple angle measurement model
and color patches were designed to demonstrate the 3D surface. The surface
characteristics of color patches were measured by CS2000 radiometer and
spectrophotometer. It showed that the visual perception of the same color and
the chromaticity of the 3D surface varied significantly with angle changes. In
general, the results provided an useful information for establishing a color
measurement and evaluation model of full-color 3D printing products.

Keywords: Full-color 3D printing � Viewing angle � Color measurement

1 Introduction

Color is one of the main properties to characterize the details and features of the object.
The visual perception and color difference calculation are always used to describe the
color quality of the printed products.

Color is often demonstrated in CIE1976L*a*b* which is a relative uniform color
space [1]. However, there will be color difference for the same color while the visual
conditions change. And there are still color differences between the similar color
samples. Chromatic shift is the combined result of differences in hue, brightness, and
saturation which are the three primitive properties of color [2]. The color difference
formula is as follows:
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DE�
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðL�1 � L�2Þ2 þða�1 � a�2Þ2 þðb�1 � b�2Þ2
q

ð1Þ

where L1
*, a1

*, b1
* and L2

*, a2
*, b2

* are the coordinate values of the two color samples.

2 Color Measurements for 3D Paper Product

Traditionally, 45:0 or 0:45 measurement conditions is used on smooth and flat sub-
strate. However, it is difficult to measure three-dimensional object well. The surface
color of 3D printing product is very different according to the direction of the observer
[3]. 3D printing is an accumulation of objects made from layer to layer [4]. Because of
this feature of 3D printing, color difference formula based on 2D printing can no longer
be used directly. An idea was put forward to measure and evaluate the surface color of
3D paper product by using quantities of simple angles to simulate three dimensional
angles. Three-dimensional angles can be regarded as quantities of simple angles.
Therefore, displace angles for measuring the surface of paper plane were designed
according to viewing angles, as shown in Fig. 1.

3 Experiments and Analysis

In this chapter, CS2000 radiometer was used to measure the color patches at different
display angles and the effects of different angles on the color measurement and per-
ception were studied.

Konica Minolta color laser printer was used to print the C, M, Y and K color
patches which were designed to be 6 cm � 6 cm. The paper was coated art paper. The
whole experiment was conducted in a dark room to avoid the influence of external light
sources. D65 light source was used. The measuring distance was design as in Fig. 2
according to the principle of CS2000 measurement. Where, L is the distance from
paper surface to radiometer, and h is the paper sample height, which is 6 cm in this
experiment.

Fig. 1. Measurement angles
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3.1 Magnitude Estimation

Standard observation condition: darkroom, color patches placed in the Gretag Macbeth
Judge II standard light source observation box under different angles, D65.

Visual evaluation: Binocular Stereo Vision [5]. Adopt 7 grade evaluation methods
[6]. Color patch of 0° was set as the standard sample (Table 1).

The results show that the grade is higher at about 30°, which indicates that the color
of this angle is more different from that of 0°, the gloss and color are not as bright as 0°,
and the effect of visual evaluation is the worst.

3.2 Objective Evaluation

The emissivity of the color patch was measured by CS2000 spectrometer at 18 angles.
It can be seen in Fig. 3 that the radiation flux was different from various directions. The
radiometric changed corresponding to different angles.

In Fig. 3, the radiation intensity of the four color patches was the highest at 30°, it
meant when the angle was at 30°; the spectrum of radiation to the human eye was
maximum, which was consistent with the magnitude estimation results. The relation-
ship between the radiation intensity of the four color patches was
30° > 60° > 45° > 75° > 15°.

In Fig. 4, the chroma was the smallest at 30°. And the chroma decreased with the
angle increased from 0° to 30° they showed an upward trend. The chroma of yellow
was the biggest while the black was the least.

Fig. 2. Viewing angle and the viewing distance

Table 1. Magnitude estimation scoring table

Observer angle (°) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

1 2 2 4 3 5 5 6 5 5 4 2 4 5 4 5 4 5
2 2 2 3 2 6 6 7 4 5 4 3 4 4 4 5 4 5
3 2 1 3 2 5 6 6 4 3 3 2 3 5 5 5 6 6
4 3 3 2 5 3 4 4 2 3 4 3 3 5 7 6 7 7
5 1 1 3 3 6 6 6 4 4 5 1 4 3 5 4 4 6
6 1 1 2 2 5 7 5 6 3 3 3 3 4 4 6 5 6
7 2 1 3 2 4 5 5 5 3 4 2 4 5 4 5 5 4
Mean 2 2 3 3 5 6 6 4 4 4 2 4 4 5 5 5 6

110 M. Cui et al.



Y M

C K

Fig. 3. Radiation intensity of four color patches and different angles

Fig. 4. Viewing angles and chroma of four color patches
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The increase of the observation angles were shown in Fig. 5. The brightness
gradually increases. When the angle reaches 30° and 35°, the brightness of the four
color patches reach the maximum. The yellow patch has the highest brightness in the
four colors, and the black has the lowest lightness.

Fig. 5. Different viewing angles and brightness of four color patches

Y M

C K

Fig. 6. Viewing angles and color difference of four color patches
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The color differences of the four color patches with different viewing angles were
shown in Fig. 6. The maximum appeared when the observation angle was at 30° and
35°. It showed that the incidence, reflection and absorption of light had the greatest
influence on color appearance.

4 Conclusions

Color perception and color properties under different viewing angles were measured
and evaluated. Multi-angle measurement is used to simulate the effects of 3D printing.
The color differences of yellow, magenta, cyan and black were verified at different
angles. It showed that there were obvious differences in color appearance of different
angles for the same color sample under standard viewing conditions. The visual per-
ception and color difference of 30° were mostly obvious. These are helpful for color
characterization of full color 3D printing.
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Abstract. This paper focused on the key technology the color profile in the
color management. The research analyzed criterion for selecting the feature
color and the mechanism of the characterization by taking the output device as
research target. And a color profile evaluating model was established based on
neutral gray rendering with ICC profile and color difference detection in the
experiment. As the results, the evaluation model improved accuracy of the color
profile in color management. It can be applied to evaluate color profile and
optimize its accuracy.

Keywords: Color management � Color profile � ICC profile evaluation

1 Introduction

It aims to achieve “3C” in color management, including the calibration, characteriza-
tion and conversion [1]. In color management, correct device working principles in
color application system has to be established. Then the color profiles in the color space
in digitized device can be acquired with spectrophotometer as the foundation of series
of precise color patcheses [2, 3]. Finally, the accurate conversion of the color space and
color matching are processed with color profile according to industrial purpose and
requirement [4, 5]. Therefore, color profile is the technical key to the color management
and the foundation to achieve the accuracy of the color management.

2 Theory of Establishing Color Profile

Color profile refers to color characterization in the color space that digital devices can
present [6]. It simplifies the complexed color reproduction and color rendering as
mathematical processing between two color spaces. Thus, modern computer can reach
the goal of color management and color control. Establishment of color profile has to
be provided with three fundamental elements, including color patches, instrument of
color measurement and special software of establishing color profile [7].
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2.1 Color Patcheses

Color patcheses refers to the limited quantity of color samples and their data in the
color space of a device. It is on the basis of scientific analysis about color space
characterizations that a device can be processed.

Theoretically and practically, color space includes millions of colors so that the
color patches have to be established scientifically. That is to say, a number of limited
color samples should be extracted to present and control the whole three-dimension
color space precisely. They are characterized colors, the key to achieve dot-to-dot color
space conversion by computer in color management. As is shown in research findings,
there are principles of characterized color selection: (a) selected color can control the
key node of the color space according to the color space and color rendering principles,
such as white, black, neural gray, three-primary colors, secondary color and some
tertiary colors; (b) selected nodes in the color model should accord with characteristics
of color space and the quantization accuracy should fix with computer processing
system; (c) selected characterized colors should keep isometry in the view or uniform
distribution in color solid, which conforms to visual interval distribution rules.

At present, there are some common color patcheses including IT8.7/3, IT8.7/4
AND ECI2002 to reveal out-put device color features. As is shown in Fig. 1, IT8.7/3
color patches include 928 color units. According to features in geometric distribution,
stable angular points on the equilateral triangle (they refer to secondary colors) are
selected as color feature units and the key node of computing control in the CMY
space.

Fig. 1. The distribution of some compound color of IT8.7/3 in CMY space
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2.2 Instrument of the Color Measurement

A color sample among the color patches need to be used by spectrophotometer to
measure value of chroma objectively and precisely. Through spectral measurement,
characterized colors are transformed into values, achieving conversion in different color
space or color gamut.

Color measurement is the key and the foundation to reach precision of color
management. When color is measured, instrument and parameters should be selected
based on precision requirement and value errors should be controlled to insure accuracy
of the subsequent operation.

2.3 Special Software of the Color Profile Establishment

Special software of the color characterization refers that measured chroma values are
converted date file in general or special format according to fixed principles. Besides, it
can optimize data and revise program.

Measured color value has to be organized as color profiles based on fixed principles
to convert and match colors in different color spaces in order to achieve consistency of
color transferring. Among these color profiles, ICC profile is a color profile format
based on the cross-computer platform by International Color Consortium. ICC profile
offers two color conversion processing models used in distinguishing color space,
including matrix model and color look-up-table (LUT) model. Color profiles on the
output device are based on color LUT model.

3 Color Profile Evaluations

Color profile decides the precision of the color management. Therefore, it is vital to
estimate color profile in color management. In the research, there are two ways to
evaluate color profile. Experiment samples include Jindong coated paper (157 g/m2),
Toyo ink, SM-CD102 press, IT8.7/3 color patches and EFI Spectrometer ES-1000.
And four kinds of color profiles are numbered as B.icm, D.icm, I.icm and F.icm.

3.1 Evaluation of Neutral Gray Rendering

Neutral gray balance as the most important norm insures the correct color rendering. In
the research, a circumference of the circle test was designed to evaluate ability of
neutral gray rendering in the color profile. Firstly, a group of neural gray data based on
the LAB was designed in the test. Specifically, lightness (L) was from 0 to 100, interval
was 1, and chroma A and B were 0. Then, this group of testing data was made as gray
scale with LAB model by Photoshop. Image > Model > Conversion was used as
configuration profile option. Configuration profile under the target space was selected
as evaluated color profile. Rendering intent was absolute colorimetric rendering intent.
Color management module was ACE. Thus, gray scale image was processed in the
CMYK color space. Next, image in CMYK model was rendered in the Lab color space.
Image > Model > Conversion was used as configuration profile option. Configuration
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profile in the target space was selected as Lab color profile. Rendering intent and color
management module were chosen as the same as the above. So the gray scale was
rendered in LAB color space. And a series of new chroma values were defined as L′A′
B′. Finally, compared LAB with L′A′B′ by mean of vector, the distance the vector
deviated the axis of lightness (vertical axis) revealed neutral gray rendering ability. And
the smaller the distance was, the stronger the neutral gray rendering ability was.

The for color profiles (B.icm, D.icm, I.icm and F.icm) as main samples in primary
neutral gray testing data, generated four groups of L′A′B′ values after circumference of
circle test. The compared results were shown as Fig. 2. It can be seen that I.icm neutral
gray axis after rendering deviated smallest distance from the primary lightness axis than
other three color profile (B.icm, D.icm and F.icm).

3.2 Evaluation of Color Difference

The Evaluation of color difference indicates the compared degree of the closeness in
the real press and general standard or manufacturer’s technical index. Hereon, general
standard or manufacturer’s technical index uses ICC profile which accords with
industrial standards or typical production environment in some industries, such as
Euroscale coated paper, ICC. In our research, Heidelberg Printopen was used to
evaluate color difference prediction.

The evaluation was worked in Printopen’s inspection function, the digital test
pattern in CMYK model was opened and then color profile B.icm, D.icm, I.icm and F.
icm were imported. The USOffset coated.icm as reference foundation, color difference
prediction was calculated according to the imported color profile. The CYMK values
on the color patches were transformed as LAB value. Then the color difference E was
computed respectively. Specifically, they were the color difference value between B.
icm, D.icm, I.icm and F.icm, and the correspond color units which were converted
through USOffset. Next, color difference distributions were depicted by the compared
results, shown in Fig. 3.

According to color difference computing and its statistical data, the result was
shown as:

EB:icm and RE:icm [ED:icm and RE:icm [EF:icm and RE:icm [EI:icm and RE:icm

(I) B.icm is applied     (II) D.icm is applied (III) I.icm is applied (IV) F.icm is applied

Fig. 2. The comparison of neutral behavior of ICC profiles
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From the two evaluated results, it can be found that I.icm color profile is more
precise than B.icm, D.icm and F.icm. Therefore, I.icm should be applied to present
press color profile.

4 Conclusions

This paper proposed a color profile evaluation model on the basis of neutral gray
rendering and estimation of color difference. Through the experiment, the objectivity
and accuracy of the evaluation model was tested. And the results showed that this
proposed color profile evaluation model was easy to use with high precision degree. It
can solute the difficulty in evaluating the color profile precision in color management.
Practically, it is characterized by excellent values of guidance and application in
practical industrial process.

Acknowledgements. The work is financially supported by National Natural Science Foundation
of China (NO. 61605038), and Research start-up fund of HDU (KYS225617053).

(I) (II)

(III) (IV)

Fig. 3. The distribution of color difference. (I) B.icm versus RE.icm color difference distribution
Average ΔE = 8.45, (II) D.icm versus RE.icm color difference distribution Average ΔE = 5.03,
(III) I.icm versus RE.icm color difference distribution Average ΔE = 1.42, (IV) F.icm versus RE.
icm color difference distribution Average ΔE = 1.94
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Abstract. With the rapid development of display technology and color control
technology, as well as the printing industry’s strong demand for cost reduction
and efficiency, soft proofing will be used more and more in the printing pro-
duction process. In the traditional soft proofing workflow, the standard ICC
profiles of printers are generally used as the target of the display simulation.
However, the delta E between the soft proofing and prints is always larger
because of the whiteness difference between the actual printing paper and the
standard paper. In this paper, the method of substrate-corrected colorimetric
aims (SCCA) is used to revise the printing profile. Also, the parameters of the
displays are set appropriately according to the experiments. Comparing the
results between the prints and soft proofing, the effect of soft proofing is tested
by objective evaluation and subjective evaluation. The experimental results
show that the effect of soft proofing has been significantly improved by using
SCCA method, especially in its accuracy and efficiency. It can also be the
guidance in the actual printing process.

Keywords: Color management � Soft proofing � Color correction � Paper
whiteness

1 Introduction

Soft proofing is the viewing on a display that a printed image will look like ahead of
time, so that you can make changes or approve the image before it gets printed. This is
an incredibly useful feature that most people like to do.

The key technology of soft proofing is based on accurate display calibration and
color management of the whole system. Display calibration makes it effect in the best
state on the basis of testing and adjusting. Color management is the controlled con-
version between the color representations of various devices, such as digital cameras,
displays, computer printers and offset presses. The primary goal of color management
is to obtain a good match across different color devices [1]. The principle of soft
proofing workflow is shown in Fig. 1.
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2 The Soft Proofing Process Based on SCCA

In order to save time and simplify the process, the standard printing profiles is usually
used as the target of the display simulation in the traditional soft proofing workflow. In
actual printing, the source of the paper is not fixed, and its performance parameters are
often unstable. Especially the whiteness of the printed paper is different from the
standard one, which will affect the effect of soft proofing to a certain extent. In order to
improve the proofing accuracy, it is necessary to print test chart with the specific paper,
and then generate the target profile for proofing by using the color data which is
measured from the test targets printed in the standard condition. The process is
extremely complex and inefficient. Based on the colorimetric data of the substrate, the
color dataset in the target profile is corrected by the method of substrate-corrected
colorimetric aims (SCCA), then the printing effect is predicted, the applicability of soft
proofing is improved, and the process is greatly simplified [2]. The new process is

shown in Fig. 2. The SCCA equation is shown as below.

Fig. 1. The principle of soft proofing workflow

Fig. 2. The soft proofing process based on SCCA
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x2 ¼ x1 1þCð Þ � xminC C ¼ xw2 � xw1
xw1 � xmin

� �

where x1 and x2 are the tristimulus values of printed color on Substrate_1 and Sub-
strate_2. xw1 and xw2 are the measured tristimulus values of Substrate_1 and Sub-
strate_2. xmin is the minimum (max TAC) tristimulus value of Substrate_1.

Based on the above equation, substrate-corrected CIEXYZ can be calculated, and
then can be converted back to CIELAB space. Finally a substrate-corrected dataset is
created that can be used to build a SCCA revised profile.

3 Experiments

3.1 Experimental Conditions

Display: EIZO Color Edge CG243 W,
Measuring instrument: Spectrophotometer X-Rite i1 Pro2,
Standard light source: GTI Viewing Booth MM-4e-CPT,
Digital proofing equipment: EPSON Stylus Pro 9908,
Software: Color Navigator, CGS ORIS Color Tuner, Profilemaker, Photoshop.

3.2 Display Calibration and Characterization

This experiment uses Color Navigator to automatically calibrate and characterize the
display. It is necessary to adjust the color temperature, gamma and brightness of the
display in the process. ColorChecker chart is used for testing the accuracy of the soft
proofing and then the most reasonable combination of the settings is determined.
According to ISO standard, 5000 K is selected as color temperature. Also gammas and
brightness levels are selected for testing. As the results shows, when the gamma is 1.8
and the brightness is 100 cd/m2, the average color difference for the 24 patches is the
smallest between the display and ColorChecker. The profile generated in this state can
be used as the source profile for this display.

The color uniformity of the display is also of great importance. In this experiment,
the nine-point measurement method is used to detect it. The test results shows when the
screen is grey, the maximum difference between the brightness around the display and
that in the middle is 4%, which is lower than the standard requirement of 10% in ISO
12646 [3]. In addition, the stability test results of the display show that the average
chromatic aberration is only 0.04 after turning on for 30 min. This also shows that the
EIZO display performs pretty well and it can be put into practical application.

3.3 Printer Profiles Making and Test Samples Printing

The main purpose of this step is to make the standard printing sample through the
printer’s correction, and to simulate the printing sample after the substrate replacement.

In this experiment, the printer’s target profile is generated from the dataset
“CGATS21-2-CRPC6”. Then a standard output workflow for simulating the offset
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printing is established after cyclic correction. The LAB value of proofing paper should
close to (95, 1, −4).

For better evaluation, 46 color patches defined by “Fogra Media Wedge CMYK
V2” were selected as objective evaluation indexes, as shown in Fig. 3. Also, the
following 9 classical images were selected as test graphs for subjective evaluation [4],
as shown in Fig. 4.

Then the standard workflow is used to output the test samples for subjective and
objective evaluation respectively. It is theoretically possible to determine that these test
samples are ISO compliant prints if the printing conditions and materials conform to
the standard. They are defined as the standard printing sample PSt.

After that, replacing the coated proofing paper and printing two kinds of the test
images by the same output workflow. It is used to simulate the offset prints with the
different paper; it can be regarded as the revised printing sample PRe.

3.4 The Realization of Soft Proofing

Photoshop is selected for soft proofing in this experiment. It is very important to set the
parameters properly for color management in Photoshop [5].

The experiment is divided into two steps. In the first step, the ICC profile generated
by the dataset “CGATS21-2-CRPC6” is uploaded as the target profile in the CMYK
workspace. The purpose of this step is to simulate a standard printed sample. In the
second step, measuring the colorimetric values of the replaced paper; and then recal-
culating the color in the “CGATS21-2-CRPC6” dataset with the SCCA formula;
finally, a revised profile generated by the new dataset “CGATS21-2-CRPC6-SCCA” is

Fig. 3. The measurement strip for Fogra media wedge CMYK V2

Fig. 4. The 9 classical test images for subjective evaluation
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obtained. After that, the revised profile is placed in Photoshop as the target profile for
soft proofing. This proofing is mainly to simulate the prints with different substrate in
printing workshop.

3.5 Experimental Evaluation and Analysis

Both subjective and objective evaluations are used for the soft proofing test [6, 7].
Twenty qualified observers who have passed the FM 100 Hue Test participate in the
subjective evaluation. The objective evaluation is to calculate the chromatic aberration
between the corresponding patches by measuring the 46 patches on the display and
print sample respectively, also statistical analysis is necessary.

Firstly, we evaluate the first step of the experiment. For the objective evaluation, 46
color patches on the standard sample PSt and the revised sample PRe are measured
separately, and then these two sets of data are compared with the measured values of
the color patches displayed on the screen without SCCA method, the chromatic
aberration is calculated. The statistical results are shown in Table 1 (see the data in
column 2 to 5).

For the subjective evaluation, The 9 classical images displayed in the screen
without SCCA method are compared with the 9 printed images on the standard prints
PSt and the revised prints PRe, which are evaluated according to the similarity between
the soft proofing effect and the actual printing effect, and are rated according to the
criteria of Table 2. The results of the subjective evaluation are shown in Table 3 (see
the data in row 2 to 3).

Table 1. Color difference distribution of 46 colors in objective evaluation

Soft proofing ICC before revised ICC after revised

△E Standard sample PSt Revised sample PRe Revised sample PRe
Number Percentage Number Percentage Number Percentage

△E � 0.5 1 2.17 0 0 0 0
0.5 < △E � 1.5 18 39.13 4 8.70 11 23.91
1.5 < △E � 3 15 32.61 11 23.91 20 43.48
3 < △E � 6 9 19.57 16 34.78 10 21.74
△E > 6 3 6.52 15 32.61 5 10.87
△E mean 1.97 / 5.94 / 2.81 /
Max △E 10.29 / 17.83 / 13.65 /
Min △E 0.48 / 1.39 / 0.78 /

Table 2. Subjective evaluation scale

Rating 1 2 3 4 5
Level of similarity Perfect Similar Acceptable Tolerable Unacceptable
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According to Tables 1 and 3, standard prints PSt can meet the requirements of soft
proofing. Therefore, if the printing process is properly controlled; ink, paper and other
consumables are also in line with the standard, the soft proofing effect can be guar-
anteed. However, the gap between revised prints PRe and soft proofing is large, indi-
cating that the whiteness changing of the paper in printing will affect the proofing
effect. In actual printing, the whiteness of the paper cannot be kept consistent.

Therefore, the soft proofing must be corrected according to the whiteness of the
paper, that is, the second soft proofing step with SCCA method is adopted, and the
modified soft proofing effect is evaluated. Similar to the first step, objective and sub-
jective evaluations are conducted separately, but only for the revised printing sample
PRe.

The new objective evaluation and subjective evaluation results are also shown in
Table 1 (see the data in column 6 and 7) and Table 3 (see the data in row 4) respec-
tively, and it can be seen that the results are greatly improved. The average color
difference of the objective evaluation decreased from 5.94 to 2.81, which is dramati-
cally improved; and the average values for rating of the subjective evaluation are
between 2.2 to 3.0, which is obviously better than that before the correction. Although
the rating values for the highlights and the other three overprints are slightly larger, the
average rating values for the subjective ratings are all less than 3. It is between similar
and acceptable, indicating that the SCCA-corrected soft proofing effect has been sig-
nificantly improved.

4 Conclusions

In this paper, the color management process of soft proofing is deeply studied, the color
matching effect of soft proofing is optimized, and the final optimization effect is
objectively and subjectively evaluated. It is proved that the correction method based on
SCCA has positive significance in optimizing soft proofing process, especially in
predicting the color effect of unprinted products, which will obviously expand the
application range of soft proofing. At the same time, it provides a solution for prepress
designers to predict the printing effect.

Acknowledgements. This research is supported by Lab of Green Platemaking and Standard-
ization for Flexographic Printing (No. ZBKT201701 and No. ZBKT201804).

Table 3. The result of the subjective evaluation

Image 1 2 3 4 5 6 7 8 9

Average
value for
rating

ICC
before
revised

PSt 2.3 2.2 2.1 2.4 2.4 2.2 2.5 2.8 2.6
PRe 3.5 3.3 3.2 3.3 3.4 3.6 3.8 4.1 3.9

ICC
after
revised

PRe 2.7 2.5 2.4 2.3 2.2 2.6 2.9 3.0 2.9
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Abstract. Digital imaging is an important means of making image originals in
the field of media reproduction and dissemination today. The gamut of digital
image original not only restricts the accuracy of color reproduction in the tra-
ditional hard copy, but also the quality of the hard copy would be affected
directly. In order to scientifically and quantitatively analyze the digital image
original gamut, this paper uses unsupervised clustering analysis method.
Comparing various imaging environment factors affecting the digital image
original gamut through the designed experiment, and some good applications for
digital imaging and digital image original evaluation are obtained.
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1 Introduction

In the field of modern media reproduction, especially in the printing industry, digital
platforms based on mobile Internet and various high-precision digital imaging devices
are widely used. Color management and digital production processes are used to
achieve high-quality spatial information reproduction and correction is now becoming
the mainstream of industrial development. Although, scholars at home and abroad have
carried out extensive research in the past 10 years. How to ensure the consistent
transfer of color from spatial information to hardcopy, especially to quantitatively
analyze and compare the color gamut of digital image originals [1], has become a
research hotspot and difficulty in the field of color hardcopy reproduction in the
establishment of digital image original evaluation of the standard data and evaluation
parameters.

2 The Principle of Quantitative Analysis
of Digital Original Color Gamut

In this document, the digital image original refers specifically to spatial information
data obtained by a digital imaging device and used for color reproduction. Due to the
imaging environment, imaging device and exposure restrict the presentation of digital
image original color gamut directly, and the production of traditional digital image
originals mainly adopts hands-on guidance methods and lacks the use of measuring
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instruments and data standards [2], Bring many problems to follow-up hard copy
production in terms of inconsistent color or different color gamut. Therefore, the
evaluation of digital image originals using color quantitative parameters and methods
[3] is becoming a research hotspot in the industry.

2.1 Color Gamut Quantitative Evaluation Parameters

In this paper, quantitative analysis is performed using colorimetric analysis. The main
evaluation parameters are described as follows:

We use the a�b� coordinate system to analyze the difference in chromaticity
between samples, in the color gamut evaluation of colorimetry. The main parameters
are DE�

ab, DC
�
, DL�, Da� and Db�, As shown in Fig. 1.

DE�
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DL�2 þDa�2 þDb�2
p

ð1Þ

DL� ¼ Lsample � Loriginal ð2Þ

Dhab ¼ arctan
b�

a�

� �

sample
� arctan

b�

a�

� �

original
ð3Þ

Da� ¼ asample � aoriginal ð4Þ

Db� ¼ bsample � boriginal ð5Þ

Recent researches have shown that the current mainstream color gamut quantitative
analysis methods are density analysis and chroma analysis. The density analysis
method uses density as the standard for quantitatively describing the color gamut and
quality of an image but has the disadvantage of low evaluation accuracy. The chroma

Fig. 1. Schematic diagram of color gamut evaluation parameters
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analysis method [4] uses the spectroscopic spectrum as the standard for quantitatively
describing and evaluating the color gamut and quality of the image. The accurate
expression of the color features become the main methods for color hard copy quan-
titative evaluation.

1. Color difference statistics histogram

The color difference statistics histogram is a plane chart drawn after arranging the color
difference between the original document and the copied sample. In the plane chart, the
X axis represents the position coordinates of the sampling points, and the Y axis
represents the color difference parameter values. The color-difference histogram can be
used to determine what kind of color difference is needed, and can intuitively express
the change of the color-difference parameter value of each sampling point, as shown in
Fig. 4.

2. Color distribution probability cumulative curve

The color difference distribution probability accumulation curve refers to the color
difference parameter as the abscissa, the probability (percentage) of each color differ-
ence value is the ordinate, adding in order and accumulating to obtain each cumulative
value (100% maximum), such as Fig. 6 shows. For example, using the color difference
DE as a statistical parameter, the number of sampling points of each color difference
value is a numerator, the number of sampling points is a denominator, and the fre-
quency of obtaining each color difference value is calculated, and then a corresponding
curve is drawn by connecting each point.

In the quantitative analysis of the color gamut, both the planar histogram and the
cumulative probability distribution curve of the color difference distribution can be
used to more accurately and completely reflect the color gamut state and the copying
result of the digital image original.

3. Cluster analysis

Cluster analysis refers to the process of grouping collections of physical or abstract
objects into multiple classes consisting of similar objects. As shown in Fig. 3, each
pixel of the digital image original is sampled to obtain the RGB value of each sample.
In the RGB color mode, the data set is divided into several clusters so that the similarity
of the data points in the same cluster is as large as possible and finally the center point
of the cluster is taken out as the characteristic color.

3 Experimental Design and Data Analysis

Based on the above theoretical analysis, this study designed an experimental test for
quantitative analysis of digital image original gamut. Through the collection process-
ing, analysis and verification of test data, satisfactory results were achieved that met the
expected goals.
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3.1 Experimental Conditions

This study selected Canon EOS 70D digital cameras to capture a set of digital image
originals. Use the same aperture and different exposure times (1/4 s, 1/8 s, 1/10 s,
1/15 s, 1/20 s, 1/25 s, 1/30 s, 1/40 s, 1/50 s, 1/60 s, 1/80 s) and 4000 K in the T60
(4) TILO light source box for the objects.

And then three digital image originals with overexposure (1/4 s), normal exposure
(1/25 s), and underexposure (1/50 s) were selected. In the experiment, adopt the
CIM15BBF display and the sRGB IEC61966-2.1 profile.

3.2 Experiment Procedure

1. Use a well-designed program to perform color clustering analysis on the chro-
maticity values of digital image originals, extracting 7 areas with dense pixel points
in the RGB color pattern as target sampling points [5], as shown in Figs. 2 and 3.

2. Samples were taken from digital image originals of 584 � 270 pixels and the k-
means clustering was used to obtain RGB chroma scatter plots, as shown in Fig. 3.

3. Using the Lab value of the normal exposure photograph as the reference value,
calculate the difference between the normal exposure and the underexposure photo
of Lab, as well as the color difference. The same method is used for color difference
between over-exposure and normal-exposure photographs.

Fig. 2. Digital image originals

Fig. 3. Under exposure image original cluster distribution
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4. According to the calculation results, in excel software, make the comparison charts
required, analyze and compare the elements of interest and their details, as shown in
Figs. 4, 5, 6 and 7.

Fig. 4. Comparison of the primary color histogram for underexposed and exposed normal
digital image originals and the histogram of the dominant color of the digital image original with
overexposed and normal exposure

Fig. 5. Accumulated color difference distribution curve for underexposure and normal exposure
digital image originals
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The clustered digital image originals are mainly divided into 7 characteristic colors
1–7, corresponding to beige, brown, light blue, blue, brown, red, and green. From
Fig. 4, it can be seen that the colors of brown and red are quite different.

Next, the digital image original of 584 � 270 pixels is pixilated to form a picture
composed of 8 � 15 pixel squares as the sampling point. The difference between the
normal exposure photograph and the underexposed photograph and the overexposure
photograph of chromatic aberration is calculated.

Figure 5 shows the combined graph of the chromatic aberration distribution
probability cumulative curve and the color-difference column type of the underexpo-
sure and exposure-normal digital image originals, wherein the abscissa indicates the
color difference value, and the ordinate indicates the proportion of the sample points
under the color difference value. The histogram shows the frequencies of the sample
points contained in each color difference range. The graph is accumulated by the
frequency of the histogram, which can intuitively reflect the color gamut state and copy

Fig. 6. Accumulated color difference distribution curve for exposure overexposure and normal
exposure digital image original

Fig. 7. Accumulated color difference distribution curve for exposure overexposed and
underexposed digital image originals and normal exposure digital image original
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results of the digital image original. As can be seen from Fig. 5, in case of under
exposure, the sample with a color difference of about 11–15 accounts for a large
proportion. Figure 6 shows that the sample mainly concentrates on a color difference of
26–50 when the exposure is excessive.

Comparing the cumulative distribution curves of the chromatic aberration distri-
butions of the two sets of digital image originals, it is found that the increasing trend of
the two sets curves is similar, which proved that the influence of overexposure or
underexposure on the color gamut is basically the same.

3.3 Data Analysis and Comparison

In this study, quantitative analysis of digital image originals was carried out from two
aspects of cluster color comparison and data analysis. It is easy to find that in the
comparison of cluster color, underexposure and exposure of normal digital image
originals clustered scatter plots on the red items and blue. The color of the item is quite
different. Overexposed and properly exposed digital image originals have a large dif-
ference between the colors of yellow and red on the cluster scatterplot. From the data
analysis, it can be found that the overexposure or lack of exposure has basically the
same effect on the color gamut, but the influence on red and green is obvious, espe-
cially the effect of brightness on chromatic aberration is greater.

4 Conclusions

This paper uses a combination of density and color analysis to analyze and filter out the
control and evaluation parameters of the digital image original and its reproduction
process comprehensively. And through the designed samples and experiments, the
influence of spatial position, lighting conditions and shooting parameters of digital
image originals on digital image originals and their control parameters was verified. It
provides an effective solution to the problem of color consistency between image
originals and digital samples and has a good guiding role and practical value for the
digital collection of color images.
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Abstract. Shaanxi Fengxiang woodcut New Year picture is China’s intangible
cultural heritage. In order to better inherit and carry forward it, it is necessary to
restore and retain the New Year painting in digitized form. Therefore, the
method of color collection of the New Year pictures is used, and the color
differences of the collected data are compared by using the CIE1976 color
difference formula. After analyzing the data, the unique color card and color
threshold range of the New Year pictures are obtained, and the color database of
Fengxiang woodcut New Year pictures is built to incorporate the data results.
The establishment of the color database of Fengxiang woodcut New Year pic-
tures quantifies and digitizes the color of the New Year pictures, providing
reliable and detailed data files for subsequent experts and scholars.

Keywords: Fengxiang woodcut new year pictures � Color collection �
Munsell � Color database

1 Introduction

Shaanxi Fengxiang woodcut New Year picture has strong local characteristics and
unique artistic style characteristics [1]. They are the true expression of folk art forms.
The colors of the New Year paintings are mainly red, green, yellow and purple. The
color purity is high with the cross use of color blocks. Because the beauty of vulgar and
bold contrast intensely, and it is eye-catching, it is quite aesthetic [2, 3]. This unique
color program is a complete, customary, color specification system formed by the local
folk artists for many years of oral teaching and inheritance.

However, with the passage of time, the color of Shaanxi Fengxiang woodcut New
Year painting will fade to a state that is difficult to repair. It is a typical representative of
Shaanxi Guanzhong folk culture, so the study, conservation and reusing is of great
necessity. This paper establishes the data repository for color of Fengxiang Woodcut
New Year, objectively records and retains the information of Fengxiang woodcut New
Year’s picture, and realizes the protection and sharing of color resources, which is of
great significance to the inheritance and restoration of Fengxiang woodcut New Year
pictures [4, 5].
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Based on the previous research results of art characteristics and cultural connotation
of Fengxiang Woodcut New Year, this paper conducts deeper investigation and
research, scientifically collects the original color of Fengxiang woodcut New Year
picture, and measures the Munsell color card L*a*b* by spectrophotometer to compare
it with the collected L*a*b* chromatic value of Fengxiang woodcut New Year sample
to build the unique color card and color threshold data for the Fengxiang woodcut New
Year color. On this basis, the color data of Fengxiang woodcut New Year picture is
organized and scientific and objective color database is established.

2 Color Collections

The color collection of the Fengxiang woodcut New Year picture is related to the
spectral characteristics of the New Year sample itself, as well as the lighting conditions,
observation conditions and the visual characteristics of the observer. Therefore, it is
necessary to ensure the same observation conditions such as the surrounding envi-
ronment, background, sample surface characteristics and lighting conditions at the time
of collection.

2.1 Acquisition Equipment and Conditions

This paper collects the color of Fengxiang woodcut New Year’s painting by X-Rite, a
color measuring instrument, and scans it into an electronic document under the con-
dition that the Fengxiang woodcut New Year’s picture is not damaged. Then the author
modulates the X-Rite color photometer to the natural light with the 2° of viewing angle
without a filter (M0, D50, 2°), and the L*a*b* chromatic value of the desired color can
be obtained to ensure that each collection is in the same state as above.

2.2 Acquisition Process

This paper selects 12 samples of Chinese New Year pictures from the six subject
categories of Fengxiang woodcut New Year picture for color collection research
(Fig. 1). Each color in a New Year picture is collected five times, and the average value
of the L*a*b* chrominance of the five colors is obtained. Thereby the L*a*b* value
corresponding to each color accurately can be obtained. In the collection process, there
are 9 colors in the 12 samples of New Year pictures: red, green, blue-green, grass
green, yellow, orange, pink, purple and black, and there are at least 3–7 colors in each
New Year pictures, so a total of 59 color samples are obtained. For example, there are
four colors in sample 1, which are named ①-1 for red, ①-2 for green, ①-3 for yellow
and ①-4 for black, and so on (Fig. 2).

2.3 Comparison with Munsell Color System

First, the author uses the spectrophotometer to collect the L*a*b* chromatic value of
the Munsell color card (standard color), then compare it with the L*a*b* chromaticity
value data of the Fengxiang woodcut New Year picture sample collected in “Table 1”,
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and then use the CIE1976 color difference formula DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L1� L2ð Þ2 þ a1�a2ð Þ2 þ b1�b2ð Þ2
q

[6] to collect the data to put it into the color

difference formula. “Figure 3” is the color difference calculation flow chart.
Then the author randomly selected a number of sample colors collected from the

New Year pictures, and interviewed the craftsmen of Fengxiang woodcut New Year

Fig. 1. 12 collection samples of Fengxiang woodcut New year pictures

Fig. 2. The lab values of all samples after the five mean
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pictures. Within the same field range, the craftsmen of Fengxiang woodcut New Year
pictures recognized the color that best matched the color of the New Year pictures, and
then made the color difference comparing. It is found that when the color difference
DE � 6, the color of the sample collected at this time is closest to the color of the New
Year pictures, then all the sample colors of DE � 6 can be objectively considered as
the color satisfying the condition. The color difference between the sample color and
the Munsell standard color is compared, the color with the smallest color difference
value in the color difference DE � 6 color us selected (Fig. 4), and the color with the
smallest color difference value in the data of the color difference DE � 6 is found. The
corresponding color is a proprietary standard color card for nine colors in Fengxiang
woodcut New Year pictures (Table 1).

2.4 Color Threshold Analysis

After analyzing the 12 samples in “Fig. 4”, which are divided into nine colors, per-
centage of each color in a hue region can be obtained (Fig. 5).

Table 1. Nine colors of Fengxiang woodblock New Year pictures

Color phase Red Green Blue and green
Color number 5R4/12 7.5BG6/4 10BG6/6
Color phase Grass green Yellow Orange
Color number 5BG7/4 10Y8.5/10 5YR7/10
Color phase Peach red Purple Black
Color number 2.5RP6/12 2.5P3/10 N4.5

Y

Output corresponding to the Lab value of the Munsell color card

ΔE 6

End 

N 

Comparison with the Lab value of the Munsell color system

Select the sample to compare 

Start 

Fig. 3. Flow chart of chromatic aberration
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From the analysis of “Fig. 5”, it can be found that the highest color threshold of the
nine colors of the Fengxiang woodcut New Year picture sample appear in the color
card of the Munsell color system is: the red has the highest frequency within the 5R
color threshold of the Munsell color card, and the green color is within the 10BG color

Fig. 4. Munsell color cards corresponding to Fengxiang woodcut New year pictures

Fig. 5. The nine color threshold frequency maps of the Fengxiang woodcut New Year pictures
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threshold, yellow is within the 7.5Y and 10Y color thresholds, blue-green is within the
2.5B color threshold, grass green is within the 2.5BG color threshold, orange is within
the 2.5YR color threshold, pink is within the 2.5RP color threshold, purple is within the
2.5P color threshold and black is within the Munsell color card Neutrals color
threshold. And the color difference in the color threshold with the highest frequency of
occurrence of the nine colors is DE � 6, which is difficult for the human eye to
recognize the difference in color, so the color within the color threshold can be
determined as the color threshold range of Fengxiang woodcut New Year pictures in
the sample of text.

3 Establishment of Color Database

As an electronic medium, the database plays a considerable role in the recording and
dissemination of intangible cultural heritage. In this paper, the L*a*b* chromatic value
of Munsell color card is collected by spectrophotometer to convert the color of
Fengxiang woodcut New Year picture into accurate numerical value and then it is
quantified. Then this paper accurately stores data and establishes color database of
Fengxiang woodcut New Year pictures. In the color database, the relevant data
information of the unique color card in the sample of the New Year pictures and the
color threshold of all the colors can be retrieved. The system is based on the Windows
7 operating system platform, using My SQL database, and relying on the Java EE
technology system, and uses the mainstream MVC pattern to design and develop the
Web application system. The application server is Apache Tomcat 7.0, and the inte-
grated development tool is My Eclipse 8.0.

Fengxiang Woodcut New Year Color Database provides digital protection from
multiple angles and all dimension. It is a macroscopic, comprehensive, stereoscopic,
and multi-angle information record, as well as microscopic, in-depth classification and
more detailed classification and protection of color folk resources. The function module
of the color database mainly includes a homepage exclusive color card module, a theme
color information module and a color threshold information module.

1 The collection of the unique color card information of Fengxiang woodcut New
Year picture color database has changed the visual classification method based on
perceptual cognition in the past, and accurately visualized and digitized the painting
characteristics of Fengxiang woodcut New Year picture, which recorded the
exclusive color card belonging to Fengxiang woodcut New Year picture (Fig. 6).

2 The theme color module of the database collects the colors in each piece in a single
piece. A single Fengxiang woodcut New Year picture contains at least 3 to 7 colors.
After color collection, the L*a*b* chromatic value corresponding to a single New
Year picture is obtained, so that the color data is digitalized, and each New Year
picture color of Fengxiang woodcut New Year picture can be stored. Fengxiang
woodcut New Year pictures all use a single color for offset printing. The same type
of color has a difference in hue in each New Year picture, so the original color
information of each Fengxiang woodcut New Year picture is recorded in detail.
This module also has a color matching information function, which consists of a
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color matching picture and color matching text information. The picture information
is used to display the color matching block of New Year picture. The text infor-
mation is used for the description of the digital color, including the number of times
of color registering during printing and the main color RGB value and the Lab
value, the RGB value of the secondary color, and the Lab value, where the number
of secondary colors can be displayed according to the specific color registration in
the color matching of the pattern (Fig. 7).

3. The color threshold function module of the color database of Fengxiang woodcut
New Year picture is to sort out the color threshold range of the nine New Year
picture colors obtained above, and to realize the search and threshold reference of
the color of Fengxiang woodcut New Year picture. The color threshold data is
introduced into the color database of Fengxiang woodcut New Year picture, which

Fig. 6. Special color card module in the home page of Fengxiang woodcut New year pictures

Fig. 7. Color information module of Fengxiang woodcut year pictures
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can protect the color status of the existing New Year pictures at the utmost, and
ensure the integrity and latitude of the collected color data information in time, so
that the system can accurately retrieve the color information of the New Year
pictures. This played a key role in promoting the continuation and retention of
Fengxiang woodcut New Year picture (Fig. 8). Taking the yellow color in the
Fengxiang woodcut New Year painting as an example, the yellow color is dis-
tributed within the color thresholds of 10Y, 7.5Y, 5Y, and 7.5YR, respectively, and
the frequency is highest within the 10 and 7.5Y color thresholds.

4 Summaries

This paper uses the color card of Munsell color system to represent the color of
Fengxiang woodcut New Year picture by objective data, and enter the information of
New Year pictures into the digital information platform with the function of displaying,
color data, query and retrieval through the establishment of color database. The data
information such as the color selection of each New Year picture is classified in the
library, and the color of the New Year picture can be more intuitively understood.

We introduced the color data into the field of color protection of Fengxiang
woodcut New Year picture, collected the color data information in time, and quantified
the parameter information of the database, which can accurately reflect the true char-
acteristics of Fengxiang woodcut New Year picture and the color law relationship. It
has important theoretical and practical significance for protecting and spreading the
color of Fengxiang woodcut New Year picture and stimulating its development vitality
in the new period. It not only provides reliable and comprehensive color information
for scholars who study Fengxiang woodcut New Year picture, but also builds a detailed
and three-dimensional archive for Fengxiang woodcut New Year picture.

Fig. 8. Color and color threshold information module of Fengxiang woodcut Year pictures
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Abstract. The military door-god Qin Qiong and Jing De in the representative
Suzhou Taohuawu woodcut New Year pictures in the south and the Shaanxi
Fengxiang woodcut New Year pictures in the northwest are selected as the
research objects. The color of door-god pictures and its area ratio can be
obtained through the color picking tools in Photoshop and MatLab color clus-
tering method. Through the color results obtained, the color application and
color matching of the door-god pictures in the two places are compared and
analyzed. Finally, the color matching characteristics of Taohuawu and Fengx-
iang door-god woodblock New Year pictures are summarized.

Keywords: Taohuawu � Fengxiang � Qin Qiong and Jing De � Door-God
pictures � Color

1 Introduction

The door-god picture is the earliest and most important category in Chinese woodcut
New Year pictures, and it occupies a very important position in the folk woodcut art of
China. People think that gods exist in everything related to daily life, and the door is
guarded by the door-gods, which can make the house peaceful [1]. The door-god New
Year picture was born in Yuan and Ming Dynasties, the custom of taking Qin Qiong
and Jing De as the door-gods has been formed [2]. With the improvement of people’s
cognitive level, the function of the door-god pictures has been gradually changed from
the original driving evils and gradually enriched to be the exorcism and blessing, which
also satisfied the decoration of the door. The color in the door-god picture reflects the
creation idea and emotional orientation of the local folk artists and the elegant aesthetic
taste and rich cultural connotation of the Chinese nation.

Contrast effect and its classification is an appropriate starting point for studying
color aesthetics [3]. In order to clarify the color characteristics of the door paintings,
this paper selects the general door-gods “Qin Qiong” and “Jing De” in Taohuawu and
Shaanxi Fengxiang woodcut New Year picture as the research objects for comparative
analysis. The works and artistic styles of door-god pictures of Qin Qiong and Jing De
are relatively mature, of which the colors include oriental color concepts and folk
custom [4]. In this paper, color picking tool in Photoshop is used to extract the colors of
door-god picture of Qin Qiong and Jing De and MatLab color clustering method is
used to obtain the colors in the door-god pictures. Then the area ratio of the colors is
calculated. The color matching is analyzed and the colors area that occupies the top two
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colors is selected. Analysis is made based on the Eden twelve-color hue circle and the
contrast of light and dark, and contrast between cold and warm. Using modern color
theory and methods, we study the color characteristics from different angles, and more
accurately grasp the coloring rules in color configuration, which is very important for
the research system of the door-god New Year pictures and its inheritance and
protection.

2 Analysis of the Color of Qin Qiong
and Jing De Door-God Pictures

2.1 The Analysis of the Color of Qin Qiong and Jing De Door-God
Pictures of Taohuawu

Through the MatLab clustering method, three pairs of Taohuawu door-god pictures of
Qin Qiong and Jing De were processed, and sorted according to the color area. The
color spectrum was extracted, and the following three figures were obtained.

The color of first pair of Qin Qiong and Jing De door-god picture in Fig. 1 is mainly
purple and red, with a yellow face and red embellishment. Qin Qiong’s costumes are
mainly red, supplemented by purple, while the color of Jing De’s costumes is the
opposite. The five dots under the two gods are red with pink, and purple with dark
green, with yellow embellishment. Highly saturated color matching is warm and vivid.

The color of second pair of Qin Qiong and Jing De door-god picture in Fig. 1 is
pink, which run through the entire picture. The colors of Qin Qiong’s costumes are
mainly composed of red and peach, while that of Jing De’s costumes is mainly
composed of purple and peach. Then details are decorated with dark green and yellow.
Due to the high color purity of this pair of door-god pictures, in addition to the beard
and the ink line draft, black appears at the edge of the character costume, thereby
weakening the bouncy feeling of the picture.

The color of third pair of Qin Qiong and Jing De door-god picture in Fig. 1 that Qin
Qiong is mainly red with dark green, and the details are presented with pink, purple and

І ІІ ІІІ

Fig. 1. Taohuawu Qin Qiong and Jing De clustering diagram and chromatography
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yellow. The color of Jing De is mainly composed of purple and yellow, and the details
are presented with red, pink and dark green. The color of costumes of these two
military door-gods are full and warm, with obvious warm colors of pink, purple, and
red, and there is the cold color dark green blending in it, making the picture calm and
pretty.

Qin Qiong and Jing De door-god pictures of Taohuawu are neat rather than trivial,
and the color blocks in character’s costumes are elegant and cheerful. The color is
elegant, with the colors such as red, pink, purple and light ink interlacing. It is both
elegant and distinctive, with national characteristics and gentleness, and is full of
decorative beauty and rhythm, showing a distinct local flavor.

2.2 Analysis of the Color of Qin Qiong and Jing De Door-God
Picture of Feng Xiang

The color of frist pair of Qin Qiong and Jing De door-god picture in Fig. 2, the
headwear of the two gods are yellow and orange, embellished with dark green and
orange. Qin Qiong’s costumes are mainly red with yellow, and the details of the armor
are decorated with purple. Jing De’s costumes are mainly purple with yellow and red.
The color of the door-god painting is gorgeous, with more details and overall color
matching is integrated.

The color of second pair of Qin Qiong and Jing De door-god picture in Fig. 2, the
characters are surrounded by a circle of yellow tiger hair and tiger stripes with red and
black crossing. Qin Qiong’s accessories are painted with yellow, red and dark green.
The official clothes are mainly orange and embellished with dark green. Jing De’s
accessories are painted with purple, yellow, red and dark green. The official clothes are
mainly purple, with red as embellishment.

The color of third pair of Qin Qiong and Jing De door-god picture in Fig. 2, the
overall skeleton of Qin Qiong is outlined with dark green and red lines, with a large
area of yellow as the main color. Jing De’s costumes are mainly purple and yellow,

І ІІ ІІІ

Fig. 2. Fengxiang Qin Qiong and Jing De clustering diagram and chromatography
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supplemented by red and black. The horses are mainly red and embellished with black
patterns. This pair of door-god pictures uses a large area of primary colors, with bright
and beautiful tone.

Qin Qiong and Jing De door-god pictures of Fengxiang use simple color, and tend
to paint on a large area with a single color. It uses the red and yellow in large color
blocks, with dark green in small area to make the New Year pictures appear bright
color and strong contrast effect. With cheerful and lively visual impact, it is very
decorative. It also fully reflects the pleasant folk atmosphere of the New Year pictures,
and strengthens its agrestic flavor.

3 Comparative Analysis Based on the Modern Color Theory

3.1 The Main Color Extraction and Analysis of Qin Qiong and Jing De
Door-God Pictures of Taohuawu

By comparing the main color samples of Taohuawu Qin Qiong door-god pictures, it is
found that the three pictures all use red; comparing the main color samples of Jing
Demen door-god pictures, the three all use purple. It can be said that in the Qin Qiong
and Jing De door-god pictures of Taohuawu, red is the specific color of Qin Qiong
while purple is the specific color of Jing De. Qin Qiong and Jing De door-god pictures
pay attention to the unique symbolicity of each character’s color, use fixed colors
matching to design characters. The same character’s color has the same attributes and
the color matching is stylized (Table 1).

By comparing the main color samples of Feng Xiang Qin Qiong door-god picture,
it is found that Qin Qiong door-god pictures all use yellow, and the color matching is
basically the same. For the sample of Jing De, the main color of most Jing De door-god
pictures is purple. Feng Xiang Qin Qiong and Jing De door-god pictures pay attention
to the interrelationship between the color matching of the two characters in a pair of
door-god pictures. There is same color in both pictures and the color matching has an
intrinsic relevance.

The color matching of Qin Qiong and Jing De door-god pictures is mainly based on
primary colors, supplemented by secondary color, without complex color and gray.

Table 1. Principal Colors of Qin Qiong and Jing De Door-god Pictures

Qin Qiong Jing De

Figure 1 I Purple—red red—purple
Figure 1 II red—peach peach—purple
Figure 1 III red—green purple—yellow
Figure 2 I yellow—green yellow—purple
Figure 2 II yellow—green yellow—green
Figure 2 III yellow—red red—purple
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The color contrast is strong, conspicuous, and the contrast is obvious, reflecting the
strong and masculine spirit of folk color, with very strong decoration effects and pure
folk art features.

3.2 Color Contrast

Contrast between light and shade: Qin Qiong and Jing De door-god pictures of Tao-
huawu and Fengxiang have higher color brightness, and the contrast between light and
shade is weaker. The overall feeling will be more lively and gorgeous.

Contrast between cold and warm: The door-god pictures of the two places are
dominated by a large area of adjacent color to form a warm tone. Taohuawu tends to
use two warm colors of the same hue, such as red and peach. Fengxiang tends to use
two warm colors that differ in hue, such as yellow and dark green. Therefore, Qin
Qiong and Jing De door-god pictures of Taohuawu are warm and vivid, while the color
of Fengxiang Qin Qiong and Jing De door-god pictures contrast strongly.

4 The Influence of the Cultural Background
of the Two Places on the Color of Qin Qiong
and Jing De Door-God Pictures

4.1 Differences in Artistic and Cultural Background

The visual features presented by the color scheme of the two places show rich and
strong regional styles. The artistic style of Suzhou Taohuawu woodcut New Year
pictures inherited the essence of the traditional culture of the Southern Song Dynasty,
integrated the delicate and fine culture of Jiangnan culture. The color of the door-god
pictures has the beauty and elegance of Jiangnan, which is light and lively with rich
layers. Fengxiang is located in the central Shaanxi plain, and it retains the artistic
techniques of murals, stone carvings and social fires in the Han and Tang Dynasties.
The bold and unrestrained folk style gives Fengxiang woodcut New Year pictures a
warm,unrestrained color, with simple and bright colors, strong contrast and
expressiveness.

4.2 Differences in the Materials

The earliest Taohuawu and Fengxiang woodcut New Year picture use traditional hand-
boiled water-based botanical pigments and stone mineral pigments.Over time, the color
of this pigment will become more stable. Beginning in the Qianlong period, the
Taohuawu woodcut New Year pictures used the paints produced by “Suzhou Jiang-
sixu”, which have been used until now [5]. The color does not fade for a long time, and
the color saturation is not high, so the color is light with rich layer. Fengxiang woodcut
New Year pictures are made from “Mali” pigment for Chinese painting, water and bone
glue. The papers currently used for New Year pictures of the two places are all Xuan
papers of Jiang County, Anhui Province, which are tough enough and can’t be easily
damaged. The printed New Year pictures are bright and long-lasting.
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5 Conclusions

Through the use of MatLab color clustering method,this paper analyzes the color of
Taohuawu and Fengxiang Qin Qiong and Jing De door-god pictures, and gets a new
understanding of the color of the Southern and Northern Woodcut New Year paintings
from another angle, which provides a certain reference for deeper understanding the
color of the woodcut New Year pictures in the future and has certain value for a
comprehensive understanding of the color characteristics of woodcut pictures in dif-
ferent regions.
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Abstract. Infrared spectroscopy is a molecular selective absorption of certain
wavelengths of infrared rays. So the infrared spectrum will show information
about certain groups. The detection of the surface molecular information of
printed matter based on infrared spectroscopy can effectively detect the
authenticity of printed matter. This paper briefly describes the application of
near-infrared spectroscopy, Fourier transform infrared (FTIR) spectroscopy;
Fourier transform attenuated total reflection infrared (FTIR-ATR) spectroscopy
for anti-counterfeiting detection of printed matter. Through the inductive anal-
ysis of some application examples to compare the advantages and disadvantages
of the three techniques, the application of spectral analysis technology to the
anti-counterfeiting detection of printed matter put forward some ideas and
suggestions.

Keywords: Printed matter � Spectral analysis technique

1 Introduction

Now the anti-counterfeiting technology of banknotes, bills, and high-end goods is very
mature, but there are still many cases of imitation. The infrared spectroscopy method is
applied to the anti-counterfeiting detection of printed materials, and the subtle differ-
ences in the composition of the materials can be expressed by the spectral information.
The printed matter consists of paper and ink. Paper anti-counterfeiting is effective in
preventing fraud by making specialty paper, but it also increases the anti-counterfeiting
effect and increases the cost. The prints of many imitations don’t seem to make any
difference, but there are big differences in the spectrum, because the composition of the
inks is different. The study centered on ink because they are the most important part of
printed matter.

Ink is a very complex mixture consisting mainly of resins, pigments (dye), solvents
and small amounts of additives. Pigments are pigmented in particulate form and do not
dissolve. They are the most commonly used pigments in inks. The dye is formulated
into a solution when used, and is colored in a molecular state, and the effect is not as
good as that of the pigment. Pigments can be classified into inorganic pigments and
organic pigments by type. Inorganic pigments such as titanium white, cadmium red,
chrome green, ultramarine blue, and the like. Organic pigments such as azo, indigo, etc.
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Now it has many advantages using spectrometers: the technology is well-rounded,
ordinary laboratories can carry out experiments, and there are many ready-made pig-
ment database can effectively analyze the content of its components.

2 Near Infrared Spectroscopy

Near infrared spectroscopy refers to the 780–2500 nm band, which is mainly the
characteristic information of the organic molecules containing hydrogen group (C–H,
O–H, N–H, P–H, S–H, etc.). It can be used to analyze complex samples quickly, batch
and nondestructive, so it can be widely used in agriculture, food, petrochemical and
pharmaceutical analysis and other fields. The ink information on the printed matter is
mainly some inorganic trace elements, the signal of near infrared spectroscopy is weak,
the sensitivity is low, and so its application and research in inorganic trace elements is
very little. It is shown in Table 1.

Shao Xueguang from the School of Chemistry, Nankai University uses near-
infrared spectroscopy to analyze inorganic trace element components [1]. The inor-
ganic ions generally do not respond in the near-infrared spectrum, but inorganic trace

Table 1. NIRS content brief

NIRS Principle Purpose Advantage Disadvantage

Shao Xueguang
of Nankai
University used
near infrared
spectroscopy to
analyze
inorganic trace
element
components [1]

Indirect method
for measuring
trace elements

Detection of
the content
of trace
elements

Improve
analysis
speed and
greatly
improve
measurement
sensitivity

A large number
of experiments
are needed to
establish the
model. The
near-infrared
diffuse
reflectance
spectrum is
poorly
interpreted and
the detection
limit is high

Li Yan, Beijing
Institute of
Graphic
Communication,
analyzes the
spectrum of
printed matter
based on near-
infrared
spectroscopy
data [2]

Spectral
absorption
feature matching
method and
spectral global
similarity
matching
method

Identify the
authenticity
of printed
matter

Fast, non-
destructive,
no sample
processing
required

A lot of
algorithm
research is
needed in the
later stage to
improve the
accuracy of the
identification
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elements can form chelates or complexes with organic or non-metallic substances in the
measured substances. By detecting the content of these compounds, the content of
inorganic micro-elements can be detected, so that the rapid determination of inorganic
elements can be realized indirectly.

Li Yan from Beijing Institute of Graphic Communication analyzed the spectrum of
printed matter based on near-infrared spectroscopy data [2]. The instrument used in the
experiment was ASD Field Spec 3 portable spectrometer manufactured by Ameri-
can ASD Company. The wavelength range was 350–2500 nm. The experimental
sample was McDonald’s fries box. Taking into account the variability of the ink’s
origin, the French fries samples were purchased from seven cities. The collected data
are processed by a spectral absorption feature matching method and a spectral overall
similarity matching method. The results of spectral matching show that for the three
types of prints with different spectral similarity, the methods of matching the absorption
peak distribution and the characteristic parameters matching the absorption peak can
effectively distinguish the spectral data. The accuracy of the characteristic parameter
matching method is high, and the accuracy rate reaches 88.9–100%. The results show
that the analytical techniques of printed spectral data can be used for spectral difference
analysis of printed matter.

Analysis of the above two examples, the use of near-infrared can achieve the
purpose of distinguishing the authenticity of printed matter, but limited by the char-
acteristics of near-infrared itself, cannot display the information of inorganic elements
well, it has caused great difficulties in data analysis. Moreover, the spectral charac-
teristics are not obvious enough, and it is easy to bring a large error to the experiment.
Therefore, it is not recommended to use the method for anti-counterfeiting detection of
printed matter.

3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy is abbreviated as FTIR. In the late 1960s, a
Fourier transform infrared spectrometer based on interferometer frequency modulation
was introduced, which was mainly composed of a Michelson interferometer and a
computer [3]. Fourier transform red spectrum has high detection sensitivity, high
measurement accuracy, high resolution, fast measurement speed, low astigmatism and
wide band. Fourier transform infrared spectroscopy can change some elements to study
the spectrum of the whole near-infrared, mid-infrared and far-infrared 10,000–10 cm−1.
This has a great effect on the determination of inorganic compounds and organ metallic
compounds. It is shown in Table 2.

Zhang Xuan, a medical student at Henan University, used Fourier transform
infrared spectroscopy to identify ink types of signature pens [4]. It is also fully
applicable to the identification of inks on printed materials. Their principles are
completely compatible. The signature pen ink is detected by Fourier transform infrared
spectroscopy. The ball pen ink is mainly composed of dye, resin and solvent lubricant.
The dyes in the blue pen oil mainly include copper titanium cyanide and tri-
aryl methane. Different ratios of dyes will cause changes in the infrared spectrum.
According to the difference in the number of characteristic peaks in the infrared
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spectrum, the peak position and peak area ratio or peak-to-height ratio of the absorption
peak are further distinguished. The purpose of distinguishing between different man-
ufacturers and different types of inks is achieved.

Zhang Jinzhuang, Cui Lianyi, etc. of Liaoning Police Officer School based on FTIR
single-point mode method for non-destructive identification of different brands of laser
printer ink pink marks [5]. At present, the most common laser printer toners can be
divided into two categories. One type is two-component toner; the other type is one-
component toner, but the two types of toner are composed of resin, dye, magnet
powder, etc. [6]. Different brands of laser printer toners have differences in the com-
position or distribution ratio of each group. Using the Fourier infrared image system,
the collected eight brands of samples are scanned in infrared by a single point mode,
and the infrared spectrum is collected. The infrared spectra of the two samples were
subjected to a second derivative operation to obtain a corresponding second derivative
spectrum. The experimental results show that this method can effectively distinguish
different brands of laser printing samples, no special preparation of samples, easy to
operate, fast, and non-destructive testing, in line with the requirements of current
inspection and identification.

From the above examples, the data of the spectral range of 4000–400 cm−1 col-
lected by Fourier transform infrared spectrometer can reflect some trace evidence,
which is good in characteristics and suitable for qualitative identification. The purpose
of this study can be better achieved, and the technology is stable and the resolution is
high. A complete data acquisition takes only a few seconds, and the experiment can be
completed in many laboratories.

Table 2. FTIR content brief

FTIR Principle Purpose Advantage Disadvantage

Zhang Xuan of
Henan University
uses Fourier
transform infrared
spectroscopy to
identify the types
of ink for
signature pen [4]

Infrared
spectral
curve
feature
difference

Identify the
type and
ratio of dyes
in the mixed
spectrum

Non-destructive
analysis can
visually identify
the structural
composition of the
dye

The preparation
of samples by
KBr pressing
method is
difficult and
heavy workload

Zhang Jinzhuang
of Liaoning Police
Officer School
identifies laser
printer samples
based on FTIR
single point mode
method [5]

Single
point
mode
detection

Differentiate
samples
from
different
brands of
laser printers

Perform a second-
order reciprocal
operation on the
spectrum to make
the fine structure
of the spectrum
more prominent

The selection of
sample sampling
points has a
greater impact on
the experimental
results
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4 Fourier Transform Attenuated Total Reflection Infrared
Spectroscopy

Attenuated total reflection infrared accessories appeared in the early 1960s, but due to
the performance limitations of dispersion-type infrared spectrometers, ATR technology
application research field is not extensive. In the early 1980s, microscopic technology
was applied to the Fourier transform infrared spectrometer, and the Fourier transform
attenuated total reflection infrared spectrometer was born, which makes the analysis of
the micro-area components convenient and fast, measuring the microscopic area
diameter up to several microns [7]. With the application of Fourier transform infrared
spectrometer and the development of chemo metrics, Fourier transform attenuated total
reflection infrared spectroscopy (ATR-FTIR) is an advantageous tool for surface
structure analysis. It is shown in Table 3.

South China University of Technology Jiangshan, Yin Shiheng, Tang Min, etc.
used attenuated total reflection infrared spectroscopy to determine the true and false
banknotes of the fifth set of RMB Chinese Yuan [8], and selected several more
characteristic areas as sampling points of the spectrum: paper white Part, serial number
printing ink, Intaglio printing ink, light-changing ink printing pattern, safety line. The
comparison of the difference peaks and the common peaks in the infrared spectrum
shows that the infrared spectroscopy can clearly distinguish the paper and ink selected

Table 3. ART-FTIR content brief

ART-FTIR Principle Purpose Advantage Disadvantage

South China
University of
Technology
Jiangshan uses
attenuated total
reflection infrared
spectroscopy to
detect true and
false RMB [8]

Infrared
spectral
curve
feature
difference

Distinguish
between true
and false
RMB

The spectral
characteristics of
the ink part can be
effectively
distinguished

The infrared
spectrum of
the white part
of the paper is
not much
different

Meng Chaoyang
of Liaoning Police
Officer School
uses attenuated
total reflection
technology in
Fourier transform
infrared
spectroscopy to
detect inkjet
printed samples
[9]

Difference
of peak
shape and
peak
position in
infrared
spectrum

Differentiate
between
different
brands of
printing inks

The sample
demand is small,
the analysis speed
is fast, and there is
no damage to the
sample

Different
printed paper
materials will
have a certain
impact on the
experiment
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by the counterfeit currency and the real coin. By analyzing the results of the experi-
ment, the common banknotes can be identified.

Meng Chaoyang of Liaoning Police Officer School used Fourier transform infrared
attenuated total reflection spectroscopy technology to non-destructively determine the
three major inks of Hp, Canon and Epson commonly used in ink jet printing documents
and their corresponding alternative inks [9]. According to the characteristic absorption
of the infrared spectrum, these three kinds of inks and their substitute inks can be
distinguished and identified. The method can perform non-destructive testing on
samples, and provides a fast, accurate and applicable identification method for the
identification of ink jet printing inks.

The information on the surface of the sample is more easily analyzed by the above-
described example Fourier transform attenuated total reflection infrared spectroscopy
technique. It is very suitable for prints, which only require surface information
detection. Eliminating the complicated sample preparation process and directly mea-
suring the surface of the sample, the experimental purpose can be achieved.

5 Conclusions

This article collects relevant literature and summarizes it. For the near-infrared spec-
troscopy, Fourier transform infrared spectroscopy, Fourier transforms attenuated total
reflection infrared spectroscopy for the anti-counterfeiting detection of printed matter to
make a summary analysis. Compared with near-infrared spectroscopy and Fourier
transform infrared spectroscopy, the latter has a wider spectral range, and can better
qualitatively distinguish inorganic trace elements in the mid-infrared part, which can
better analyze the anti-counterfeiting identification of printed materials. The Fourier
transform attenuated total reflection infrared spectroscopy technique is an upgrade in
the Fourier transform infrared spectroscopy technique. Fourier transform attenuated
total reflection infrared spectroscopy is mainly used to analyze the surface structure of
samples. After comprehensive analysis, the best solution is to use Fourier transform
attenuated total reflection infrared spectrometer for information collection to achieve
the best results.
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Abstract. To study the reproducibility of brand color in Hi-Fi colorprinting.
The paper begins from the ICC color management process. Through the com-
parison of the color gamut between seven colors Hi-Fi printing and four-color
printing, the color conversion variation and by measuring the reproducibility of
Hi-Fi color printing reproduction, the feasibility of the brand color reproduction
in Hi-Fiprinting was analyzed and evaluated. The color gamut of Hi-Fi color
printing is larger than four-color printing. The 95% cumulative relative fre-
quency (CRF) value of the color conversion variation is 5.1 ΔE00 in Hi-Fi color
printing. The Reproducible Pantone colors in Hi-Fi color printing are 81.3%.
Both are better than four-color printing. The average color difference of Hi-Fi
color printing is 2.6 ΔE00. This paper analyzed the feasibility of the reproducing
brand colors in Hi-Fi color printing with data analysis and provides a reference
on the brand colors reproduction for printing enterprise.

Keywords: Brand color � Hi-Fi colorprinting � ΔE00 � CRF

1 Introduction

Brand colors are special colors, specified as a part of the design process, to enhance the
product appearance [1]. In printing, brand colors are also known as spot colors.
Designer uses Pantone color books to select brand colors and build job files. They are
printed by three methods: (1) Specially formulated inks and dedicated printing units;
(2) Standard four-color (CMYK) inks without additional printing units [2–4]; (3) More
than four-color inks for printing and copying. E.g. CMYKO (Orange) G (Green) V
(Violet). This method of printing brand colors is called Hi-Fi color printing [5].

With the continuous improvement of people’s pursuit for a better life, the print
quality is also increased. At present, Hi-Fi color printing has been increasingly applied
by printing enterprises. This paper compared the color gamut between seven color Hi-
Fi color printing and four-color printing, the color conversion variation and analyzed
the reproducibility of Hi-Fi color printing reproduction by measuring the DE00, and
provided a reference on the brand colors reproduction for printing enterprise.
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2 Experiments

2.1 Resources

Pantone (Coated) CIELAB list (the databases are from Pantone company), representing
1755 brand colors (a*b*plot) [6]; Exact spectrophotometers; ICC profiles:
CRPC5/CRPC6/CRPC7 (present CMYK printing) [7] and ALWAN-CMYKOGV.icc
(presents Hi-Fi color printing); ColorThink Pro 3, a color management utility; Excel
(.xls) with ΔE00 macro.

2.2 Methodology

This paper studied three aspects of the reproduction of brand colors in Hi-Fi color
printing. They are the color gamut comparison, color conversion variation and printing
replication variation. The color gamut is compared from two dimensions and three
dimensions by ColorThink Pro 3.0.3. Color conversion variation is determined by the
ICC workflow. Pantone colors are defined calorimetrically. They can be reproduced
using ICC color management and Pantone licensed software. Using A-to-B tags and B-
to-A tags inside a printer ICC profile for color conversion purposes. A represents the
device space. B represents the profile connection space or CIELAB value [8]. Method
for determining printing replication variation is selecting 97 Pantone colors, repre-
senting different hue, chroma, and lightness. Print these Pantone colors in Hi-Fi color
printing and measure these Pantone colors using Exact. Compare color differences
(ΔE00) between the measured values and the theoretical values. The average ΔE00 is
used to represent the color replication variation.

3 Results

3.1 The Color Gamut Comparison

Open the CRPC5/CRPC6/CRPC7 and ALWAN-CMYKORG.icc in ColorThink Pro 3.
We can compare the color gamut in 2-D (see Fig. 1) and 3-D (see Fig. 2).

It can be seen from the figures that the gamut of seven color Hi-Fi color printing is
somewhere larger and somewhere is smaller than that of four-color printing
(CRPC5/CRPC6/CRPC7). So the key factor is the location of brand colors in CIELAB
color space.

3.2 Color Conversion Variation

For each ICC profile (CRPC5/CRPC6/CRPC7/ALWAN-CMYKOGV.icc), Open the
Pantone Solid Coated 1755 LAB list in ColorThink Pro 3. Convert the LAB list to the
CMYK list via the B-to-A tag of an ICC profile using the absolute colorimetric ren-
dering intent. Convert the CMYK list back to the LAB list via A-to-B tag of the same
ICC profile using the absolute colorimetric rendering intent [9]. DE00 is calculated by
the two group LAB values. The 95th percentile ΔE00 is used to specify the color
conversion variation as a single number (see Fig. 3) [10].
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Seen from the Table 1, It can be concluded that the color difference value converted
by the Hi-Fi color printingcolor conversion profile is much lower than four-color
printing profiles (CRPC5/CRPC6/CRPC7). It shows that the color reproduction in
Hi-Fi color printing is better than four-color printing.

Fig. 1. 2-D gamut of ALWAN and CRPC5–7

Fig. 2. 3-D gamut of ALWAN and CRPC5–7
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Based on the visual acceptable color difference 3.0 [11], Reproducible Pantone
colors in CRPC5, CRPC6, and CRPC7 printing conditions are 60.1, 69.4, and 80.9%
respectively. The reproducible Pantone color in ALWAN-CMYK0GV is 81.3% (see
Fig. 4).
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Fig. 3. CRF distribution of color conversion variation

Table 1. The database of color conversion variation

Printing condition 95th percentile ΔE00

CRPC5 9.3
CRPC6 7.8
CRPC7 6.1
ALWAN 5.1
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Fig. 4. CRF distribution of Pantone color 1755 by ALWAN and CRPC5–7
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3.3 Printing Replication Variation

To further study the reproduction of Hi-Fi color printing on brand colors, 97 Pantone
colors were printed on the white cardboard of Jiaoyang brand with DIC ink by KBA
printing machine. The printing process was sampled every 20 min to measure the LAB
data of the sample, and compared the measured data with the original LAB values, and
calculated the color difference between the printed color and the theoretical color. The
color difference distribution is as follows (see Fig. 5).

It can be seen from the graphic data that the color difference of Hi-Fi color printing
is mainly distributed to 2–3 DE00. The average color difference of 97 Pantone colors is
2.6 DE00.

4 Conclusion

Brand color aims are specified by Pantone color books and their CIELAB values. But
how brand color replicability in Hi-Fi color printing is usually unknown. This paper
studied the reproducing brand colors in Hi-Fi color printing based on the color gamut
comparison, color conversion variation and printing replication variation. Through the
experimental study, we have the following conclusions:

1. Reproducible brand colors is proportional to gamut size. The gamut range of ICC
Profile used for Hi-Fi color printing is much larger than that of four-color printing.
The number of colors that can be accurately reproduced is also more. Therefore,
using Hi-Fi color printing to reproduce brand colors has a better reproduction and
reproduction possibility.

2. From the print copy color difference, the average color difference of the seven
colors Hi-Fi color printing is 2.6 DE00, which is within the range of visual per-
ception. Therefore, it is feasible to reproduce the brand color in Hi-Fi color printing.
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3. This paper analyzed the feasibility of reproducing brand colors in Hi-Fi color
printing on the basis of a series of experimental data and analysis in color-managed
printing workflows. It can provide reference for the practical application of brand
color reproduction.

Acknowledgements. This study is funded by Green Platemaking and Standardization Labo-
ratory for Flexography Printing (ZBKT201805).
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Abstract. Under the different experimental condition, different combinations of
halftone samples were printed out with UV flexopress. More than 100 groups
from different substrates, print speed and photoinitiator of reflectance spectra of
the samples were measured. The morphological character indices (spectral area,
perimeter, depth, width of shoulder) are selected and the variations of sample of
different printing conditions are analyzed. The conclusions are that, the corre-
lation between these morphological indexes was obvious; 4 chosen morpho-
logical indices were removed, whose R2 was greater than 0.9 (R is correlation
coefficient) and confidence level was greater than 0.05, the best morphological
index was chosen for different character wavelength of different primary color;
the variation of different morphological indices in different wavelength was
distinct; the relationship between morphological character and the printing
conditions was fitted by linear and polynomial curves, R2 is greater than 0.9.

Keywords:: Spectral analyses � Spectral character � Spectral morphological �
Spectral reflectance � UV flexopress

1 Introduction

Spectroscopy and spectral analysis are widely used in many fields, such as matter
analysis, detection, etc. Recently with the development of color science, color spectral
research has become a hot topic. UV ink is a kind of ink which uses ultraviolet light of
different wavelengths and energy to polymerize the monomer in the ink connector to
form ink film and dry. Flexopress is a kind of green printing method with UV ink
because UV ink is a solvent-free and its pollutant emission is almost zero. There were
some studies about the components and performance of UV ink used in flexopress,
such as the ink film—forming properties after UV curing [1]. The research focus on ink
viscosity, granularity, flexibility [2–6], etc. However, there is a lack of research on
spectral characteristics of UV ink printing production, especially the morphological
character of spectral reflectance of UV Flexopress printing in different conditions.
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Therefore, more than 100 groups of reflectance spectra of the samples from dif-
ferent substrates, print speed and brand ink, were measured. By analyzing the mor-
phological characteristics of spectral reflectance curves of these UV Flexopress
samples, the variation of spectral reflectance morphological characteristics in different
substrates, print speed and photoinitiator is discussed to investigate the impact of UV
ink performance in different condition to improve ink performance.

2 Experiment

2.1 Output and Measurement

Print out 10, 25, 50, 75 and 100% of halftone samples of C, M, Y and K with
flexopress machine, 600lines anilox roller and different brand of UV ink as UFM,
SUPER, BIT.

The measurement instrument used in the experiment include X-Rite’s i1 (holo-
graphic diffraction grating with 128-pixel diode array and built-in wavelength check)
portable spectrophotometer 0.38–0.73 mm, spectral resolution 0.01 mm, spot size
0.035 mm, measuring light source A and UV-LED, measuring geometric equipment
45°/0°. Measure the output sample. In order to prevent the influence of external light on
the result of color sample measurement, the measurement is carried out in the dark
room and the color sample is placed on the white backing. The substrate is paper sticker
and polyester (PE) sticker from PULSE roll label production.

During the test, the press correction is carried out. In the normal operation of the
equipment, the output printed out the test form. The output samples were measured
with i1 spectrophotometer, and the average value was taken as 5 times measurement.

2.2 Spectral Data Preprocessing

In order to facilitate the selection of spectral bands, spectral reflectivity of each group is
derived by spectral differentiation, and the characteristic bands of each group color are
extracted as shown in Table 1. The spectral analysis of spectral reflectance data of
different groups of colors was carried out. Different characteristic bands were selected
and morphological indexes were extracted.

Table 1. The Proper wavelength of cyan magenta yellow and black

Color Proper
wavelength
I (um)

Proper
wavelength
II (um)

Proper
wavelength
III (um)

Proper
wavelength
IV (um)

Cyan 0.40–0.58 0.64–0.72 0.52–0.66 0.68–0.72
Magenta 0.39–0.53 0.56–0.73 0.43–0.61 −

Yellow 0.39–0.45 0.42–0.52 0.47–0.58 –

Black 0.39–0.46 0.46–0.56 0.42–0.68 0.64–0.71
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2.3 Selection and Calculation of Spectral Index

The spectral perimeter, wave depth, total area and shoulder width are compared and
analyzed. The area is solved by trapezoidal area integral, and the circumference, wave
depth and shoulder width are calculated by Euclidean distance formula [7–12]. At
first, k is the wavelength vector r as the reflectivity vector, corresponding to the
wavelength and spectral reflectivity of each output mixed pixel, respectively.

(1) Spectral length (L): Total length of the curve of the spectral absorption trough or
reflected wave peak, using Eq. (1) [7–12].

L ¼
Xk2

k1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rki � rkiþ 1

� �2 þ ki � kiþ 1ð Þ2
q

ð1Þ

Among them, k2 and k1 is the initial value and truncation value of characteristic
wavelength, ki is the component of wavelength vector, and rki is the component of
reflectivity vector.

(2) Depth of wave (Depth): The distance between the minimum value of the spectral
characteristic absorption peak or the maximum point of the reflection peak relative
to the 100% line, indicating the ability of the color sample to absorb or reflect in
the trough or the peak ki, as Eq. (2) [7–12].

Depthki ¼ 1� rkimin=max

���
��� ð2Þ

rkimin=max is the minimum or maximum reflectivity vector in ki characteristic band,
the minimum value in absorption band and the maximum value in reflection band.

(3) Area (S): The area of the wave depth of the absorption trough or reflection peak of
the spectral characteristic and its spectral curve, as Eq. (3) [7–12].

S ¼
Xk2

k1

rkiDk ð3Þ

k2 and k1 is the initial value and truncation value of characteristic wavelength, Dk
is the interval of characteristic wavelength, and rki is the component of reflectivity
vector.

(4) Shoulder width (D): it indicates the opening degree of the absorption peak and the
reflected trough as Eq. (3) [7–12].

Dki ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rk1 � rk2ð Þ2 þDk

q
ð4Þ

k2 and k1 is the initial value and truncation value of characteristic wavelength,
Dk is the interval of characteristic wavelength, and rki is the component of

reflectivity vector.
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3 Results

3.1 Qualitative Analysis of Spectral Morphological Indexes

By using Eqs. (1)–(4), the variation law of spectral morphological indexes in each
characteristic band is calculated, as shown in Fig. 1.

3.2 Quantitative Statistics of Spectral Morphological Indexes

Furthermore, the spectral reflectance of different conditions of print sample was
quantitatively analyzed by correlation coefficient and significance test.

According to level 0.01 significant, correlation coefficient on different characteristic
bands. From the correlation coefficient, we can find that there are obvious differences in
the correlation of four indexes, namely perimeter, wave depth, area and shoulder width,
and the correlation of each index in different characteristic bands. The spectral
perimeter and spectral area is high similar, and the correlation coefficient is larger than
0.9. Therefore, two morphological indexes can be removed as one index.

Fig. 1. Different spectral morphological indexes of cyan with BIT ink and PE substrate
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In order to reduce the amount of data, according to the correlation analysis between
different characteristic bands and different indexes, and synthesizing the above quali-
tative and quantitative analysis, the corresponding morphological indexes of each
characteristic band are determined as shown in Table 2.

3.3 Correlation Analysis of Characteristic Index and Different Condition

According to the qualitative and quantitative analysis, the correlation analysis of the
spectral reflectance curves of each color in different characteristic bands is shown in
Table 3.

The morphological indices of most feature bands are linearly correlated with the
proportion of halftone and different printing condition, but there are some nonlinear
characteristic bands (R2 < 0. 5). With regression analysis [12], the relation of quadratic
polynomial can fit the nonlinear region well (R2 > 0.95).

4 Conclusion

By measuring and calculating the spectral reflectance of flexo printing samples in
different substrate with different UV ink, it is found that different primary colors have
different responses to different morphological indexes in different characteristic bands.
The characteristic bands of different primary colors are determined by spectral differ-
ential technique. Through qualitative analysis, the relationship between spectral mor-
phological indexes of different characteristic bands and spectral perimeter, depth, area
and width of shoulder is analyzed. The response states of these morphological indices
to different characteristic bands are analyzed.

Through the analysis of correlation and significance, it was found that the spectral
reflectance morphology of flexo printing samples under different printing conditions
was not related to printing speed, and nonlinear to ink formula of different printing
materials and dot area ratio.

The characteristics of dot ratio and spectral reflectance of printing samples can be
obtained by using spectral curve. The research results are helpful to improve the
efficiency of spectral prediction algorithm of printing color under different control
states of flexo printing.

Table 2. The spectral forms in different special wavelength

Cyan Magenta Yellow Black

Perimeter IC IM, IIM, IIIM IIIY –

Depth IIC, IIIC, IVC IM, IIM, IIIM IY, IIY, IIIY, IK, IIK, IIIK, IVK

Area – – – –

Width of Shoulder IC, IIC, IVC IM, IIM, IIIM IIIY IIK, IVK
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Abstract. Spectral sensitivity is an important parameter reflecting spectral
response for an imaging system. In order to study the effect of different types of
optical lenses on the spectral characteristics of an imaging system, a
monochromator was used to measure the spectral sensitivity function of a black-
and-white industrial camera under three different lenses. The experimental
results show that spectral sensitivity curves for a digital camera with three
different lenses are different, and the average root-mean-square error between
spectral sensitivity curves with different lenses was 0.061, which was about 7.7
times larger than that of the measurement error. This shows that the optical lens
had a significant effect on the spectral characteristics of an imaging system.

Keywords: Imaging sensor � Spectral sensitivity function � Lens � Digital
camera

1 Introduction

Imaging Systems are widely used for observation or capturing image in a variety of
applications including inspection, machine vision, etc. An imaging system usually
consists of a camera, an optical lens, and an illumination source. In general, the
performance of an imaging system is greatly affected by its optical transmission
characteristics or spectral sensitivity. If the total spectral response of an imaging system
is available, it can be used for a variety of applications, such as machine vision, color
reproduction, video signal processing, and so on. However, the spectral sensitivity of
an imaging system is a comprehensive result of many factors, such as imaging sensor,
optical filter, optical lens and image processing algorithm in the system. In those
factors, optical lenses are made from different optical materials such as glass or plastic,
and usually coated with different optical coatings. Different optical materials or dif-
ferent optical coatings have different spectral characteristics, so different optical lenses
have different spectral characteristics as well. Even if the same camera with different
optical lenses or different filters, the spectral sensitivity of the imaging system may be
different due to the difference in optical system structure, optical material transmittance,
and optical coatings. Therefore, the manufacturers of camera usually do not provide
accurate spectral sensitivity data for their digital camera.

© Springer Nature Singapore Pte Ltd. 2019
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The methods for measuring or estimating the spectral sensitivity of a digital
imaging system [1–5] are also being developed in order to facilitate the application of
commercial digital camera in the research of color information. At present, there are
mainly two kinds of method, direct measurement [1–3] and indirect estimation [4, 5],
for obtaining spectral sensitivity data of an imaging system. The former uses a
monochromator to produce monochromatic light and a standard diffuse white to reflect
the monochromatic light, which is measured by a spectroradiometer and captured by a
camera, respectively. Then the camera spectral sensitivity function can be calculated
from the camera response and the relative spectral power distribution (SPD) measured
by the spectroradiometer. The latter is a generally mathematic method. Firstly, a color
image for a standard color chart is captured by the camera, and then the spectral
sensitivity curve of the digital camera is optimized from the sensor responses and the
known color reflectance.

In this paper, the spectral sensitivity functions of a black-and-white digital camera
under three different lenses were measured by a monochromator, and the effect of
optical lens on the spectral sensitivity function was studied based on the measurements.

2 Experimental

The instruments used in this experiment are listed as follows: an 7ISW301 double
grating scanning monochromator, an JETI Specbos 1211 UV spectroradiometer, a
black-and-white industrial camera MER-231-41U3 M kindly provided by Daheng
Imaging, a standard diffuse white produced by Shanghai Fusion Optical Co Ltd., three
types of camera lenses: CHIOPT HC1205A (f = 12 mm), CHIOPT HC1605A
(f = 16 mm), and Kowa LM16JC5M2 (f = 16 mm).

The data acquisition method using a monochromator is shown in Fig. 1. In order to
prevent environment lights from interfering with the experimental results, the experi-
ment was performed in a darkroom. The parameters of the camera under test, such as
the exposure time, aperture etc., were set to that suitable for responding both the
weakest and the strongest monochromatic light in the range of 0 to 255. The data
acquisition process can be divided into the following five steps:

Monochroma c 
light

Camera

Standard white 
board

Spectroradio-
meter

Op cal fibre

Fig. 1. Monochromator measurement method
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(1) The monochromatic light with wavelength ki was generated by the monochro-
mator, and projected onto the standard whiteboard;

(2) A standard whiteboard image as shown in Fig. 2 was captured with the black-and-
white camera to obtain the camera response value IðkiÞ;

(3) The diffused monochromatic light from the standard whiteboard was measured by
the spectroradiometer, and the output was the product of relative spectral power
distribution (SPD) EðkiÞ of the monochromatic light and reflectance SðkiÞ of the
standard whiteboard;

(4) A different wavelength of monochromatic light was produced and the above three
steps were repeated;

(5) The different lenses were used and the above four steps were repeated.

During the experiment, the monochromator generated monochromatic lights
starting from 380–740 nm at an interval of 10 nm. Therefore, 37 images were captured,
and 37 products of EðkiÞSðkiÞ were measured for each tested lens.

3 Calculation of Camera Spectral Sensitivity Function

After data acquisition, the camera’s spectral sensitivity function can be calculated.
According to the definition of tristimulus, the camera response can be expressed by the
following formula:

R ¼ k
Xb
a

E kð ÞS kð Þr kð ÞDk

G ¼ k
Xb
a

E kð ÞS kð Þg kð ÞDk

B ¼ k
Xb
a

E kð ÞS kð Þb kð ÞDk

ð1Þ

Fig. 2. Image of a standard whiteboard captured by a black-and-white camera
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where a and b are the spectrum range, EðkÞ denotes the relative spectral power dis-
tribution of the light source, SðkÞ denotes the spectral reflectance of the standard
whiteboard, rðkÞgðkÞbðkÞ denote the spectral sensitivity function of the camera for red,
green and blue channel, respectively, and k denotes the normalization coefficient. Since
a black-and-white camera was used in this study, its response values for the RGB
channels are the same. If I is used to represent the response of a black-and-white
camera, and QðkÞ to represent the spectral sensitivity function of the imaging system,
then

I ¼ k
Xb
a

EðkÞSðkÞQðkÞDk ð2Þ

In this experiment, the sampling wavelength was starting from 380 nm to 740 nm
with Dk = 10 nm, then

ki ¼ 380þði� 1ÞDk; i ¼ 1; 2; . . .; 37 ð3Þ

A total of 37 wavelengths were sampled. The light source EðkiÞ was narrow-band
monochromatic at wavelength ki for each sampling, so EðkiÞSðkiÞ at most wavelengths
other than ki are close to zero, then approximately

Ii ¼ k
X

EðkiÞSðkiÞ
h i

QðkiÞ ð4Þ

Here the camera response value Ii at the ith sampling can be read out from captured
image. Therefor the spectral sensitivity at the wavelength ki was obtained as:

QðkiÞ ¼ Ii
k
P

EðkiÞSðkiÞ½ �f g ; i ¼ 1; 2; . . .; 37 ð5Þ

According to Eq. (5), the spectral sensitivity of the camera at 37 sampling wave-
lengths can be calculated to obtain the camera’s spectral sensitivity curve.

In order to eliminate systematic error as much as possible, the camera for each lens
was measured twice and then a root-mean-square error (RMSE) of the two measure-
ments was calculated as shown in Eq. (6). The smaller the error between the first
measured spectral sensitivity Q1 kið Þ and the second measured spectral sensitivity
Q2 kið Þ is, the more stable the measured camera spectral sensitivity Q kið Þ will be.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
37

X37
i¼1

Q1 kið Þ � Q2 kið Þ½ �2
vuut ð6Þ

In order to study the effect of different lenses on the spectral characteristics of the
imaging system, the average of the spectral sensitivity from repeated measurements for
each lens was used as the spectral sensitivity of the imaging system corresponding to
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the lens, and the RMSE errors between them were calculated using Eq. (6) again to
show the effect of lens on the spectral sensitivity function. At this moment, Q1 kið Þ and
Q2 kið Þ are the spectral sensitivities of the camera system with two different lenses.

4 Results and Discussion

The results of repeated measurements for each of three lenses are shown in Figs. 3, 4
and 5, respectively. Table 1 shows the RMSEs of camera spectral sensitivities for the
three lenses. It can be seen from Table 1 that the RMSEs of the camera spectral
sensitivities for three lenses measured were very small with an average measurement
error of 0.0079 for three lenses. From Figs. 3, 4 and 5, it can also be seen that the
curves of CHIOPT HC1605A, CHIOPT HC1205A, and Kowa LM16JC5M2 were
basically consistent in two repeated experiments. That means the method and equip-
ment for measuring spectral sensitivity are reasonable stable.

Table 2 lists the RMSEs of the camera spectral sensitivities between three lenses.
Comparing the RMSEs in Tables 1 and 2, it can be seen that the measurement error in
Table 1 was much smaller than the difference between lenses, which shows that the
influence of different lenses on the spectral characteristics of an imaging system is
significant, i.e., the average difference of the spectral sensitivity curves for three lenses
reaches 0.061, which is about 7.7 times of the measurement error. This difference can
also be clearly seen in Fig. 6. For example, at the wavelength of 390 nm, the spectral
sensitivity for Kowa lens had an obvious drop, which may be caused by the optical
glass or coating used in the lens. Among the three different lenses, the RMSE between
Kowa LM16JC5M2 and CHIOPT HC1205A is the smallest, and the RMSE between
CHIOPT HC1605A and Kowa LM16JC5M2 is the largest.

Fig. 3. Camera spectral sensitivity function measured twice for Kowa LM16JC5M2 lens
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Fig. 4. Camera spectral sensitivity function measured twice for CHIOPT HC1205A lens

Fig. 5. Camera spectral sensitivity function measured twice for CHIOPT HC1605A

Table 1. The RMSE of the camera spectral sensitivity function of three lenses

Lens HC1205A HC1605A LM16JC5M2

RMSE 0.0092 0.0079 0.0067
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5 Conclusions

To investigate the effect of optical lens on the spectral sensitivity function of imaging
system, a direct measurement method was used to measure the spectral sensitivity of a
black-and-white camera with three different lenses by means of a monochromator and a
spectroradiometer. The experimental results show that different camera lenses had a
significant effect on the spectral sensitivity of imaging system, even for lenses from the
same manufacturer with different optical system. Among three lenses tested, the dif-
ference in terms of RMSE ranged from 0.0492 to 0.0735.

Acknowledgements. This study is funded by National Science Foundation of China (61775170,
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Abstract. In the process of digital printing, due to the change of the perfor-
mance of the printer, the targeted color space of the traditional printer and the
color gamut differences of the output devices, the actual printing colors may
deviate from the allowable range of the target color. Therefore, in order to solve
this problem, this paper proposes a method of using local nine-item polynomial
to set up the mapping relation to modify the color, and realizes the color cor-
rection of digital printing by modifying the specific file. The method can control
the chromatic aberration to the lowest, more accord with the color correction,
and make the digital printing color approximate to the target color in the gamut
space of the whole digital printing press.

Keywords: ICC profile � Local polynomial � Color correction

1 Introduction

Digital printing refers to use the computer to read digital files, complete the image
reproduction directly without the need to make a printing plate [1]. In the digital
printing process, when the digital printer reads RGB mode or CMYK mode source
files, requires the operator for the source file color information to specify a feature file
[2]. The digital printer converts the device-related color information in the source file to
the device-independent color information according to the specified source specific file,
then converts the color information of the digital printer according to the device
specific file of the digital printer, then prints out the hard copy.

Because of the change in the performance of the digital printer, the actual print
color may deviate from the allowable range for the traditional printer’s source digital
file or analog color space and the color gamut difference of the output device. This
paper proposes a method based on test graph detection results, using local polynomial
to fit data to modify specific files and achieve color correction, which has the char-
acteristics of high correction precision and independent of subjectivity.
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2 Color Correction Method Based on Local Polynomial

2.1 The Color Correction Based on Calculation

First, find out the mapping relationship between the source specific file and the specific
files for images after printout, then the specific file of the target file is brought into the
mapping relation as the independent variable, and the correction value of the source
specific file is deduced. Finally, the source specific file corrected to the final target file
with positive value.

At the same time, the number should take into account the impact of the cost of
calculation [3]. Considering that when the method of polynomial regression is used to
establish the mapping relationship, the number of items is less, the mapping relation is
lower [4, 5]; the number of items is more, the mapping relation is easy to be in
oscillation, this paper chooses 5 items, 9 items, 11 items and 18 items as the experi-
mental group and selects the best experimental group [6].

The lab value in the source specific file is represented by Vector R [7], the lab value
of the target specific file is represented in Vector H, and the mapping relation between
the source specific file and the target specific file can be represented by a formula (1):

H ¼ MR ð1Þ

If the vector R value Only has L, a, b, then the transformation between vector R and
Vector p is simply a linear transformation; If you increase the number of items in R,
such as: L2, A2, B2, Lab, the transformation is non-linear, and the results are closer to
the target value. In this paper 5, 9, 11 and 18 these items are used as experimental
groups, and the error test method is adopted to verify the relevant conclusions.

If 11 items are selected for conversion of the feature file, utilize the value of
L�P1L1a

�
P1L1b

�
P1L1 L�P1L2a

�
P1L2b

�
P1L2; . . .. . .; L

�
P1L30a

�
P1L30b

�
P1L30 to build 30 row 11 column

input matrix, the value, and select 30 as the number of samples in the experiment, get
the input matrix R:

ð2Þ

Using the L�SL1a
�
SL1b

�
SL1 L

�
SL2a

�
SL2b

�
SL2; . . .. . .; L

�
SL30a

�
SL30b

�
SL30 value of L

�, a�, b�, build
the output matrix of 30 rows 3 columns by Type (3) H:

H ¼
L�SL1 a�SL1 b�SL1
L�SL2 a�SL2 b�SL2
: : :

L�SL30 a�SL30 b�SL30

2
664

3
775 ð3Þ
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The formula (3) utilizes the least squares method, the mapping relation matrix M is
derived according to the formula (4) [8]:

M ¼ RTR
� ��1

RTH
� � ð4Þ

The formula (4) uses the target value L�T1a
�
T1b

�
T1 of the 1th color block of the

characteristic color mark image, according to the formula (5) [9], calculates the cor-
rection positive value of the 1th color block of the characteristic file as L�C1a

�
C1b

�
C1,

which is taken into account:

L�Cn a�Cn b�Cn½ � ¼ L�Tn a�Tn b�Tn½ �M ð5Þ

This thesis adopts the comparison error method to analyze the experimental data,
the so-called comparison error is the European distance between the data L�a�b� and
the target L�a�b� in the paper, where n is the color block order. The differences between
the two data sets can be expressed in terms of visual values, which are analyzed
objectively [10]. In this paper, the target space is CIElab space, then the corresponding
Euclidean distance formula is as follows (6):

DE�
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL� � L�0 Þ2 þða� � a�0 Þ2 þðb� � b�0 Þ2

q
ð6Þ

In the formula (6), L�, a�, b� is the actual measured value of the original manuscript,
L�

0
, a�

0
, b�

0
is the value calculated by the model, DE�

ab is the chromatic aberration.

3 Experimental Design and Results Analysis

3.1 The Specific Process of the Experimental Process

The specific operation can be divided into four steps:

(1) Specifies that the attribute file A is the source specific file of the characteristic
color mark image, prints the characteristic color standard image, measures the
LAB value of each color block and the target LAB value of each color block.

(2) The chromatic aberration value between the target value and the 1st color block of
the characteristic color mark image is calculated respectively. According to the
principle of small chromatic aberration, the measurement value of first 30 color
blocks is taken out from all color blocks, make the relevant records and marked as
the first set of data, and then the value of 30 color blocks in the corresponding
position is found out from the data recorded in the characteristic data file, make
the relevant records and marked as the second set of data.

(3) Take the measured value first group of 30 color blocks as the independent variable
and the second group of measured value as the dependent variable, the mapping
relation M is established by the method of polynomial least squares regression.
Taking the target of the 1st color block of the characteristic color mark image as
the independent variable, the modified value of the 1th color block of the
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characteristic file is computed by using the obtained mapping relation, calculate it
in the same way and get some correction values of the characteristic file. Replace
the value recorded in the characteristic data file described in step (3) with the
obtained correction value, and then make the modified characteristic file B with
the revised characteristic data file.

(4) In the condition of specifying the characteristic file B is the source characteristic
file for the characteristic color label image, printing the characteristic color
standard image again, measuring the L�a�b� value of each color block, making the
record according to the order separately, calculating the chromatic aberration
value from the target value separately and then calculate the average chromatic
aberration and maximum chromatic aberration, if average chromatic aberration
and maximum chromatic aberration is less than set expectation, specify the
modified characteristic file as the to be printed source file for the digital file and
print. If the expectation is not met, the characteristic file is revised same as step
(3) and (4) again until the requirement is met by the same method (Fig. 1).

Fig. 1. The specific process of the experimental process
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3.2 Experimental Results Analysis

After the experiment, 5 items, 9 items, 11 items and 18 polynomials were fitted by
using the formula (2). Using the formulas (3), (4) input to revise and deduce a set of
correction value respectively, and then using the error Eq. (5) to calculate the error
between the correction value and the target test chart, and obtain the following
experimental results, The chromatic aberration results are shown in the Table 1.

From the above data, we can conclude that the 9-item polynomial and the 11-item
polynomial are smaller than the 5-item polynomial on the average error data. Compared
with 9 polynomial and 11 polynomial, the error of the 9 polynomial is slightly smaller
than that of the 11 polynomial and it is concluded that the results of local color
correction using 9 polynomial fitting are more ideal and more accurate than 5 poly-
nomial, 11 polynomial and 18 polynomial.

In practical application, we should choose the number of polynomial in the local
polynomial, the choice of the number of items will directly affect the efficiency of the
conversion, usually the higher the number of items the lower the conversion efficiency;
In addition, if the number of tests selected is small, you should reduce the number of
items, Otherwise, the conversion efficiency and conversion accuracy will be reduced,
which results in unsatisfactory experimental data.

4 Conclusion

Color correction is a hotspot in image processing, it is also an important means to
ensure the quality of printing. This paper proposes to use local polynomial fitting to
modify the characteristics of the file to achieve the purpose of color correction.At the
same time, this paper proves through experiments that, in a certain range, the increase
of polynomial item number can improve the precision of experiment but the number of
items will cause oscillation, which leads to the decrease of conversion precision, in this
experiment, we choose 9 items as local polynomial to achieve good color correction
effect.

Table 1. Error analysis of color under different item numbers

Polynomial Minimum error Maximum error Average error

5 Items 0.07 5.5693 2.8197
9 Items 0.19 3.3905 1.7902
11 Items 0.48 4.5693 2.5247
18 Items 0.89 4.5563 2.7232
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Abstract. The QR code is widely used in modern internet life as its fast speed
of response, large capacity of information and the wide range of coding.
Therefore, it’s an important means to improve the anti-counterfeiting perfor-
mance of QR code and prevent QR code from being copied and tampered in
order to improve the security of information. Based on the coding principle and
identification method of two-dimensional codes, this paper proposes a dual anti-
counterfeiting method with information encryption and digital watermarking for
QR code. Firstly, an encryption algorithm based on RSA is used to encrypt
authorization information. Then, a corresponding watermark image is generated
based on the encrypted information. Finally, an anti-print embedding and
extraction image watermarking method combined with discrete wavelet trans-
form (DWT) and singular value decomposition (SVD) is introduced. The
extracted watermark and decrypted information are compared and verified to
achieve the dual security of QR code. The result of the attack experiment shows
that the digital watermark has strong robustness and invisibility. The anti-
counterfeit test results verified the feasibility of the proposed method.

Keywords: QR code � Anti-counterfeiting � Information encryption � Digital
watermarking

1 Introduction

The two-dimensional bar code technology combines the technology of information
coding, image processing and data transmission. It is the latest and most widely used
bar code technology which overcomes the capacity limitation and low fault tolerance.
QR code is a typical two-dimensional barcode which is composed of simple repeating
black and white modules. The omni-directional literacy, fast recognition speed, large
information capacity and other advantages make it visible everywhere, such as media
communication, commodity trading, transportation and other places [1]. But the
technology in encoding and decoding process of QR code is open, it is almost
impossible to be a strict anti-counterfeiting technology only depends on its’ coding
regulations [2].
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Digital watermarking in QR code is a usual consideration [3], which include spatial
domain watermarking and frequency domain watermarking. Previous research proves
that the performance of embedding watermark in the spatial domain is poor while
embedding a watermark in transform domain which mainly includes discrete cosine
transform (DCT), discrete Fourier transform (DFT) and discrete wavelet transform
(DWT) is more robust.

Based on the coding characteristics and digital watermarking theory, this paper
proposed a dual anti-counterfeit scheme for QR code combined with RSA information
encryption technology and DWT-SVD digital watermark technology.

2 Dual Anti-counterfeiting Framework

The proposed dual anti-counterfeiting method includes three steps. Firstly, adding
encrypted user information into the data during the encoding process. Then, a digital
watermark is embedded into the QR image. Finally, compares the encrypted infor-
mation with the embedded watermark information to verify the legitimacy of users and
copyrights. The frame is shown as Fig. 1.

2.1 RSA Encryption

RSA encryption is one of the asymmetric encryption algorithms which require two
different keys to encrypt (public key) and decrypt (private key) [4]. The RSA algorithm
is highly encrypted because it relies on the decomposition of large numbers. From the
algorithm principal, the longer of the key, the more security of the encryption infor-
mation [5].

In the QR code decoding process, the final output data does not contain functional
graphics, location graphics, version information, and format information. Then extract
the encrypted text from the output data according to the special sign bits, and use the
private key to decrypt it. The whole process is shown in Fig. 2.

2.2 Digital Watermarking Algorithm

2.2.1 Digital Watermark Embedding
The watermark embedding process takes the encrypted 690 * 690 pixel size QR image
as the carrier image, and the authenticate image of the 345 * 345 pixel size as the
digital watermark image. Through the watermarking algorithm to hide the watermark
information in the QR image [6–11]. The watermark embedding steps are as follows:

(1) Decomposing the QR image using DWT to divide into four frequency bands. Then
choose the low-frequency sub-band marked as cA1 and use SVD for the matrix of
cA1 to get the singular value marked as Sqr.

(2) Using SVD to get the singular value Sw of the watermark image.
(3) Selecting the watermark embedding intensity coefficient k according to the prac-

tical need, and use the add algorithm to embed the watermark into QR image
information: Swqr = Sqr + k * Sw;
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(4) Reconstructing the singular value of Swqr, cA2 = Uqr * Swqr * Vqr, and get the low-
frequency signal of the watermarked QR image.

(5) Combining the high-frequency part of the original QR image with the discrete
wavelet inverse transform of cA2, and the watermarked QR image is obtained.
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2.2.2 Digital Watermark Extraction
The extraction process is the reverse process of the watermark embedding process. It
needs to use some information of the original QR image and watermark image. The
specific steps of extraction are as follows:

(1) Using DWT to get the low-frequency sub-band of watermarked QR image.
(2) Using SVD to get the singular value Seqr of the low-frequency part of the water-

marked QR image.
(3) According to the coefficient k in the embedding process, using the inverse formula,

S2 = (Seqr − Sqr)/k, to get singular value S2 of extracted watermark image.
(4) Reconstructing the singular value S2, W 6¼ Uw * S2 * Vw, to get the extracted

watermark image matrix W, and restoring the extracted watermark image.

2.3 Cross-Validation

2.3.1 Recognition of Watermark Texts
The paper proposed a method, hit or not processing, based on binary morphology to
evaluate the correlation coefficient between the template and input image. The defi-
nition of hit or not is as shown in Formula (1), in which X is the extracted image and
S is the template image composed of text part S1 and blank part S2. The hitting part is
the text part after processing. Considering that the transmission attack, it allows tol-
erance in the hitting process. Then set an NC threshold for hitting judgment. When the
NC value exceeds the experimental threshold, it can be considered that the input image
is hit successfully. Then the template text is used as the watermark text for cross-
validation.

X � S ¼ fxjS1 þ x�X; S2 þ x�Xcg ð1Þ

2.3.2 Cross Verification
The ciphertext, marked as text A, is obtained from QR code decryption by RSA private
key. The text A and the watermark template text are compared to judge whether it is
consistent or not. If the text matches successfully, it proves that the QR code is
authorized and the content of the QR code is legitimate. If the RSA cipher cannot be
successfully decrypted or the ciphertext is inconsistent with the watermark text, it
proves that the QR code is not authorized and the security of QR code is not
guaranteed.

3 Experiment and Analysis

3.1 Experimental Environment

Python2.7 and Pycharm are used to develop the experiment system. Digital composite
printer with 2400 � 600 dpi print resolution and 300 dpi scan resolution are used to
test the function of the proposed method.
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3.2 Experimental Workflow

3.2.1 Encryption and QR Image Generation
The QR image generation process is shown as Fig. 3. The final watermarked QR image
is generated in three steps: generate encrypted data and insert it to the final data,
generate QR code based on the final data, generate watermarking image and embed it
into the QR image. The experimental input data of the QR code is “http://www.whu.
edu.cn/” and recorded as D1. The copyright information text is “WUHAN
UNIVERSITY ALL RIGHTS RESERVED”, and the encrypted information recorded
as D2. Using the “0000” character as identifiers to distinguish ciphertext and plaintext
is recorded as D3. All data are made up of D1, D3, and D2, then encode all data
according to the coding standard to generated QR image shown in Fig. 4 (left).

The watermark image used in the experiment is an image with copyright data
shown as Fig. 4 (middle). When embedding the digital watermark, the DWT takes the
Haar wavelet basis because that the Haar wavelet is the only discontinuous wavelet
with tight support and strictly orthogonal. It also preserves 97.75% of the energy while
removing 75% of the amount of data, and the maximum degree can effectively restore

Raw data:D1

Generate QR code

Watermarked QR code

End

Begin Authorized user information

Ciphertext:D2

Label location

Watermark information

Embed watermarking

RSA encrypt

output

Algorithm

Fig. 3. Generate QR image

QR image (version 11-M) Watermarking image Watermarked QR image

Fig. 4. The final watermarked QR image
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the original map through the low-frequency part [12]. The watermark embedding
strength is selected as 0.05 according to the experimental test, that is k equals 0.05.
After embedding watermark information, the final watermarked QR image is shown in
Fig. 4 (right).

3.2.2 Decode and Information Verification
After the electronic document or print and scan transmission, decode the QR code
information and extract the watermark image. The extracted watermark images are
shown in Fig. 5. The left one is from the electronic document and the right one is
obtained after print and scan. The extracted images can match to the original watermark
text template. It proves that the transmission information of the QR code is safe and
reliable.

3.2.3 Attack Test
Considered actual using scenarios, noise, resampling, blur, printing and scanning attack
is simulated respectively. As Fig. 6 shows, the Image (1) is adding Gauss noise, Image
(2) is Gauss blurred, Image (3) is printed and scanned, Image (4) is printed and take
picture by mobile camera, Image (5) is cut by 5% ratio and image (6) is cut by 10%
ratio. The extracted watermark images are as shown in Fig. 7.

3.3 Experimental Results

3.3.1 Evaluation Indicator
The experimental results use PSNR and SSIM to evaluate the difference between the
original QR image and the watermarked QR image under attack [13], and use NC to
judge whether the text can be matched correctly. Formula (2) is the calculation method
of PSNR and SSIM, in which x and y are the original and watermarked images, MAX
represents the maximum number of color, lx and ly are the mean values of x and

The electronic document Image after print and scan

Fig. 5. The extracted watermark images

(1) Noise (2) Blurred (3) Scanned (4) Camera (5) 5% Sheared (6) 10% Sheared

Fig. 6. Simulate attacked QR images
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y respectively, r2x and r2y are the variance and rxy is the covariance of x and y. For-
mula 3 is the calculation method of NC, in which W i; jð Þ and W 0 i; jð Þ are the original
watermark image text and the extracted watermark image text respectively. If the value
of SSIM and NC equals 1, it indicates that the two pictures are the same.

PSNR ¼ 10log10
MAX2

1
mn

Pn

i¼1

Pm

j¼1

x i;jð Þ�y i;jð Þj j2

0

B
@

1

C
A

SSIM x; yð Þ ¼ 2lxly þ c1ð Þ 2rxy þ c2ð Þ
l2x þ l2y þ c1ð Þ r2x þr2y þ c2ð Þ

8
>>>>><

>>>>>:

ð2Þ

NC ¼
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1

Pm

j¼1
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s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1

Pm

j¼1
W 0ði; jÞ½ �2

s ð3Þ

3.3.2 Experimental Results
Table 1 presents the PSNR and SSIM values, while values without any attack is as the
control group. Table 2 exhibits the NC values of the extracted watermark image text
and the original watermark image template text.

(1) Noise (2) Blurred (3) Scanned (4) Camera (5) 5% Sheared (6) 10% Sheared

Fig. 7. Extracted watermarked images

Table 1. The experimental values of PSNR and SSIM

Attack Signal Print and scan Sheared Non-attack
Image Noise Blur Scan Camera 5% 10%

PSNR 21.2794 17.5868 6.8878 6.4685 20.0788 17.1080 39.5409
SSIM 0.5116 0.7009 0.3280 0.2787 0.8530 0.8277 0.8814

Table 2. The experimental values of NC

Processing Noise Blur Scan Camera 5% sheared 10% sheared

NC 0.9634 0.9795 0.9627 0.9548 0.9463 0.9432
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In Table 1, the PSNR and SSIM are 39.5 dB and 0.88 in the control group. It
proves that the embedded watermark in the absence of attack has good invisibility,
which indicates that the watermark algorithm used in the experiment makes the
watermark better hidden and ensure the original QR image with high fidelity.
The PSNR of the attack is below 30, indicating that a human-visible difference has
occurred. This is in line with true visual perception. When analyzing the values of
different attack types, the value of signal attack is less than shear attack, and the print
and scan attack have the lowest values. This is due to the complexity and diversity of
the attack types that encountered during the transmission process.

The values in Table 1 show obvious differences in human eyes, but the watermark
extraction process is successful. It proves that the watermark under attack is very robust
and maintains the main information. Table 2 is the correlation coefficient value of
extracted watermark text and template text. The whole NC values are greater than 0.9,
so set 90% threshold to judge whether the text is consistent. When NC value exceeds
0.9 that the template text and the watermark text are equal, and the purpose of
authentication and text verification in QR code anti-counterfeiting process is
completed.

3.4 Anti-counterfeiting Test

3.4.1 Objective Indicator
The process of the anti-counterfeiting test is shown as Fig. 8. When the match process
in step one is successful, get text A to verify the authentication of users and go to step
three. When the decryption is not successful or the text is different from the original
text, output message: unauthorized user. The extracted watermark image is matched
with the original watermark image and get text B in step two. When the watermark
image cannot be extracted in step two or the matching process is unsuccessful, output
message: unrecognized copyright. Comparing text A with text B to verify the security of
QR information in step three. When the verification is successful, the dual anti-
counterfeiting security is completed and output QR code information.

3.4.2 Analysis
Experiments are carried out following the process mentioned above. Table 3 exhibits
the test results. In step one, the unauthorized user information that encrypted by RSA
cannot be deciphered successfully. In step two, the non-copyright watermark infor-
mation is extracted but the matching result is unsuccessful. In step three, unauthorized
user information and non-copyright information are used to test together. The text
matching is unsuccessful.

For the first anti-counterfeiting, the RSA algorithm is based on a random number
operation that the keys can be formulated for each user. When embedding the non-
copyright watermark, the extracted watermark cannot match the template successfully.
The only verification ensures the reliability of the first anti-counterfeiting in the system.
For the second anti-counterfeiting, the content of the watermark is only consistent with
the previous user information. The cross-validation can guarantee the authenticity of
the transmission data.
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The test results show that QR code data cannot be transferred as long as any one of
the verification in all steps is not successfully transmitted. Only the dual anti-
counterfeiting scheme can get the QR code information. In a comprehensive analysis,
dual verification can fully prove the safety and reliability of the QR code of the
transmission. It proves that the users with this QR code are authorized users and have
authorized user rights in the system.

4 Conclusions

This research proposed an anti-counterfeiting method combining the coding charac-
teristics of the two-dimensional code and the digital watermark to enhance the security
of the QR code. The method uses RSA encryption algorithm in the encoding process
and DWT-SVD algorithm in digital watermark process. The embedding watermark is
very good in invisibility and robustness, and it can implement cross verification

QR code image

Test begin

Ciphertext decryption verification

Template text :B

Extract watermarking and match

Encrypted text :A

Verification of text consistency

Y Y

End

Unauthorized user

N

Unrecognized copyrightOutput information 

Y

N

Fig. 8. Test process

Table 3. Anti-counterfeit contrast test

Test Results Analysis

User authentication Unauthorized user Illegal user
Non-copyright watermark Unrecognized copyright Copyright error
Abnormal text Unauthorized user and copyright Text matching failure
Dual anti-counterfeiting Output QR information Success

Dual Anti-counterfeiting of QR Code Based on Information … 195



successfully through the attack test experiment. The experimental results can strongly
confirm that the proposed anti-counterfeiting method is effective in the aspect of QR
code security.
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Abstract. In this paper, a FR (full reference) image quality prediction model
learned by AdaBoost BP neural network is proposed by using a bag of features.
Firstly some FR image quality assessment methods to improve metrics by
considering human visual system are summarized. Further, a group of FR IQA
(image quality assessment) metrics are extracted as the candidates of the rep-
resentation of images. AdaBoost algorithm is finally used to enhance BP net-
work built on a bag of features (9 chosen metrics) for image quality prediction.
Then the learned prediction model can map a bag of features into an image
quality score as MOS or DMOS. Our experiments are executed on TID2008,
TID2013 and LIVE Dataset. Experimental results show that our proposed multi-
metrics integrated prediction model works well and get better results than any
single metric under complex situations.

Keywords: Full reference image quality assessment � AdaBoost BP network �
Phase congruency � A bag of features

1 Introduction

The objective IQA (image quality assessment) metrics which are computed by com-
puter is crucial for modern image processing. The current IQA methods fall into two
main categories. The early developed is FR (Full Reference) method which interpret
image quality as similarity with a “reference” or “perfect” image. NR (No Reference)
evaluation methods are urgent in situations without a given reference; however only get
better evaluation results on some specific situations.

MSE and PSNR are two widely used FR IQA metrics, however have been dis-
covered do not correlate well with human perception. People had explored to develop
new metrics with consideration of human visual nature characteristics through building
HVS (human visual system) [1, 2]. In order to make HVS simple and feasible, the
majority of it simply consist of a CSF (Contrast sensitivity function). In 1993, an IQA
metric was implemented which weighted images errors in frequency domain by CSF
[3]. Besides, gradient based edge detection such as those developed by Sobel, Marr and
Hildreth, Canny and others all can be considered as the energy supplements of IQA
models [4]. In 2004, Zhou wang and A.C. Bovik proposed image quality assessment
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method based on structural distortion, referred to SSIM, which is the important land-
mark of IQA [5–7]. In 1986, M. concetta et al. [8] claimed that phase relationships
between Fourier components are important to the structure people perceive. In 1995, a
fast PC (phase congruency) extraction algorithm was presented through the use of
wavelets, this made PC feature more popular in image processing [9]. Some paper also
introduce Pyramid structural PC features, which can extract contour information very
well, and that is good for solving the FR IQA problem [10]. In 2006, researchers in [11]
presented an information fidelity criterion VIFP (Visual information feature) for IQA
problem that related the quality with the amount of information shared between a
reference and a distorted image.

In the past decade, new IQA metrics and new testing datasets are continuously
emerging (http://sse.tongji.edu.cn/linzhang/IQA/IQA.htm). Lots of objective and sub-
jective measurements can be found on the internet. Some researchers are giving a
systematic evaluation of all the popular IQA metrics on all the available datasets [12–
16]. However, the FR IQA problem is still not very clear for understanding. By our
considerations, most of above metrics are independently developed, faced with dif-
ferent problems, and often more effective in addressing special issues. Intuitively, to
combine all those independently developed IQA metrics working together should
results in a better prediction results than before. The goal of this paper is to build a
comprehensive model based on accumulations of FR IQA resources. The learned
prediction model can map the FR IQA metric vector to an image quality score
MOS/DMOS. AdaBoost is used algorithm to enhance BP network for a implement of
automatic feature selection. Finally, we trained an IQA prediction model on TID2013,
and the evaluation of this model is got on LIVE Dataset. From experiments, our
proposed data driven model based on a bag of features come into better performance
than all prior FR IQA algorithms.

2 Data and Metrics

TID2008 is a color image database for evaluation of full-reference visual quality
assessment metrics. It contains 1700 test images (25 reference images, 17 type of
distortions for each reference image, 4 different levels of each type of distortion).
Reference images are obtained by cropping from Kodak Lossless True Color Image
Suite(r0 k.us/graphics/kodak/). Mean Opinion Scores (MOS) for this database have
been obtained as a result of more than 800 experiments. Any details of the dataset
information are expressed in paper [12]. With respect to TID 2008, TID 2013 contains
a larger number (3000) of test images obtained from 25 reference images, 24 types of
distortions for each reference, and 5 levels for each type of distortion. LIVE (live.ece.
utexas.edu/research/quality/subjective.htm) database is proposed for evaluation the
performance of FR IQA algorithms, the “ground truth” image quality data is obtained
from about 25,000 individual human quality judgments. Further more,metrics down-
load in this paper mainly are from the webset of Zhou Wang (https://ece.uwaterloo.ca/
*z70wang/research/).
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3 Related Works

SSIM only considers the structure of an image, while the PC (phase congruency) map
of an image can be used not only a feature to calculate local similarity mapping, but
also a weighting function in pooling strategy of quality assessment, since PC extraction
mechanism conforms to the human visual system. PC map can be accepted as a way of
defining structure and structural distortion in a perceptual manner. It is a dimensionless
quantity invariant to changes in image brightness or contrast; hence it provides an
absolute measure of the significance of feature points (Fig. 1). Values of phase con-
gruency vary from a maximum of 1, indicating a very significant feature, down to 0
indicating no significance.

From Fig. 1, we can come to two conclusions. Firstly, PC maps recover the
structural information from different illumination conditions. Look at (a1) and (b1),
they are under different illumination conditions, however their PC maps of (a2) and
(b2) are very similar to each other. Secondly, PC maps of images response the
structural distortion. Look at (c1), it is a blurring image, its’ PC map (c2) looks like a
result of a dilatation operation, revealing the eyes’ focus dispersed and information of
image becomes blurring now. Look at (d1), it is an image added with Gaussian noise,
and the PC map (d2) looks like a result of an erosion operation, revealing the loss of
some fine details and information becomes attenuation, (d2) also can be thought as a
result after a band pass filter as CSF.

To compute the PC of a two-dimensional (2D) gray scale image, a group of 2D
Log-Gabor filters is optimized to produce a filter with a minimal spatial extent. These
2D Log-Gabor filters are constructed with an arbitrary bandwidth by using the

Fig. 1. Comparisons of 4 distortion images from one reference image. The first row is the gray
scale channel of these images. The second row is PC maps of the first row images
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Gaussian filter as the spreading function. By modulating the bandwidth and direction,
we obtain a set of responses at each point I(x,y). The 2D PC at point I(x,y) is related to
the local amplitude on a scale and the local energy along orientations.The 2D PC at
point I(x,y) is defined as.

PC2Dðx; yÞ ¼
P

j Ehjðx; yÞ
eþ P

n

P
j An;hjðx; yÞ

ð1Þ

where A n, h j (x, y) is the local amplitude on a scale n and Eh j is the local energy along
orientation h j. Finally, the calculated PC2D(x,y) is a real number within 0–1.

A group of collected IQA algorithms from internet are executed on different
datasets to get a group of metrics and related evaluation results. Except those download
algorithms, we also modify some metrics by considering phase consistency as a kind of
visual weights. Firstly the original and the distorted color images after normalization
are projected to the illuminant channel. Then the phase congruency map is calculated
by using Gabor wavelets in a faster way. Finally, the PC map is used as a weighting
function in pooling strategy of quality assessment. Experiments show that PC is very
powerful for IQA, however, the running speed of PC calculation is a little bit slow. In
this paper, PC enhanced metrics are named after p-, for example, we use PC to weight
local MSE and PSNR, then getting PMSE and PPSNR, both improving the perfor-
mance than before.

4 Our Constructive Works

Our task is to build an automatic model without knowledge of distortion type which
works well under complex distortion situations. After comparison and analysis of
previous got metrics, we select a group of metrics as the bag of features for image
quality representations. A learning model using an AdaBoost-BP neural network is
constructed. We choice BP network to build this fuzzy model on distorted images
based on multi-metrics as a bag of features to map the subjective score MOS. AdaBoost
algorithm is combined to enhance BP network, for an automatic feature selection. The
key benefit of the AdaBoost algorithm is that it boosts many weak models to build a
strong model, which is more robust to the distribution of the training set. In this study,
the BP neural network is used as the weak learning model of the AdaBoost main frame.
The training of this network is based on iterations. Every iteration results in a weak
learner. During every iteration, this algorithm adaptively adjusts the errors of the weak
hypotheses online depending on the evaluation of all weak learners. Finally, a linear
combination of weak hypotheses can build a strong learner as the finally trained quality
metric. The design details can be found in the literature [17–19]. There are two hidden
layers containing n nodes, similar to the input layer, as same as the number of metrics
used. The output layer is formed by one linear neural cell for prediction outcomes of
the image quality. Our whole work frame can be described in Fig. 2.
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5 Experiments and Discussions

We collect a group of metrics among art of the state with related paper on the internet
(https://ece.uwaterloo.ca/*z70wang/research/), and use these previous works as a start
point of our work. The evaluation of IQA model usually is expressed by some cor-
relation coefficients: Spearman rank correlation coefficient (SROCC), Kendall rank
correlation coefficient (KROCC), Pearson correlation coefficient (PLCC). The better
the performance of objective algorithm is, the closer to 1 the value of the above three
correlation coefficients are. Together with RMSE (Root—mean—square error), the
smaller the RMSE value is, the better the performance of the algorithm is. We eval-
uated those metrics (download algorithms as well as a few new PC enhanced algo-
rithms) in indexed of SROCC. Evaluation results calculated on Datasets of TID 2013,
TID 2008 and LIVE are recorded in following Table 1. Our proposed multi-metrics
integrated model is also recorded in it. All above selected 9 metrics will be used as
input features feed into AdaBoost BP networks for IQA prediction modeling. Image
data and MOS/DMOS labels are slipped into three partitions for every database, two
partitions are used as training data, and the left one is for testing. Our proposed model
are trained and tested respectively on Datasets TID 2008, LIVE and TID 2013. Par-
titions are executed randomly, and all experimental results are got from 5 time exe-
cutions. AdaBoost BP network have three parameters as the input layer neuron number,
the second layer neuron number and the iteration numbers. In our experiments we fix
these parameters as: iteration is 15, the input neuron number is 9 and the second layer
neuron number is also 9. Our experimental results are recorded in Table 2 in four kinds
of correlation indexes of SROCC, KROCC, PLCC and RMSE.

Training set (mos; reference images; 
distortion images).

FR IQA 
Algorithms   

A bag of features
A bag of features

Testing set(dmos; reference 
images; distortion images).

Ada boost network
Testing samples

mos
labels

Correlation function

Peritected mos dmos labels
SROCC

Fig. 2. Work frame of data drived IQA prediction model proposed in this paper
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From Table 1, we find all metrics we considered usually work better on simple
Dataset like LIVE than more complex ones like TID 2013. From Table 1, we can see
MSE and PSNR are around 0.5 of SROCC in TID 2008, a litter bit better (around 0.6)
in TID 2013, and the best(around 0.8) in LIVE. PPSNR and PMSE are metrics using
PC map as local error weighting for global score, and both show their contribution to
prior metrics in Table 1. On these three datasets, our trained model using a bag of 9
features improve the prediction performance evaluation on all these three datasets as
recorded in Tables 1 and 2. From Table 2,we come to some conclusions: (1) Prediction
model built on LIVE get the best perception performance; it means LIVE database is
the most ease one for IQA problem. AS an independently developed dataset, LIVE is
more suitable to be used as a test dataset for evaluation rather as a training dataset.
(2) TID 2013 is the most challenge database, so TID 2013 is more suitable to be used as
a training dataset for complex IQA problem modeling. Figure 3 shows the fit curve
drawings from the same experiments as in Table 2, which also agreed with above
conclusions.

In order to evaluate the generic property of our proposed model, we train and test
the model on different datasets. Before evaluation, there is a problem need to be solved:
the subjective measurement recorded in LIVE is DMOS rather than MOS. DMOS is
from 0 to 100, and 0 is stand for reference images. The bigger the DMOS is, the worse
the quality level is. However, MOS is from 0 to 9, the bigger the MOS is, the better the

Table 1. Evaluation of metrics by download algorithms, a few of modified ones and our
proposed multi-metrics integrated model

Metrics SROCC
TID2013 TID2008 LIVE

vifp 0.7738 0.8506 0.9220
Mssim 0.6208 0.7874 0.8957
Essim 0.8035 0.8800 0.9242
Mse 0.6320 0.5531 0.8197
Pmse (MSE combining PC) 0.6779 0.7534 0.8758
Hvspsnr (PSNR combining CSF) 0.6534 0.5944 0.8754
Hvsmpsnr (multi-scale hvspsnr) 0.6247 0.5612 0.8878
Psnr 0.6387 0.5514 0.8194
Ppsnr (PSNR combining PC) 0.6798 0.7576 0.8758
Multi-metrics integrated model 0.9234 0.9325 0.9499

Table 2. Evaluation results on different datasets of the multi-metrics integrated model

Database SRCOO KROCC PLCC RMSE

ID2008 0.9325 0.7786 0.9383 0.4260
TID2013 0.9234 0.7690 0.943 0.3770
LIVE 0.9499 0.7994 0.9631 3.8512
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quality level is. From the literature, DMOS can be though as the strength of MOS, so
we use (100-dmos). *0.09 to transform DMOS from 0 to 100 into 9 to 0 to map MOS
value. After this transformation, we can build our model on either MOS or DMOS.
There are only 5 kinds of distortion in LIVE, as well as 17 for TID 2008 and 25 for
TID2013. Because that LIVE dataset is too simple to cover the distortion issues
involved in TID 2008 or TID 2013, LIVE only used as test set in our crossover
experiments and the evaluation results are recorded in Table 3. All records are got by
the mean of 5 times running.

From Table 3, we come to some conclusions: (1) Our proposed model trained on
TID 2013 work better than TID 2008. Our proposed model trained on TID 2013 got
performance as 0.9037 of SROCC testing on TID 2008 and 0.9001 of SROCC testing
on LIVE. Table 2 showed prediction model training and testing on partitions inside
TID 2013 get 0.9234 of SROCC, this is a little bit lower than cross over inside TID
2013. So we can say TID 2013 is a good choice for training machine learning IQA
model than others. Although simple dataset like LIVE could got better performance
through some proper metrics, for example ESSIM or VIFP as in table, any single
metrics could not perform better than our learned model on complex dataset like TID
2013 or TID 2008. So for real word complex IQA problem without clear distortion
knowledge, our proposed multi-metrics integrated model is a benefit resolution option.

Fig. 3. Fit curve drawings for learned IQA model in cross over experiments on single datasets
including LIVE, TID2013 and TID2008 from left to right. A bag of features (9 metrics) was used
as the presentation of images

Table 3. The cross over evaluation results of our proposed multi-metrics integrated prediction
model between different datasets

Train data Test data SROCC KROCC PLCC RMSE

TID2008 TID2013 0.8294 0.6446 0.8385 0.5114
TID2013 TID2008 0.9037 0.7329 0.9156 0.4564
TID2008 LIVE 0.8456 0.6533 0.8418 0.6015
TID2013 LIVE 0.9001 0.7132 0.8798 0.6814
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Figure 4 shows the fit curve drawings of experimental results from our proposed
prediction model trained on TID 2103 and tested on TID 2008 and LIVE. To sum up,
our proposed IAQ prediction model is a useful method to meet the requirement of real
world applications.

6 Conclusions and Future Works

In this paper, some methods are summarized to improve image quality assessment
metrics by considering human visual system. The proposed model considers some
existed FR IQA methods and chooses part of them as the bag of features. A full
reference image quality prediction model is proposed by using a bag of features learned
by AdaBoost BP neural network. The learned prediction model can map the full
reference image quality assessment presentation into an image quality score
MOS/DMOS. The evaluation of the learned prediction model show up that it is better
than what learned from any single metric inside the feature bag. This suggests that
metrics in feature bag complement each other, and instead of thinking out more
complicated metrics, we got better performance through this bag of metrics modeling.
In the next step, more recent methods will be included in our comparison experiments
as feature standards used in the feature bag.
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Abstract. A printing image restoration method for multiple degradation factors
which includes Salt & Pepper noise, Gaussian noise and blur is proposed in this
paper. First, considering the noise density of printing image is not very high, a
two-step algorithm based on gray-scale range criterion and local difference
criterion are used for detecting and removing Salt & Pepper noise. The test
results show that the proposed algorithm can achieve good results for restoration
of most test images. For the purpose of removing Gaussian noise and image
blurring, considering the principle of the edge-reserving smoothing filter, the
bilateral filter and guided filter are applied to the image restoration, and on this
basis, the second-time guided filter for detail-enhancement is designed and
applied. The superiority of the second-time guided filter is verified by evaluating
the five image restoration approaches.

Keywords: Image restoration � Salt & pepper noise � Gaussian noise � Guided
filter

1 Introduction

In the process of acquisition and recording, images are usually disturbed by multiple
degradation factors. The degradation occurred in image acquisition is called blur, and
the one occurred in recording process is called noise [1]. To obtain higher printing
quality, image restoration must be carried out in pre-press stage. At present, most of the
researches on image restoration are limited to the restoration for a certain degradation
factor, such as the typical image restoration methods for Salt & pepper noise [2–6].
Typical restoration methods for Gaussian noise and blurring of image include: Wiener
filter, least square filter [7]. Considering the printing images are usually disturbed by
multiple degradation factors, an image restoration algorithm should be designed to deal
with the above degradation problems before output.
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2 Basic Principles and Methods

2.1 Framework

Figure 1 shows that the workflow of the proposed image restoration approach for
multiple degradation factors. In an image, the Salt & pepper noise with the extreme
signal values are often independent, so the proposed image restoration framework can
be divided into two main parts: The first one is responsible for the detection and
removal of Salt & pepper noise. Compared with Salt & pepper noise, Gauss noise and
blur are not easy to distinguish at the micro level. So in the second part, both of them
are dealt with simultaneously. There are five approaches (Wiener filter, least square
filter, the bilateral filter, guided filter, the second-time guided filter for detail-
enhancement) for removing Gaussian noise and image blurring, the effects of them are
compared and analyzed.

2.2 Removal of Gaussian Noise and Blurring

In this article, an algorithm based on gray-scale range criterion and local difference
criterion are used for detecting and removing Salt & Pepper noise [6]. The test results
show that the proposed algorithm can achieve good results for restoration of most test
images. Conventional restoration methods for Gaussian noise and blurring of images
include: Wiener filter, least square filter. Considering the principle of the edge-
reserving smoothing filter, the bilateral filter [8] and guided filter are applied to the
image restoration, and on this basis, the second-time guided filter for detail-
enhancement is designed and applied.

Guided filter is one of the edge-preserving smoothing filters, it can remove halo-
artifacts more effectively. As shown in Eq. (1), Iinput represents input pixel, Ioutput
represents output pixel, Iguide represents guidance image which can be same as Iinput,
“r” is the window radius of the guided filter. The function of parameter “eps” is similar
to range filter parameter “sigma2” that in the Bilateral filter. The value of “eps” is used
to control the high-variance image-edge area. Therefore, if the “eps” value is too small,
the Gauss noise can not be effectively removed, but if the value is set too large,

Fig. 1. The workflow of the proposed image restoration approach for multiple degradation
factors
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although the Gauss noise can be removed, the edge of image is more likely to be
blurred [9].

Ioutput ¼ guidedfilter (Iinput; Iguide; r, eps); ð1Þ

To protect image-details effectively in denoising, the second-time guided filter for
detail-enhancement is designed and applied. The procedure is shown in Eq. (2): first,
the first-time guided filter is performed on the original image to get the basic layer
image Ibase. In order to enhance image-details, the difference between Ibase and Iinput is
multiplied by the enhancement coefficient “n”. The result is added to Ibase to obtain
Ienhanced. Ienhanced represents the detail-enhanced image. Finally, the second-time guided
filter is applied, and get the final output image Ioutput.

Ibase ¼ guidedfilter (Iinput; Iinput; r, eps);

Ienhanced ¼ Ibase þðIinput � IbaseÞ � n;
Ioutput ¼ guidedfilter (Ienhanced; Ienhanced; r, eps);

ð2Þ

3 Assessment

This article uses the following filters to deal with the two degradation factors (Gaussian
noise and blurring): Wiener filter, constrained least square filter, bilateral filter, guided
filter for preserving image edge, the second-time guided filter for detail-enhancement.
The test images are shown in Fig. 2. To enhance the persuasiveness of the evaluating
experiment, the degradation degree of each test image is divided into 4 levels. Table 1
shows the PSNR values for the four degradation levels. From the table, we can know
that for all test images, with the enhancement of degradation degree, the PSNR
gradually decreases and the image distortion gradually increases.

Table 1. The PSNR values for the four degradation levels

Degradation degrees Test images
101 102 103 104 105

Gaussian blur: 5*5 window;
Gaussian noise mean: 0, variance: 0.0003

22.73 34.37 33.84 28.03 30.17

Gaussian blur: 5*5 window;
Gaussian noise mean: 0, variance: 0.0006

22.50 31.78 31.48 27.28 28.99

Gaussian blur: 9*9 window;
Gaussian noise mean: 0, variance: 0.0006

21.07 29.88 28.69 25.59 26.69

Gaussian blur: 9*9 window;
Gaussian noise mean: 0, variance: 0.0010

20.85 28.47 27.57 25.01 25.94
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The PSNR values between the original images and restored images with four filters
are listed in Fig. 3. Wiener filtering has the worst restoration effects for all test images,
the PSNR values for the restored image are even lower than the degraded image. If
using Wiener filter, the noise power spectrum needs to be known in advance. The
constrained least square filter and guided filter is better than Wiener, the PSNR for the
corresponding restored images are higher than the degraded images. The second-time
guided filter has the greatest results, especially for the test image “I03” and “I04”, their
PSNR can be up to 40. This is mainly because in the case of proper threshold
parameters, the second-time guided filter not only can remove Gaussian noise but also
can preserve image edges. Besides, it can also enhance the image details. For the five
test images, the restoration effects of “I01”, “I03” and “I04” are more obvious, and the
restoration results for “I02” and “I05” are poor. It indicates that no matter what image
restoration method is used, the effect is not very obvious for images with more fine
edges.

Fig. 2. The thumbnails of test images used in evaluating experiments

Fig. 3. The PSNR values between the original images and restored images with different filters
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4 Conclusions

A printing image restoration method for multiple degradation factors which includes
Salt & Pepper noise, Gaussian noise and blur is proposed in this paper. The method is
divided into two main parts, the first part is used to detect and remove Salt & pepper
noise, the second one is used to remove Gaussian noise and image blurring. The first
module uses a two-step algorithm based on gray-scale range criterion and local dif-
ference criterion. In the second one, the bilateral filter and guided filter are applied to
the image restoration, and on this basis, the second-time guided filter for detail-
enhancement is designed and applied. The superiority of the second-time guided filter
is verified by evaluating the five image restoration approaches.
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Abstract. Nowadays, the acquisition of digital photos is becoming easier and
easier, and the demand for objective assessment of the aesthetic quality of
photos is growing, with the development of computer vision and pattern
recognition technology, this demand is gradually being explored. After studying
the effect of gray interval distribution on the aesthetic quality of photos, an
objective assessment method for the aesthetic quality of photographs which
considers both global and local features is proposed. For the whole features, the
gray interval and line angles features are extracted. The subject areas are
extracted from the photos through clarity detection method, then calculate the
clarity, lighting and the calculation of rule of thirds in the subject area, as to
extract the local features. A total of 18 features including the whole and the local
features, using LIBSVM to calculate and train, and to test this method on
CUHKPQ image dataset, then we get a good performance. It can be concluded
that the combination of 18 features in the objective assessment of photos
aesthetic quality can meet the demand of practical application.

Keywords: Aesthetic quality � Objective assessment � Features extraction �
Natural photos

1 Introduction

With the development of computer science, it is hoped to achieve objective aesthetic
quality assessment for the photos with the aid of computer science, helping people to
automatically complete work, such as automatic arrangement for a large number of
photos according to the aesthetic quality of high and low, automatically screening out
high aesthetic quality photos, etc. As a result, the objective aesthetic quality assessment
method based on computer vision and pattern recognition techniques arises at the
historic moment.

Since Hoenig [1] proposed the computable direction of photos aesthetic quality
assessment, relevant work such as Tang et al. [2] extracted global and local features for
aesthetic quality assessment and achieved good results. Datta et al. [3] proposed 56
low-level and high-level features for the aesthetic quality assessment, and used SVM
and classification tree to automatically classify photos of high and low aesthetic quality.
Ke et al. [4] designed high-level aesthetic features. Wong et al. [5] used a significantly
enhanced method to classify photos with high or low aesthetic quality. Yao et al. [6]
discovered the important influence of composition on the aesthetic quality of photos.
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Xiao et al. [7] built an online rating system for the aesthetic quality of photos. Due to
the strong subjectivity in the process of photos aesthetic quality assessment, factors that
affect the aesthetic quality of subjective assessment with composition, light, clarity, and
various aspects of factors, and these factors is hard to quantify by the right way, so the
features of the calculation according to different ways have different degree of impact,
so the focus of the research is how to find out the features which are most closely
related to the aesthetic quality, how to make a better quantitation on these features, and
thus to make a better objective photos aesthetic quality assessment. This paper con-
siders local and global features of photos to put forward 18 features to the assessment
of aesthetic quality, and high accuracy was obtained.

2 The Whole Features

2.1 Gray Interval

When taking a photo, if the lighting distribution of the photo is properly controlled, so
that the light of the photo is smooth and natural, it is conducive to improving the
aesthetic quality of the photo. If ignoring the control of the light, such as the distri-
bution of the light is not natural, then the aesthetic quality of the photos will inevitably
decline.

Converting the color photos to gray photos, then dividing the grey value into five
intervals Ii ¼ vi�1; vi½ �; with 1� i� 5; the five intervals are black interval I1, shadows
interval I2, midtone interval I3, highlight interval I4, and white interval I5. There is
v0 ¼ 0; v1 ¼ 19; v2 ¼ 58; v3 ¼ 187, v4 ¼ 237, v5 ¼ 255. Counted the number of
pixels in each interval of the photo, and then calculated the average pixel number of
each grayscale interval [8]:

pi ¼ ni
vi � vi�1

; i ¼ 1; . . .5 ð1Þ

On the basis of reference [8], we did a further work with statistical calculation and
optimization in photos dataset CUHKPQ [2] and got the statistical figure as shown in
Fig. 1, namely the gray distribution of high and low aesthetic quality photos. This
shows great difference between these two kind of gray interval, in the high aesthetic
quality photo gallery, the average number of pixels in I1 is the largest, and then in turn
with I2, I3, I4, and I5. We analyzed that it was because that the high aesthetic quality
photo’s grayscale range was generally larger and evenly, and dark tone information
was more likely to attracted people. In the low aesthetic quality photo gallery, the
average number of pixels in I3 and I2 are the largest, next in turn are I4, I1, and I5. We
analyzed that shadow and midtone were relatively larger than other interval, but the
average sizes were larger too, it can easily be seen that the most grayscale of pixels
concentrated in these two interval, means that the range of grayscale obtained by the
photo was relatively small and concentrated, other intervals had relatively few pixels
and contained relatively little information, leading to the lower aesthetic quality.
Therefore, the features used to distinguish two types of photos can be obtained from the
grayscale intervals.
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As Fig. 1 shown that normally the average number size of each gray scale interval
in high aesthetic quality photos are p1 [ p2 [ p3 [ p4 [ p5, but that of low aesthetic
quality photos are p3 [ p2 [ p4 [ p1 [ p5, so we define the features with
F1 ¼ p1 � p2, F2 ¼ p2 � p3, F3 ¼ p1 � p3, F4 ¼ p1 � p4, to distinguish these two
kinds of different photos. We can easily know that the ideal situation should be F1 [ 0,
F2 [ 0, F3 [ 0, F4 [ 0 in the high aesthetic quality photos, and F1\0, F2\0, F3\0,
F4\0 in the low aesthetic quality photos. This is often difficult in practice, but we
know that the larger the four F1, F2, F3, F4 are, the higher the aesthetic quality of the
photos are.

2.2 Line Angle

When taking a high aesthetic quality photo, the treatment of lines should not be
careless. The use of lines can highlight the subject of a photo and increase the

(a) High aesthetic quality photos

(b) Low aesthetic quality photos

Fig. 1. The gray distribution of high and low aesthetic quality photos
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attractiveness of it. Generally, the lines are orderly, that is, the line angles are con-
centrated in a certain range. Given photo I, calculate the horizontal gradient map
Gx x; yð Þ and vertical gradient map Gy x; yð Þ, and calculate the gradient direction of each
pixel in the photo [9]:

h x; yð Þ ¼ arctan
Gy x; yð Þ
Gx x; yð Þ

� �
; h x; yð Þ 2 0; 360�½ Þ ð2Þ

Dividing the gradient direction h x; yð Þ into 9 equal intervals so we can get the
histogram of gradient direction hist(i), namely the features F4þ i ¼ histðiÞ; i
2 1; 2; . . .; 9. It can be seen that when the gradient direction is concentrated in a certain
direction range, the aesthetic quality of the photo is higher.

3 Local Features

3.1 Extraction of the Subject Area

It is called as the subject area where the observers notice in the photo. When taking a
photo, photographer will basically keep the subject area clear, because it is the most
important area in a photo, while other areas (that is, the background area) are often
blurred, to reduce the interference of the subject area. When assessing the aesthetic
quality of photos by human eyes, subject area is where the eyes concentrated most, so
the assessment results of photo is affected most by this area, when making objective
assessment of aesthetic quality in a photo, we should focus on this area.

Since subject area was usually clear, and background area was often blurred, so we
calculated the subject area of photos with clarity in this paper, and then calculated some
of the features with the subject area. In this paper, the Clarity-Based Subject Area
Extraction method [2] was used to extract the photo’s subject area because it’s good
performance.

We defined a kernel of fk(k = 1, 2,…, 50) with size k � k to calculated the
convolution of the original photo respectively, and got 50 images with different degree
of blur. Set dx ¼ 1;�1½ �, dy ¼ 1;�1½ �T to calculate the horizontal and vertical gradient
of each blurred images, and got:

pxk / hist I*fk � dxð Þ; pyk / hist I*fk � dy
� � ð3Þ

For each pixel in the original photo, the likelihood of the rectangle region con-
taining the pixel in each blurred image was calculated, that was:

Lk i; jð Þ ¼
X

i0;j0ð Þ2X i;jð Þ
ln pxk Ix i0; j0ð Þð Þþ ln pyk Iy i0; j0ð Þ� �� � ð4Þ

where Ix i0; j0ð Þ and Iy i0; j0ð Þ was the horizontal and vertical gradient of pixels in the
rectangular area X i; jð Þ of the original photo pixel i; jð Þ.
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Set

k� i; jð Þ ¼ argmax
k

Lk i; jð Þ ð5Þ

When k� i; jð Þ ¼ 1, denoted that the pixel was a clear pixel, otherwise it was a
blurred pixel, and thus the subject area of the photo was extracted. The subject area of
the photo was optimized by convex hull and super pixel processing.

As shown in Fig. 2, the left is the original photo, and the right is the extracted
subject area map.

3.2 Clarity

The subject area which extracted with clarity is relatively clearer than the photo’s
background area, but different photo’s subject area have different degree of clarity.
Generally, the subject area is very clear in high aesthetic quality photo, and often the
aesthetic quality may decline if it is not clear. So the clarity of the subject area of photo
can distinguish the aesthetic quality of photo.

For the obtained subject area, calculated the clarity with [8]:

A ¼
P

i;jð Þ2R^M i;jð Þ[ T M i; jð Þ
Rj j ð6Þ

where T is a given threshold, Rj j is the number of pixels in the subject area R, and
M i; jð Þ is:

M i; jð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2

x i; jð ÞþG2
y i; jð Þ

q
ð7Þ

where M i; jð Þ is Tenengrad gradient, Gx and Gy is the x and y direction gradient
calculated by Sobel operator. Finally, the clarity features of the photos are obtained
with F14 ¼ A:

Fig. 2. The left is the original photo, the right is the extracted subject area map
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3.3 Lighting

Most high aesthetic quality photos tend to stress the subject area of the photos, the
performance is that the brightness in the subject area is brighter than the background
area, or else the photos’ aesthetic quality will fall, so the using of light is often not the
same in different aesthetic quality photos, which can be defined as feature F5. The ratio
between the average brightness of the subject area and the average brightness of the
background area is taken as one of the features to judge the beauty of photos [10], that
is:

F15 ¼ ln
Bf

Bb

� �
ð8Þ

where Bf is the average brightness of the subject area, and Bb is the average brightness
of the background area. Statistically, the F5 in high and low aesthetic quality photos are
distributed in the range of [0.03, 0.20] and [0.00, 0.06] respectively.

3.4 Rule of Thirds

Using good method of composition can take a photo with high aesthetic quality, the
most popular composition method is rule of thirds. As shown in Fig. 3, dividing the
height and width of a photo into three equal parts, then the four intersection points are
the most beautiful point on vision, photographer usually locate the subject area in one
of the four intersection points.

By calculating the relationship between the subject area in the photo and the four
intersections, the aesthetic quality of the photo can be distinguished. The method in this
paper was to divide the height and width of the photo into six equal parts, as shown in
Fig. 4, so that the four intersections were at the center of the four same color areas. The
features were obtained by calculating the ratio of the area of the subject area in the four
regions to the area of the region:

Fig. 3. Rule of thirds
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F16 ¼ max
i¼1;2;3;4

ai ð9Þ

It can be seen that the larger F16 is, which means the more concentrated the subject
area is at a certain intersection area, and the more conform the photo is with the rule of
thirds, then the higher the aesthetic quality of the photo is. It can be seen that the
subtraction between the maximum ratio and the minimum ratio is also an important
feature:

F17 ¼ max
i¼1;2;3;4

ai � min
i¼1;2;3;4

ai ð10Þ

Because the bigger F17 is, the more concentrated the subject area is, and the less
scattered it is. When taking photos with close-up objects, the subject area accounts for a
larger area, causing F17 less than a certain value, the composition method does not
comply with the rule of thirds, but if the more the subject area in the middle of the
photo, the higher aesthetic quality the photo is. Therefore, we have feature:

F18 ¼ 1
4

X
i¼1;2;3;4

ai ð11Þ

That is, the ratio of the total area of the subject area in the four color areas to the
area of the four areas. The higher the ratio is, the more concentrated the subject area is
in the center of the photo, and the higher the aesthetic quality of the photo is. It can be
seen that when shooting a non-near object, feature F18 is less than a certain value, and
the better the photo should be in accordance with the rule of thirds.

Fig. 4. The calculation of rule of thirds
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4 Experiment and Analysis

LIBSVM [11] is a simple, easy to use and efficient software for SVM classification and
regression, which is used in this paper for data training and testing. CUHKPQ [2]
dataset contains 17673 photos with manually labeled ground truth as two categories of
aesthetic quality as “high” and “low”, these two kind of photos are subdivided into
seven categories, that are “animal”, “architecture”, “human”, “landscape”, “night”,
“plant”, and “static”.

Randomly selected half of the high and low aesthetic quality photos of each
category of the photo dataset CUHKPQ as training group, the other half as test group,
and did the same selection on all photos. Calculated the all 18 features in the training
group, and trained the data in LIBSVM, to verify the accuracy of this method in the test
group. In order to ensure the accurate of the experiment, we repeated this experiment
10 times, and calculated the average of the results of these 10 times experiment as a
final assessment accuracy of this method.

When compared with other methods, in order to ensure the objectiveness and
accuracies of the comparing results, reducing the interference of other factors, we took
the methods which proposed by Datta et al. [3], Ke et al. [4] and Luo et al. [10], with
the completely same experimental conditions as our one, to test in the photo dataset
CUHKPQ, results were obtained as shown in Table 1. In the aesthetic assessment of all
categories of photos, the accuracies of our method were higher than 80%, in six
categories namely “animal”, “human”, “landscape”, “night”, “plants” and “static”, as
well as for all the photos, the accuracies of our method was the highest, only in the
category of “architecture”, our method’s accuracy was lower than Ke et al. but this
category had the highest accuracy in Ke et al. and lowest accuracy in our method. Our
method focused on the assessment of all photos, and Ke et al. was more targeted in this
category so it had a better performance than ours. Our method had the highest accuracy
of 86.54% in “static”, and accuracy of 81.62% for the lowest in “animals”, suspecting
that maybe something such as animal hair causing the low accuracy, while the
extraction of subject area is consistent with the actual situation in “static”, making a
higher accuracy.

Table 1. Comparison with other methods

Categories Animal
(%)

Architecture
(%)

Human
(%)

Landscape
(%)

Night
(%)

Plant
(%)

Static
(%)

All
(%)

Datta et al.
[3]

78.61 73.86 76.94 77.53 64.21 76.38 71.74 77.92

Ke et al.
[4]

77.51 85.26 79.08 81.70% 73.21 80.93 78.29 79.44

Luo et al.
[10]

81.61 73.86 77.94 77.53 64.21 82.38 81.74 77.92

Our
proposed

81.62 81.84 84.79 81.81 84.06 85.65 86.54 82.45
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5 Conclusions

Owing to the photos aesthetic quality assessment has a very strong subjectivity, even if
is a subjective assessment of the human eye, different people due to reasons such as
personality, knowledge, the aesthetic quality assessment with the same photo will be
different, so it can’t distinguish the absolute aesthetic quality of high or low. Therefore,
the screening and sorting of a large number of photos is not the same as the appre-
ciation of photographic works, and the high accuracy can meet the requirements. The
experimental results showed that the combination of 18 features proposed in this paper
can be used for the objective assessment of the aesthetic quality of photos, which has
achieved a high accuracy and can meet the needs of practical application.
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Abstract. An algorithm based on signal local difference and an algorithm
based on signal directional difference for detecting salt and pepper noise are
designed in this article. Both of them belong to two-stage noise detection
algorithms, and the first-stage detection for both is based on gray-scale range
criterion. The difference between the two algorithms embodies in the second-
stage detection. The former is based on local difference criterion, and the later is
based on directional difference criterion. In the section of algorithm evaluation,
first, the optimal parameter settings for the two algorithms are determined
through analysis and experiments. Then, the denoising effects of the two
algorithms are evaluated by denoising the test images with different noise
density. The evaluation results show that the algorithm based on directional
difference has better performance than the algorithm based on local difference.
For both of the two algorithms, the denoising effects are inversely proportional
to noise density. But more importantly, the two algorithms may be prone to
misjudge the image-edge pixels or detail pixels as noise points. This will be the
main improvement direction of the switch median filtering algorithm in the
future.

Keywords: Image denoising � Salt and pepper noise � Median filter � Image
edge � Image detail

1 Introduction

The generation of salt and pepper noise is usually caused by the faults and defects of
image sensors, transmission channels or decoding systems [1]. Because the salt and
pepper noise pixels often have the similar characteristics as the normal pixels at the
edges of image, in order to protect image-details and edges, the nonlinear median
filtering algorithm is first used to detect and remove the salt and pepper noise. Then on
this basis, weighted median filtering algorithm [2, 3] and adaptive median filtering
algorithm are proposed [4, 5]. These algorithms above also modify the normal pixels
when filtering noise points. It may results in blurring. For the problem, in recent years,
the idea of switch median filtering is proposed and studied [6–9]. Such approaches first
need to determine whether each pixel is a noise point or a normal pixel, and only noise
points need to be filtered. It can avoid blurring of image-edges to the greatest extent
[10]. This idea has been widely adopted.
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In this article, considering the idea of signal local difference, an algorithm based on
gray-scale range criterion and local difference criterion for detecting salt and pepper
noise is designed. Considering the idea of signal directional difference, another one
based on gray-scale range criterion and directional difference criterion is designed.
Both of them belong to two-stage noise detection algorithms, and the first-stage
detection for both is based on gray-scale range criterion, which is a simple method of
extreme value judgment. The difference between the both embodies in the second-stage
detection. The optimal parameter settings for the two algorithms are determined
through analysis and experiments. In the assessment, by means of the test images with
different noise density, the denoising effects of the two algorithms are evaluated and
analyzed.

2 The First Algorithm

2.1 Gray-Scale Range Criterion

Salt & Pepper noise is a kind of impulse noise. The values of pixels contaminated by
Salt & pepper noise are often near the extremum value 0 or 255. If all the extremum
pixels are considered to be noise points, some normal extreme points like edges may be
misjudged as noise points. It will greatly increase the detection error rate, and destroy
image-edge. It is not reliable to judge whether a pixel is noise point by extremum. The
extreme pixels can only be seen as suspicious noise point. So, it is necessary to detect
the noise point for the second level. In this article, the first-level detection is based on
gray-scale range criterion. Suppose the gray-scale range of image is [Lmin, Lmax], when
a pixel’s value is within [Lmin, Tg] or [Lmax-Tg, Lmax], it just can just be seen as a
suspicious noise point. Tg represents the threshold, the larger the value is, the more
likely the extreme pixel is judged as a suspicious noise point.

2.2 Local Difference Criterion

In order to reduce detection error rate and preserve image-edges, the second-level
detection is based on local difference criterion. The Salt & Pepper noise point tends to
be isolated, and there is great gray difference between it and most of the other pixels in
its neighborhood. Therefore, the threshold parameter Tv is used for determining
whether the gray difference between the suspicious noise point and its neighborhood
pixel is large enough, and another threshold Tn is set up to determine whether the
number of neighborhood pixels which can satisfy the above condition are large enough.
If the value of a suspicious noise pixel satisfies Eq. (1), it can be determined that the
pixel is a Salt & pepper noise point.

#½jf ðx; yÞ � f ðs; tÞj[ Tv�
#½Nðx; yÞ� [ Tn ð1Þ

The above two criteria can be expressed in Eq. (1). The neighborhood of a sus-
picious noise point at coordinate position(x, y) can be represented as N(x, y) in 5 * 5
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window, and its adjacent pixel at (s, t) is f(s, t). The symbol #[.] represents the number
of pixels satisfied the condition. If a pixel is judged to be a noise point, in order to
reserve the image-details, we use the median filter to remove it. Considering a large-
size filtering window may cause a large amount of calculation, and a small filtering
window can protect image-details better. So, a 5 * 5 filtering window is proposed in
this article.

3 The Second Algorithm

The second algorithm designed in this article is based on signal directional difference.
Its first-stage detection is also based on gray-scale range criterion, which is same as the
way in Sect. 2.1. But its second-stage detection is based on directional difference.

First, we set up 9 detection areas in a 5 * 5 noise detection window (as shown in
Fig. 1a), including a 3 * 3 detecting area (8 pixels in total) centered at the suspicious
noise point and 8 other detecting areas (6 pixels in each area) with the vertex of the
suspicious noise point, as shown in Fig. 1b. Then, the gray median for each detecting
area (exclude the suspicious noise point) needs to be calculated, as expressed in
Eq. (2). “median[]” represents the median calculation for a detection area, “fk” rep-
resents the set of gray values (exclude the suspicious noise point) in the k th detection
area (k = 1*9). “Ak” is the gray median for the k th detection area. In a detecting area,
if the number of pixels participated in median calculation is even, its median can be set
to the gray mean of the two middle pixels after sorting.

Ak ¼ median½fk� ð2Þ

The last step is determination of noise point: ① The absolute difference between
the gray values of the suspicious noise point “suspicious_gray” and “Ak” are calculated
and represented as “dk”; ② The value of “dk” related to each detecting area needs to be
compared with a threshold “T”, and we can get the number of “dk” greater than “T”, it
is represented as “num”; ③ If the “num” is bigger than another specified threshold

Fig. 1. A filtering window for 5 * 5 size and the nine detecting areas
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“T_num”, the suspicious noise point will be determined as noise pixel “noise_signal”,
otherwise it will be seen as a normal pixel “normal_signal”.

4 Assessment and Analysis

4.1 Evaluation of the First Algorithm

The proposed algorithms are simulated by means of Matlab7.11 for evaluation. This
article selects 4 test images as shown in Fig. 2, and adds the salt and pepper noise with
different noise densities “0.01, 0.03, 0.05 and 0.07”. The MATLAB command for
adding the salt and pepper noise with noise density “0.01”: “imnoise (image, ‘salt &
pepper’, 0.01)”. In the first-stage of the noise detection, based on the extreme char-
acteristic, we can set the value of the threshold “Tg” to 25.

The analysis shows that the value of “Tv” should not be set too large when “Tn” is
constant. This is because there are some Salt noise points with extremely high lumi-
nance in bright area. And there are also Pepper noise points with extremely low
luminance in dark area. Although there is a little visual difference between the noise
points and the normal signal points in the same area, if Tv is large enough, these noise
points cannot be detected. If Tv is too small, the number of pixels which have larger
difference between the center pixel and its neighborhood than Tv will increase. Some
normal extreme points like image-edge pixels may be misjudged as noise points. This
will enhance the false detection rate and destroy the image-edge. Therefore, based on a
large number of tests, the parameters “Tn” and “Tv” are limited in the range of [0.5, 0.7]
and [20, 30] respectively in this article.

In Fig. 3a, first, when “Tg = 25, Tv = 20, Tn = 0.5”, with the increase of noise
density, for any test images, PSNR before and after denoising gradually decreases. It
indicates the denoising effect also gradually decreases. But with the increase of noise

Fig. 2. The thumbnails of test images used in evaluating experiments
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density, the running time of the algorithm (not listed in the article for saving space)
gradually increases. It verifies that the increase of noise points will also increase the
time for detecting and filtering noise pixels; Second, it can be found that the denoising
effect for test image “I01” is best according to the distribution of PSNR values as
shown in Fig. 3a. Its PSNR value for each noise density can reach more than 40, It
indicates that images before and after denoising can hardly be distinguished visually.
The denoising effect for test image “I04” is worst. The analysis shows that the normal
points at tiny image-edge and detail are easily to be misjudged as noise points, as
shown in the two areas of Fig. 4. Taken a tiny detail pixel (gray value: 6) in area 1 as
center, in this detecting window, the percentage of neighboring pixels have gray dif-
ference of more than 20 from the central pixel has exceeded 50%. As a result, the
normal pixel is misjudged as noise point. In like manner, the tiny edge pixel with gray
value of 22 is also detected as noise point mistakenly.

Fig. 3. The noise-removing effects based on local signal difference (a) and directional difference
(b)

Fig. 4. The case for detecting salt & pepper noise at image-edge and detail (“I04”)
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4.2 Evaluation of the Second Algorithm

The second algorithm is based on signal directional difference. Its first-stage detection
is also based on gray-scale range criterion, which is same as the way in Sect. 2.1. So
the threshold parameter “Tg” is also set to 25. The key of the second algorithm is the
setting of threshold parameters “T” and “T_num”. By analysis, we can find the
parameter “T” can control the difference threshold between the central pixel and its
neighborhood. Its function is similar to “Tv” in Sect. 2.1. This article proposes
“T = 20”. The parameter “T_num” can control the percentage threshold of pixels
which have large local gray difference in detecting window. Its function is similar to
“Tn” in Sect. 2.1. Through a large number of experiments, it can be found that PSNR
gradually increases with the increase of “T_num”. When “T_num” reaches 6, PNSR
will vary a little (maybe decrease), even if it continues to increase the “T_num”. In this
article, we proposes T_num = 6.

Figure 3b shows that the noise-removing effects based on directional difference.
The threshold parameters are set as following: Tg = 25, T = 20, T_num = 6.
The PSNR distribution is similar to that in Fig. 3a For any test images, with the
increase of noise density, the PSNR before and after denoising gradually decreases. It
indicates the denoising effect also gets weaker. Through careful observation and
comparison, we can find the PNSR values in Fig. 3b are slightly higher generally than
that in Fig. 3a It indicates that the algorithm based on directional difference is better
than the other one based on local difference. For the test images “I03” and “I04”, there
will still be misjudgment of edges and detail pixels. It will be main improving direction
of the algorithm in the future.

5 Conclusions

Switch median filters are very suitable for detection and removal of the salt and pepper
noise. An algorithm based on signal local difference and an algorithm based on signal
directional difference for detecting salt and pepper noise are designed in this paper.
Both of them belong to two-stage noise detection algorithms, and the first-stage
detection for both is based on gray-scale range criterion. The difference between the
two algorithms embodies in the second-stage detection. The former is based on local
difference criterion, and the later is based on directional difference criterion. In the
section of algorithm evaluation, first, the optimal parameter settings for the two
algorithms are determined through analysis and experiments. Then, the denoising
effects of the two algorithms are evaluated by denoising the test images with different
noise density. The evaluation results show that the algorithm based on directional
difference has better performance than the algorithm based on local difference. For both
of the two algorithms, the denoising effects are inversely proportional to noise density.
But more importantly, the two algorithms may be prone to misjudge the image-edge
pixels or detail pixels as noise points. This will be the main improvement direction of
the switch median filtering algorithm in the future. It verifies the structural similarity
between them.
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Abstract. Color transfer is usually used to match the color between input
images and reference images to change the global color performance or local
color of some specified object. The technology had been widely used in digital
media, photography industry, culture and art, remote sensing, biomedicine and
other relative fields. Automatically construction of the color mapping relation-
ship between the reference image and the input image had become a key
problem of color transfer. The paper proposed a color transfer intention con-
struction model with the subjective perception prior to predicate background and
saliency regions based on the Simple Linear Iterative Clustering (SLIC) color
clustering of input image and reference image. In the model, a novel visual
saliency algorithm is presented. Firstly, a boundary assumption is introduced to
compare the contrast between different color clustering and boundaries. Then,
the chromaticity distance of color clustering is defined. Finally, visual attention
model is introduced to simulate the visual perception process to generate a
feature map with different visual saliency factors to construct a color transfer
intention based on subjective prior. 20 images are selected from ASD-1000
dataset as experiment samples to verify the model proposed in the paper. A new
image quality evaluation method based on visual attention model is suggested to
compare the proposed model and typical algorithms. The experimental results
demonstrate that the method proposed in this paper can construct the color
transfer intention effectively and obtain reasonable color transfer results.

Keywords: Color transfer � Visual attention model � Visual saliency

1 Introduction

Color transfer is a practical method to change the appearance of a source image
according to the color pattern of a target image [1]. The current color transfer field can
be divided into two major research directions. One is global algorithm based on sta-
tistical characteristics such as [2–8], which is effective for the typical dominant color
images or images with similar structure. In many case, traditional global algorithm is
easy to lose details and transfer wrongly. The other is local algorithm based on image
segmentation such as [1, 9–11], which separates image into a number of color clusters
and set a target color for each color cluster in the image. However, it is not stable when
the number of the dominate color between the source and target image is obviously
different, due to it has not clear description for the extra-color. Hence, some manual
interaction is still necessary in the process of color transfer intention construction.
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To tackle this problem, a color transfer method based on visual weighted his-
tograms is proposed in this paper to make the method work for images with obvious
difference in color performance or texture. In the method, a color mapping between the
salient region and background region of the source image and the target image is
established. Then, a new weighted color histogram considered the spatial distribution
of all colors in the image is used to obtain images with more visually coherence.

The remaining of the paper is organized as follows. Section 2 reviews related work.
Section 3 shows the experiments and results. Section 4 states the conclusion of the
system.

2 Related Work

Many global transfer algorithms has been proposed to achieve the overall color
transfer. In 2001, Reinhard et al. [2] proposed a linear transformation for the target
image and the source image to have the same mean value and variance. Lee et al. [3]
established a color mapping relationship by cluster similarity for color transfer. Huang
et al. [4] utilized an image quality factor measurement technique to obtain an automatic
color selection algorithm between images. Pitie et al. [6] proposed an original algo-
rithm for transferring N-dimensional pdfs. However, as shown in Figs. 1 and 2, The
transfer of the overall style of the image color can cause the image detail to be lost or
the entire image to be overlaid with a special color, resulting in an unrealistic visual
effect.

Fig. 1. Comparing with the visual consistency produced from three areas (people, motorcycle
body and tire)

Fig. 2. Comparing the details of the image from the feathers of the flamingos and their backs
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The local algorithm implements color transfer by dividing the image into several
local sub-regions. Li et al. [9] formulated colorization of target superpixels as a
dictionary-based sparse reconstruction problem. Recently, Yang et al. [1] presented a
color transfer method for portraits by exploring their high level semantic information.
Tai et al. [10] proposed a probability segmentation method and modeled this region as
a Gaussian mixture model. Wu et al. [11] presented a local color transfer algorithm that
integrates spatial distribution of target dominant colors in an optimization framework.

The algorithms above can work in a lot of occasions. But experiments indicate that
they are more suitable for images with similar or consistent color styles. When the color
style between source image and reference image is obvious, there are usually some
defects in visually coherence of image contents. Hence, the paper focuses on the
method of automatically color transfer intention construction.

3 Image Semantic Content Analysis

Different image content represent different sematic information. The color mapping
should be constructed between similar sematic content of images. Image segmentation
based on SLIC is used to obtain sub-regions. Then the foreground and background
region are obtained by sub-region reunion based on the weighted saliency calculation.
Finally, according to the range of color saturation in the color histogram and the
corresponding number of pixels, a color mapping intention can be established
automatically.

3.1 Saliency Region Detection

Target-based background priors is introduced to detect the salience regions.

3.1.1 Image Segmentation
SLIC segment methods [12] is used to convert pixel value into regional superpixel.
Firstly, initializing cluster center, also called the seed point. The distance between
cluster centers in adjacent ranges can be calculated by the superpixel size. The formula
is as follows:

S ¼ Ns ¼ sqrtðN=KÞ ð1Þ

where K denotes superpixel pre-division quantity, and N means the total number of
image pixels.

Secondly, calculating the similarity between each pixel in the image and the cluster
center closest to it.

Finally, calculating the superpixel segmentation result of the complete edge. The
formula is as follows.

D0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dc
m

� �2

þ ds
S

� �2
s

ð2Þ
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where dc represents the Euclidean distance measure between pixels, ds represents the
distance measure at the spatial coordinates.

3.1.2 Underlying Feature Calculation
Lab color space is more suitable for the representation of the colour difference. The Lab
values of all pixels in the superpixel are averaged as Lab values Li, ai, bi of the
superpixel, and then the colour difference is calculated with all other superpixels Dcolor:

Dcolor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLi � LjÞ2 þðai � ajÞ2 þðbi � bjÞ2

q
ð3Þ

By combining spatial information (Xi, Yi is the center coordinate of the i-th
superpixel) and the center weight between the superpixels, we can obtain the saliency
map in the Lab space. The main calculations are as follows:

Ddis ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xi �W

2
Þþ ðYi � h

2

� �s
ð4Þ

SLabðiÞ ¼
e�Ddis �Pn

j¼1;j 6¼i DLabðiÞ
n

ð5Þ

where Ddis is the spatial coordinate position of superpixel i, and SLab (i) is the nor-
malized result of significance value.

3.2 Bidirectional Mapping Construction

The visual weight calculation in [13] is adopt to calculate the color histogram for each
sub-block. The visual weight of each pixel point can be calculated according to the
Formula (6).

wði; jÞ ¼ k � exp � 1
2r2

uði; jÞRR
x;y2I

uðx; yÞdxdy

2
64

3
75

2
64

3
75 ð6Þ

where w (i, j) is visual weight of pixel (i, j), which has been normalized to the [0, 1]
range. And u(i, j) is the color complexity measure (CCM), I represents the entire image
area.

The total sum Wk of the visual weights of image sub-block Bk in the foreground
and background are calculated as Formula (7).

wk ¼
X

ði;jÞ2BK

wði; jÞ ð7Þ

where Wk is the visual weight of image block Bk, and w(i, j) is the visual weight of
pixel (i, j).
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4 Experiment and Analysis

The experiments are implemented using python on a computer with an Intel Xeon E5-
2620 v4 2.1 GHZ * 16 processor and 64 G memory. The experiment images and
reference images are selected from ASD saliency database, which consists of 1998
images with 999 ground truth images and 999 processed images (all of them are
manually segmented).

The following three sets of experiments show comparisons between the color
transfer methods of [2, 6] which is typically represented by global color transfer, where
(a) represents source image, (b) represents target image, and (c) represents Pitie et al.’s
resultant image, (d) represents Reinhard et al.’s resultant image and (f) represents the
resultant image of the proposed method in the paper.

Experimental results show that our method has better color transfer effect. Figure 1
shows the results of different regional processing. It is obvious that a incorrect color
transfer occurred in the connection area between the person and the motorcycle in
(c) and the whole image produces an unreal color in (d). Our method performs a more
accurate transfer in (f), according to the image structure of the source image.

Figure 2 shows the different methods of color transfer. The resultant image of [1]
haven incorrect transfer in the target image (d), and the highlight part of the back
feathers of flamingos in (c) is lost while it can be convert better apparently in our
method.

Figure 3 shows the comparison of results when the number of major colors is
inconsistent. The two women and forest separately present the color-style of the but-
terfly in (b). The color spatial information is lost in (c), while the yellow style is
disappeared in (d). Our result better preserves the brightness and contrast of the scene.

5 Conclusions

In this paper, we have proposed a new image color transfer method to efficiently
convert the color style of an image. Considered the human visual salience attention
mechanism, a reasonable color transfer method is generated by analyzing the image
semantically.

Fig. 3. Comparison of results when the number of major colors is inconsistent
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In the future, we expect to generate image region matching colors automatically by
further grading the combination of visual saliency so as to obtain a method more
consistent with human visual perception.
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Abstract. In the digitization of literature, especially in the electronic storage of
library books, the remake of documents and the repair of defects are increasingly
important. In this paper, based on the needs of library remake, a JavaScript
algorithm is used to design and develop a repair algorithm for retrieving image
information using a digital camera on a mobile platform. It achieves the repair of
damaged books, improves readers’ reading experience and reaches the applica-
tion goal of cross-platform, low equipment cost, and low algorithm complexity.

Keywords: Image inpainting � Document remake � Small scale

1 Introduction

In recent years, the use of remaking or scanning technology to realize the digitization
and application of paper documents is the main means to manage innovative files and
improve the level of file services [1]. Now, it is constantly adapting and meeting the
needs of current digital management, storage and utilization, and it makes use of digital
means to repair the damage, flaws and other defects of the paper files become the key
technology of digitalization of paper files and research hot spots.

At present, the international and domestic digital image inpainting techniques
mainly include inpainting for repairing small-scale defects and completion for filling
large pieces of lost information in images [2]. Based on the above two methods, it has
derived more algorithms that work better and faster through the optimization and
improvement of the algorithms. For example, the Criminis algorithm for improving the
priority credibility [3], fast image inpainting algorithm based on watershed segmen-
tation [4] and the inpainting algorithm based on partial differential equations.

According to the principle of FMM image restoration algorithm, this paper pro-
poses a small-scale image restoration algorithm for the problem of insufficient effi-
ciency of mobile platform image restoration algorithm. The problem of efficiency of
small-scale image restoration on mobile platforms is better solved.

2 Related Algorithm Principle

As we all know, the goal of image inpainting technology is to remove defects, scratches
in the image. The principle of the related algorithm is described as follows:
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(1) The principle of an image inpainting technology based on fast marching method
[5, 6].

The FMM uses the arrival time function T(x, y) to simulate the evolution of the
curve, it pushes the patching area from the edge to the interior and completes the repair
of the image point by point. As it shows in Fig. 1, if X is the area of the image to be
repaired, ∂X is the boundary of the area. Assume that p is a point on Be(p) and take a
small neighborhood around p, The repair of point p should be determined by the
neighboring pixels Be(p). The known point q in the neighborhood can be first-order
approximation to point p according to the Formula (1).

Iq pð Þ ¼ I qð ÞþrI qð Þ p� qð Þ ð1Þ

Then treat the point p as a function of all points q in Be(p) and use a weighting
function w(p, q) to accumulative. The weighting function w(p, q) here must be able to
transmit image gray values as well as maintain edge details in Be(p).P

q2Be pð Þ w p; qð Þ I qð ÞþrI qð Þ p� qð Þ½ �P
q2Be pð Þ w p; qð Þ ð2Þ

(2) Image quality assessment algorithm
For the repaired image, this paper uses the peak signal-to-noise ratio (PSNR) and

structural similarity (SSIM) parameters for quality assessment. The formula for cal-
culating quality assessment parameters is as follows:

MSE ¼ 1
mn

Xm�1

i¼0

Xn�1

j¼0

I i; jð Þ � K i; jð Þj jj j2 ð3Þ

Fig. 1. Repair principle
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PSNR ¼ 10� log10
2n � 1ð Þ2
MSE

 !
ð4Þ

SSIM x; yð Þ ¼ 2lxly þ c1
� �

2rxy þ c2
� �

l2x þ l2y þ c1
� �

r2x þ r2y þ c2
� � ð5Þ

The algorithm needs to pay attention to the fact that PSNR is not completely
consistent with the human visual quality. The level of PSNR is not linearly related to
human visual sensitivity error, and the perceived result changes due to other factors. As
a perceptual-based computational model, SSIM considers the fuzzy changes of human
perception caused by structural information between pixels in the image, especially the
structural information between pixels in the vicinity of the space.

3 Image Inpainting Algorithm on Mobile Platform

This paper proposes a small-scale image inpainting algorithm that combines scanning
edge pixel information and linear-filled image inpainting technology aiming at elimi-
nating the defects of digital image information such as missing, flaws and scratches in
image remake. The flow chart of the repair algorithm is shown in Fig. 2.

The repair algorithm in this paper firstly finds the area to be repaired and its
boundary by traversing the image, and establishes a boundary band linked list. Pre-
processing boundary, when the boundary point p (as shown in Fig. 3) is in a certain
corner, the pixel value of point p is the average of the known pixels of the image in 4
neighborhoods, remove the point p from band list at this time. Figure 4 shows the
preprocessed boundary. Then start the repair operation. When the image is traversed to
the first boundary point p, the grayscale gradient values for each pixel in the eight
neighborhoods of p are calculated. The pixel points in the area to be repaired are

Fig. 2. Repair flowchart
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linearly filled according to the gradient value along the gradient direction. Add the
repaired point information to the boundary list, update the boundary value of point
p and loop repair operations until the boundary list is empty.

In the image inpainting application of the book remake, at first, use a digital camera
to capture a sample of the book image, and then import the collected samples into the
mobile platform. Image defects are interactively repaired by marking the area to be
repaired with the touch screen and repairing the marked image area.

4 Repair Results

4.1 Subjective Comparison of Image Inpainting

Figures 5, 6 and 7 are the color continuous tone images to be repaired, Figs. 8 and 9 are
the comparison between the algorithm repair image and the repair effect of the FMM.

Figures 10, 11 and 12 shows the comparisons between the repair effect of this paper
and FMM for the image to be repaired.

Fig. 3. Points at the corner

Fig. 4. Boundary after preprocessing
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Fig. 5. Image to be repaired

Fig. 6. Result of FMM

Fig. 7. Results of this article
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Fig. 8. Repair details of FMM

Fig. 9. Repair details of this article

Fig. 10. Book to be repaired

Fig. 11. Result of FMM
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4.2 Objective Comparison of Image Inpainting

This article uses PSNR and SSIM quality evaluation parameters to compare the repair
results objectively. The results are shown in Table 1.

From two kinds of image quality evaluation experimental data, it is known that the
algorithm proposed in this paper has maintained the visual integrity after image
inpainting. On the other hand, in terms of efficiency, the FMM takes 929 ms while the
algorithm of this paper takes 616 ms. The algorithm maintains the integrity of the
restored image information and is superior to the FMM in terms of repair efficiency.

5 Conclusions

In this paper, through the design of the image repair algorithm by using JavaScript, it is
convenient and quick to repair the image damage and defects in the mobile terminal. It
also reduces the complexity of the algorithm and causes little damage to the re-
production of the document. It provides a solution that is simple in equipment and low
in cost. However, the algorithm needs further improvement when repairing complex
texture image quality.

Acknowledgements. This work is funded by National Key Technology Research and Devel-
opment Program of the Ministry of Science and Technology of China (2012BAH91F03) and
Digital Imaging Theory-GK188800299016-054 and Hangzhou Dianzi University Graduate
Research Innovation Fund-CXJJ2018017.

Fig. 12. Results of this article

Table 1. Comparison of PSNR and SSIM Values

Repair algorithm PSNR SSIM-R SSIM-G SSIM-B

FMM 32.4518 86.989928 90.100821 88.987948
This article’s algorithm 32.5228 86.917236 90.051046 88.953280
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Abstract. Color transfer is to change the image color according to one or more
reference images to match people’s cognition. Usually, there are two problems
deserved to be researched further. One is to find suitable reference colors for a
complex image. The other is to lessen the details loss in the process. In the
paper, GMM model is improved by considering the geometric position relation
of the color clustering to construct color transfer intentions between source
image and multiple reference images. The geometric coordinate smoothing
parameter is introduced to improve EM algorithm to reduce the details loss.
Based on Baidu data set and the reference paper data sets, a comparison
experiment between typical color transfer algorithms and our method was pre-
sented. The experimental results can demonstrate that the algorithm proposed in
the paper is reasonable and effective.

Keywords: Color transfer �GMMmodel �EMalgorithm �Multi-example-based

1 Introduction

Color transfer plays an important role in image processing such as image color styl-
ization and image colorization. However, color transfer usually suffers from color
distortion and detail loss [1], which mainly caused by misleading color mapping and
inadequate colors of reference image. An ideal color transfer model should provide
enough reference colors to ensure the correct mapping. However, it is usually difficult
in the single example-based color transfer.

Color mapping is to construct corresponding relationships between the source and
the reference image. Many representative approaches, such as 3-Dimensional his-
togram matching [2], correlated color space mapping [3], N-Dimensional probability
distribution [4], probabilistic moving least square [5], foreground and background
separation based on image analysis [6], dominant color [7] and CNN convolutional
neural network [8, 9], have been verified in the past. They attempted to construct the
correct mapping between images but limited into the inadequate colors of the reference.
Therefore, this paper adopted multiple reference images instead of single example-
based. To solve the problem of detail loss, Chang et al. [10] used sigmoid function to
find the pseudo contour areas. Kong et al. [6] used super-pixel method and Su et al. [1]
used a self-learning filtering scheme to preserve the details. Moreover, Tai et al. [11]
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modeled the color distribution as GMM models and used expectation maximization to
avoid detail loss. Mairéad et al. [12] used L2 distance to minimize the similarity
between images and simplified the scalar product to process the details. The adventure
of GMM models is that it can fit any type of distribution, which is very useful in color
clustering.

This paper suggested a method based on improved GMM models to construct the
correct mapping relationships and suppress pseudo contours based on the smoothing
parameter. The paper is organized as follows. Section 2 presents a color transfer
method based on the improved GMM models and EM algorithm. Section 3 shows
some results and its’ quality analysis. Conclusions are drawn in Sect. 4.

2 Multiple Reference Images Color Transfer Model

Traditional GMM models have three disadvantages. Firstly, the models only regarded
pixels as independent variables but neglected the neighborhood relations in the pixel
coordinates space, which might lower the accuracy of color clustering. Secondly, the
details of the image might be lost because of wrong color division. Finally, in the M-
step, transitivity of judgment conditions in traditional algorithm misled the result of
cluster merging. The improved GMM models and EM algorithm in the paper are
proposed to solve these problems.

In this paper, we proposed several additional improvements to address the above
issues. Firstly, taking multiple reference images instead of single reference images
enriched the colors of reference. Secondly, our frame was extended to improve the
neighborhood relations in the pixel coordinates space to preserve the details. Thirdly,
this paper improved the merging parameters in M step to avoid wrong color division.
Finally, we added the step of luminance normalization of the images to confirm correct
color mapping.

2.1 Improved GMM Model and EM Algorithm

2.1.1 Construct GMM Models
Given a source image Is and n reference images Inr , GMM models construct color
clusters ri in each of them. The k color clustering in the image can be expressed by the
k component of the GMM models, which is determined by the color distribution of the
pixels in the clustering. Generally, the probability function of each ri is the same, and
the parameters are different. The ri to be divided can be represented by some statistical
features, such as pixel value, mean, standard deviation, location, texture and so on,
which can reflect the differences between ri.

GMM model is used in color clustering for the input image I, the color distribution
of each color clustering ri (i ¼ 1; 2; . . .;K) can be approximately represented as a Gauss
component GðqiÞ. K is the number of color clusters. So the probability density of pixels
I pð Þ belonging to Gauss components GðqiÞ can be expressed as the Formula (1).
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p I pð Þjqið Þ ¼ 1

2pð Þ3=2 Pi

�� ��1=2 expð�
1
2

I pð Þ � lið ÞT
X�1
i

I pð Þ � lið ÞÞ ð1Þ

where, li is the mean of ri,
P

i is the covariance matrix of ri, qi ¼ li;
P

i

� �
. Generally,

li and
P

i are calculated by K-means algorithm.
Therefore, the fitting model G qð Þ of the color distribution of the image can be

described as Formula (2).

G qð Þ ¼
XK
i¼1

aip I pð Þjqið Þ ð2Þ

Here, ai is the weight of ri, ai ¼ Ni=Ntotal, Ni is the number of pixels of ri, Ntotal is
the number of pixels of the image. The value of Formula (2) is calculated by EM
algorithm.

2.1.2 Improved EM Algorithm
Firstly, taking neighborhood relations in the pixel coordinates space and preserving the
details, a smoothing parameter in the E-step is suggested in the paper.

The smoothing parameter in E-step is expressed as Formula (3).

pi;Xe ¼ 1
Wi

X
Ie pð Þ2Xe

D I pð Þ; Ie pð Þð Þp I pð Þjqið Þ ð3Þ

where, Ie pð Þ 2 Xe is the pixels of the neighborhood areas.
Wi ¼

P
i

P
Ie pð Þ2Xe

D I pð Þ; Ie pð Þð Þp I pð Þjqið Þ is the normalization parameter.
D I pð Þ; Ie pð Þð Þ is the smoothing parameter, which is represented as Formula (4)

D I pð Þ; Ie pð Þð Þ ¼ exp � x� xeð Þ2þ y� yeð Þ2
dd

 !
exp � I pð Þ � Ie pð Þj j2

dg

 !
ð4Þ

Here, x; yð Þ is the situation of I pð Þ. xe; yeð Þ is the situation of Ie pð Þ. dd and dg are the
smoothing factors.

Therefore, the modified probability is described as Formula (5).

pi;I pð Þ ¼ aip I pð Þjqið Þ
G qð Þ þ pi;Xe ð5Þ

Secondly, taking the transitivity of judgment conditions, which means that if
li � lkj j\d and lk � lj

�� ��\d, but the value of li � lj
�� �� may larger than d. Therefore,

this paper changes the merging condition.
The improved M-step is calculated as Formula (6).
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li ¼
P

i p
i;I pð ÞI pð ÞP
i p

i;I pð Þ

X
i
¼
P

i p
i;I pð ÞðI pð Þ � liÞ I pð Þ � lið ÞTP

i p
i;I pð Þ ð6Þ

Then, change the merging parameters. And the progress is descripted as followed.

(1) Calculate the distance li � lj
�� �� of each color clustering ri and rj.

(2) Find the most similar color clustering rj to the ri, the j is relabeled as k.
(3) If li � lkj j\d, then merge them and recalculate the parameters.

The progress is ended when any value of li � lj
�� �� is larger than d.

2.2 Color Transfer

2.2.1 Luminance Normalization
Luminance is an important parameter in color matching. The source and the reference
images should have the analogous luminance, which means the luminance histogram
between images should be similar, however, it is usually difficult. Therefore, luminance
normalizes every image to ensure the correct color mapping. The formula is in Formula
(7).

l0ref nð Þ ¼
rlsrc
rlref nð Þ

lref nð Þ � llref nð Þ
� �

þ llsrc ð7Þ

Here, lref nð Þ is the reference pixel’s luminance. llsrc and llref nð Þ are the mean lumi-

nance values of the source and the reference image. rlsrc and rlref nð Þ are the covariance
luminance values of the source and the reference image.

2.2.2 Construct Color Mapping
If the two color clusters are able to establish color mapping, they will have the same
color distribution. Therefore, the color distribution model G qsrcð Þ is used as the initial
parameter. Then color clustering for each reference image. The Formula (8) is similar
to Formula (5)

pi;I pð Þ
ref nð Þ ¼

aip I pð Þjqrefi nð Þ
� �

G qrefi nð Þ
� � þ pi;Xe

refi nð Þ ð8Þ

Here, the initial value of qrefi nð Þ is qsrci , p
i;I pð Þ
ref nð Þ is the probability of the neighborhood

area of I pð Þ belonging to ri. Moreover, pi;I pð Þ
ref nð Þ is similarity of the pixel between the

source and the reference image.
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Formula (8) may construct the mapping that many color clustering areas of the
reference to the same area of the source. Then construct the best color mapping
between the source and reference images as Formula (9)

f srci; refi nð Þð Þ ¼ 1
piref kð Þ

lrefi nð Þ � lsrci

��� ��� ð9Þ

Here, 1� i�K; 1� n�N;N is the number of reference images. lrefi nð Þ and lsrci are
the weighting means of the reference refi nð Þ and the source srci. The smaller the value

of lrefi nð Þ � lsrci

��� ��� is, the more similar between the two areas. piref kð Þ is the probability

density of pixels I pð Þ belonging to the reference.

piref kð Þ ¼
1
T

X
I pð Þ

pi;I pð Þ
ref nð Þ ð10Þ

Here, T is the number of ri of reference.
So, according to Formula (11) can get the best mapping relationship between the

source and the reference.

srci; refið Þ  minff srci; refi nð Þð Þj1� i�K; 1� n�Ng ð11Þ

2.2.3 Pixels Color Transfer
Before pixels color transferring, we should transfer the RGB color space to the lab
color space [13]. That’s because the three components of lab color space have little
correlation.

The gray image only offers the luminance information and the color image offers
the luminance information and the hue information. Therefore, different transfer and
synthesis methods are used for grayscale and color images respectively.

(1) Gray image

Normalize the source and the reference images to M level as Formula (12).

l0 ¼ ceil M � l� lmin
lmax � lmin

� �
ð12Þ

Then calculate the color arefi;k ; brefi;k and mean value larefi;k ; l
b
refi;k

in

m m ¼ 1; 2; . . .;Mð Þ level of the reference, and calculate the mean value llsrci;k . Pixels
based color transfer of gray image is in Formula (13).

lres ¼ lsrc

arefi;k ¼ pi;I pð Þ � larefi;k �
lsrc
llsrci;k
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brefi;k ¼ pi;I pð Þ � lbrefi;k �
lsrc
llsrci;k

ð13Þ

Here, pi;I pð Þ is the probability of I pð Þ belonging to srci.

(2) Color image

Transferring the color components ab first. Then transferring the l component globally
to achieve the luminance consistency. The formula is shown as Formula (14).

ares ¼
XK
i¼1

pi;I pð Þ rarefi
rasrci

asrc � lasrci

� �
þ larefi

 !

bres ¼
XK
i¼1

pi;I pð Þ rbrefi
rbsrci

bsrc � lbsrci

� �
þ lbrefi

 !

lres ¼
rlref
rlsrc

lsrc � llsrc
	 
þ llref ð14Þ

Here, r is the covariance.

3 Result and Analysis

3.1 Results

Figure 1 shows the result of experiments of colorization based on multiple reference
images.

Figure 2 shows the result of experiments of color image transfer based on multiple
reference images.

In color image transfer, this paper compared our result with Reinhard [13] and
Mairéad [12]. The result is shown in Fig. 3 and the data comes from Mairéad [12] and
baidu data.

(a) Reference a (b) Reference b (c) Source (d) Result

Fig. 1. Result of experiments of colorization based on multiple reference images
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(a) Reference a (b) Reference b (c) Source (d) Result

Fig. 2. Result of experiments of color image transfer based on multiple reference images

(a) Reference 

(b) Source

(c) Reinhard’s

(d) Mairéad’s

(e) Ours

Fig. 3. Result with Reinhard and Mairéad
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3.2 Image Quality Assessment

This paper evaluated the image from the subjective and objective quality.
To the subjective quality, 10 groups of images were selected, and 40 people (20

males and 20 females) ages ranging from 17 to 40 years old were evaluated. The results
of each group were divided into two approaches, one was to evaluate the similarity
between the result and the source image on the structure (ss), and the other was the
similarity between the result and the reference image in the color (cs). The degree was
scored from 1.0 (not pleasing) to 5.0 (very pleasing). Then calculated the average of the
two approaches.

To the objective quality, we chose the classic algorithms including SSIM [14] (SS)
and color similarity [15] (CS). Then, this paper defined the comprehensive objective
assessment as Formula (15).

Q Iresð Þ ¼ sigmoid
0
SS res; srcð Þð Þþ sigmoid0 CS res; refð Þð Þ

� �
=2 ð15Þ

Here, sigmoid0 function can be calculated in Formula (16).

sigmoid0 xð Þ ¼ 1
1þ e�x

� 0:5
� �

� 2 ð16Þ

The data of comparing assessment with Reinhard [13] and Tai [11] is in Table 1.

According to the data of Table 1, our subjective index has a better values than
others. Moreover, we can see that the values of structure similarity (SS) and color
similarity(CS) of the proposed method are larger than others, which means the structure
and the color are more similar to the source. The value of Q Iresð Þ denotes the com-
prehensive index of structure and color, our value of Q Iresð Þ is larger than others, which
means our results loss less details and keep more colors.

4 Conclusions

Compared with traditional color transfer methods, multiple reference images enrich the
colors of reference. Simultaneously, richer color references will produce less detail
losing. The paper proposed a multiple reference images color transfer method by

Table 1. The data of quality assessment

Methods Subjective index Objective index
ss cs q(Ires) SS CS Q(Ires)

Reinhard 2.8 2.4 2.6 0.84 2.48 0.6212
Mairéad 4.0 3.4 3.7 0.92 3.15 0.6739
Ours 4.3 4.1 4.15 0.97 3.90 0.7053
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adding a smoothing parameter and changing the merging condition in GMM model and
EM algorithm. Experiments has proved that our results performed better than tradi-
tional methods. However, GMM models cannot fit any kind of color distribution.
Therefore, generalized Gauss model, which can substitute the GMM models, should be
researched further to improve the adaptability of the method.

Acknowledgements. This work was supported by National Natural Science Foundation of
China under Grant Nos. 41671441.
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Abstract. This study aimed to investigate the cognition of object texture
formation and subjective preference in image evaluation. The relationship
between the addition of noise and the definition of natural objects in digital
photos was studied. Two experiments were designed on the basis of the psy-
chophysical experimental and objective evaluation methods. Psychological
scales were used to quantify the relationship between noise level and image
definition. The results of objective evaluation indicated that the definition of the
digital image gradually deteriorated as noise levels increased. The results of
subjective evaluation revealed that not all observers perceived an improvement
in image definition with the addition of noise.

Keywords: Image noise � Image definition � White Gaussian noise

1 Introduction

Digital photos are comparable with silver halide photographs because the former
contains particle noise that is similar to defects in silver halide film. Some professional
photographers improve the textural quality of digital photos through the deliberate
addition of granular noise. The addition of noise increases the sharpness of rectangular
grating and checkerboard pattern images. Digital image definition deteriorates as the
level of noise added through high-frequency stimulation increases and increases to the
maximum value when noise is added at a certain level through low-frequency stimu-
lation [1].

The feasibility of noise addition to enhance image definition was investigated in
this work. In addition, the type of natural images that can be improved through noise
addition was identified, the noise level that provided the optimal image definition was
obtained and the difference between the objective and subjective evaluation of images
was determined.

White Gaussian noise was used in all experiments. MATLAB was used to add
noise to test images. Then, the mean squared error (MSE) and peak signal-to-noise ratio
(PSNR) of the images were calculated through the traditional objective evaluation
method. Finally, the experimental results were analysed and classified, and the rela-
tionship between image noise and image sharpness was identified.
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2 Experiment

2.1 Selection of Experimental Materials

Two digital photos were selected as experimental materials. Given that most images
taken in actual situations, such as highway images acquired by monitoring cameras, are
blurry, therefore, two blurred images were selected in the experiment (Figs. 1 and 2).

Fig. 1. Landscape image

Fig. 2. Bench surface image

Influence of Image Noise on Digital Photo Definition 251



Both images were converted to greyscale. Greyscale conversion is a basic and
direct spatial image processing method that involves changing the greyscale value of
each pixel in the original image point by point in accordance with a specific trans-
formation relation to improve image quality and clarity. It is also conducted to avoid
the influence of image colour on human vision given that interference from image
colour may reduce the accuracy of experimental results and affect post experimental
analysis. Two images were used in the experiment: a highly detailed image of a
landscape, and a poorly detailed image of the surface of a bench. The landscape and
bench images were classified as high-frequency and low-frequency images,
respectively.

2.2 Applicability of Noise to Images

Common image noises, such as white Gaussian noise, speckle noise, and salt-and-
pepper noise, have specific characteristics. The effects and applicability of various
types of noise on natural images should be considered. The addition of salt-and-pepper
noise to images is unsuitable for enhancing image definition because the appearance of
various light and dark granular dots in the image reduces image quality. Given its
unsuitability, salt-and-pepper noise (shown in Fig. 3) was not applied in the following
experiments.

The addition of white Gaussian noise or speckle noise to images has negligible
effects. Thus, these noise types can be used as experimental noise. White Gaussian
noise was selected for this experiment. White Gaussian noise with standard deviation
values of 5, 10, 15, 20 and 25 were added to the images. These values were selected
because numerous experiments on noise addition have shown that the addition of low
levels of noise did not result in visually discernible differences between two images,

Fig. 3. Salt-and-pepper noise image
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whereas the addition of high levels of noise affected the accuracy of experimental
results. The optimal standard deviation was determined as 5 through numerous
experiments.

The five landscape and bench surface images enhanced using white Gaussian noise
with standard deviation values of 5, 10, 15, 20 and 25 are shown below (Figs. 4 and 5).

2.3 Evaluation Conditions

The images for evaluation were printed on matte photo paper with sizes of 12 cm � 16
cm using an ink jet printer (EPSON L1800). A total of 50 students aged 18–30 years old
were recruited as evaluators. At least 30 of the evaluators should provide valid responses
to reduce error and avoid erroneous conclusions. The images were observed under a
fluorescent lamp (D50) with high colour-rendering properties of up to 700 lx and
unlimited observation distance.

Standard deviation = 5 Standard deviation = 10 Standard deviation =

Standard deviation = 20 Standard deviation = 25

Fig. 4. Landscape images enhanced using white Gaussian noise with standard deviations of 5,
10, 15, 20 and 25

Fig. 5. Bench surface images enhanced using white Gaussian noise with standard deviations of
5, 10, 15, 20 and 25 (from left to right)
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2.4 Psychometric Scaling Method for Scale Ranking

The psychometric scaling method is a scalar constitution method because it comprises a
sequence of scales [3]. This evaluation method is based on scaling order.

2.5 Evaluation of Image Definition

Methods for the evaluation of image definition include subjective and objective
methods. In subjective evaluation, firstly, some original images are used as the standard
image. Then, the sharpness level of the evaluated image is determined through
observation and comparison with the standard image.

Objective evaluation is a mathematical model based on the subjective system of
human vision. This method mainly involves MSE and PSNR, which represent the
comprehensive analytical error of a whole image.

2.5.1 Subjective Evaluation
To ensure the accuracy of the experiment, the original image of the landscape was
mixed with five images enhanced using different noise levels and presented in a ran-
dom sequence.

When the observer could not differentiate the original image from the processed
images, the six images were sorted by sharpness. Then, the sensory order of each
observer was recorded, and the evaluator was asked to state their observations.

2.5.2 Objective Evaluation
In this work, the traditional method, which is based on MSE and PSNR, was selected to
evaluate image sharpness [2].

3 Results and Discussion

3.1 Results

3.1.1 Results for Landscape Images
To facilitate data processing, 1 was used to represent the original image, and 2, 3, 4, 5
and 6 were used to represent the images enhanced using white Gaussian noise with
standard deviations of 5, 10, 15, 20 and 25. Data were plotted as histograms as shown
in Fig. 6. The abscissa represents images 1 to 6, and the ordinate indicates the scores
obtained by the images (Table 1).

Images 5/0, 10/0, 15/0, 20/0 and 25/0 are images that had been enhanced using
noise with standard deviations of 5, 10, 15, 20 and 25. The latter data are the PSNR
values.

3.1.2 Results for Bench Surface Images
See Fig. 7 and Table 2.
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Fig. 6. Scores for landscape images

Table 1. Results for the objective evaluation of landscape images

Noise-added image/original image PSNR value

5/0 35.6748
10/0 28.5491
15/0 24.0886
20/0 21.4701
25/0 19.6649

Fig. 7. Scores for bench surface images
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3.1.3 Analysis of Experimental Data
The landscape and bench surface images represent two types of images. The landscape
images represent images with high frequency and detail. The bench surface images
represent images with low frequency and detail. The small difference between the two
experimental results indicates that the image enhancement approach studied in this
work is applicable to high- and low-frequency images. Therefore, only the data for the
landscape images were analysed.

The weighted average for the subjective evaluation scores shows that images 2 and
3 images are clearer than the original image. Most of the evaluators stated that they
could distinguish object outlines from other details. The other evaluators stated that
when viewed from a distance, images with added noise were more discernible than
images without added noise. Some evaluators were unable to identify differences
between the images.

The results of objective evaluation show that as the noise level increases, the
severity of image distortion increases. Specifically, image definition deteriorates as
noise level increases. This result shows that the subjective and objective evaluation
methods provide different results.

The results of subjective evaluation are highly valuable and suitable for repre-
senting human visual experience. The results of this method, however, are dependent
on the state of the observer, the type of the image and the conditions of the observation
environment. Thus, it provides highly variable results with poor stability and requires a
complex evaluation process. Although the objective method is simple and convenient,
its results fail to represent human visual experience. This characteristic differentiates
objective evaluation from subjective evaluation.

3.2 Effect of Image Noise on Image Sharpness

White Gaussian noise was added to high- and low-frequency images, and image
sharpness was then evaluated through combined subjective and objective evaluation
methods. The results of objective evaluation show that increased noise can reduce
image sharpness, whereas those of subjective evaluation indicate that the human eye
mainly focuses on regions with deep shading. Therefore, the addition of noise is
equivalent to deepening the shading of image outlines and improves image clarity.
Increasing noise levels sharpens image texture but decreases image sharpness. The

Table 2. Results for the objective evaluation of bench surface images

Noise-added image/original image PSNR value

5/0 36.8758
10/0 28.5452
15/0 24.0706
20/0 21.5010
25/0 19.7668
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addition of noise with the standard deviation of 10 provides the optimal result and the
ideal visually observable effect. Image sharpness appears to have improved when noise
is applied to image texture.

4 Conclusions

This study aimed to investigate the effect of image noise on the definition of digital
images. Representative natural images were selected as research materials. White
Gaussian noise was added to the test images through various methods by using
MATLAB. Then, the processed images were printed for subjective and objective
evaluation.

The following conclusions were drawn:

(1) The results of objective evaluation show that the addition of high noise levels
decreased image definition.

(2) The results of subjective evaluation indicate that most evaluators believed that
images enhanced using noise with the standard deviation of 10 are clearer than the
original image.

(3) The comparison of the subjective and objective evaluation results indicates that
increasing image noise increased the clarity of the image outline or texture.
Evaluators stated that the sharpness of the image appears to have increased when
they focused on the outlines of the whole image.

(4) Traditional objective evaluation methods for image quality depend on MSE and
PSNR and can only be used to evaluate the distortion of an image relative to that
of the original image. It is not a professional evaluation method for image
sharpness and provides results that differ from those provided by subjective
evaluation.

Acknowledgements. This study is funded by the Science and Technology Innovation Project of
Xi’an University of Technology (2016CX032).
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Abstract. In order to effectively eliminate the random noise in the noise image,
based on the principle of Canny operator, an adaptive median filter is used to
optimize, and an improved wavelet domain image denoising algorithm is pro-
posed. The algorithm divides the noise image by wavelet decomposition into an
approximate component for adaptive Wiener filtering, the detail component is
extracted by the Canny operator based on the adaptive median filter, and the
processed components are reconstructed to obtain the denoised image. The
simulation results show that the proposed algorithm performs well in the random
noise, and the PSNR value is greater than 24 dB. In this paper, the PSNR of the
noise of the random noise is higher than that of other algorithms, and the
maximum is about 12 dB, which verifies the effectiveness of the algorithm.
The improved wavelet domain image denoising algorithm can remove the
random noise of the image, which is a kind of excellent denoising algorithm.

Keywords: Wavelet transform � Wiener filter canny operator � Image
denoising

1 Introduction

With the development of the denoising technology in images, lots of algorithms rose,
which brings prepress profits? Imaging process was influenced by such as environment,
device quality and signal interference, etc. [1–3]. The noising pollution is very random
that cannot be defined by the single-model [4, 5]. Li [6] put forward a blind source
separation denoising algorithm based on convex hull optimization. However, this
algorithm cannot remove the multiplicative noise. Zhou [7] mentioned the definition of
special packet filter, which can denoise by groups with 3r theory to aim to delete the
Gaussian noise and impulse noise. But the time complexity is too high, and there is no
way to delete the other noise.

The test showed this was better than other traditional algorithm, still existed
impulse noise. In this paper, an improved wavelet domain image denoising algorithm is
proposed by optimizing the adaptive median filter based on the principle of Canny
operator.

© Springer Nature Singapore Pte Ltd. 2019
P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_36

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_36&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_36&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_36&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_36


1.1 Improved Canny Operator

In the traditional canny operator, the variance sigma r of 2D Gauss function G(x, y)
need to be set by manual. By Gauss filtering template and image convolution operator,
smooth image noise achieved denoising, but the convolution operation is easy to
damage the image edge information, which caused image distortion by fuzzy. And
Gauss filter is applied to eliminate. In this paper, an adaptive median filter is used to
improve the Canny operator, which can automatically eliminate the random noise and
extract the edge of the image under the premise of protecting the edge information of
the image.

1.2 Adaptive Median Filter Algorithm

Adaptive median filter algorithm is adaptive to two points. First, the filter window
changes dynamically with the different noise density. Secondly, different processing
strategies are adopted for image noise and real information, that is, keeping the real
information unchanged, and filtering the noise. (1) Assuming that the size of the image
is M * N, the pixel points at (x, y) are f(x, y), and the current window size is W(x, y),
and Wmax is the maximum allowed window. The gray value of all pixels in the current
window size W(x, y) can be sorted by size ascending order, and the minimum gray
value Fmin, median fmed and maximum Fmax can be easily obtained. The specific
implementation steps of adaptive median filtering algorithm is as follows: if Fmin <
fmed < Fmax, transfer to the third steps above, then jump, otherwise it will increase the
window W(x, y) size; (2) if W(x, y) < Wmax, jump to the above first steps, otherwise,
output f(x, y); (3) if Fmin(x, y) < f (x, y) < fmax, output f (x, y), or fmed is the result. The
specific flow chart of the adaptive median filtering algorithm is as Fig. 1.

2 An Improved Wavelet Image Denoising Algorithm

2.1 Enhanced Wavelet Imaging Denoising Algorithm

The approximate components obtained from image wavelet decomposition occupying a
relatively large percentage of the original image information and have good robustness,
while the detail component occupies less percentage of the original image information
which showed the edge information and poor robustness of the image. Therefore,
Wiener filtering for approximate components can not only remove noise but also
protect low-frequency information effectively. However, filter details components
directly will destroy image texture information due to convolution and cause edge
information distortion. The improved Canny operator can automatically eliminate the
random noise of images, and can extract edges under the premise of protecting the edge
information of images. The improved Canny operator is used to extract the edge of the
detail component after wavelet decomposition, and to eliminate the random noise
distributed at high frequency. Finally, the wavelet reconstruction of the approximate
component and the detail component after processing is reconstructed to restore the
image to complete the image denoising. The improved wavelet domain image
denoising algorithm flow as shown in the following Fig. 2.
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3 Experimental and Analysis

This experiment selects the Matlab2009a software platform and simulates on the 32 bit
Windows 7 operating system. The image with JPG format is chosen, and the pixel as
the standard Lena images of 512 * 512. PSNR [8–10] is selected as the evaluation
index of de-noising effect (Fig. 3).

(1) Gauss noise, salt and pepper noise, multiplicative noise and Poisson noise are
common random noises in digital images. Simulation experiments will be designed
based on these four kinds of noise. The experimental image with random noise of

Fig. 1. Flow chart of adaptive median filter
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Fig. 2. Algorithm flow chart
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variance 0.01 is added to control variable. The algorithm is used to de-noising the
noisy image to get the denoising result, as shown in the Fig. 4.

Under the same variables, Wiener filtering algorithm, soft threshold, hard threshold
filtering algorithm, document and literature [11] denoising algorithm, five groups of
denoising algorithms were established to contrast group, and then compare the
denoised data with the algorithm in this paper. The PSNR results are shown in the
following Table 1.

Fig. 3. Test image

(a) Salt and pepper noise (b) Gauss noise  (c) multiplicative noise   (d) Poisson noise

(e) Result (Salt and pepper) (f) Result (Gauss) (g) Result (multiplicative) (h) Result (Poisson noise)

Fig. 4. Comparison of images before and after random noise pollution
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According to the experimental data, the algorithm is used to denoise the experi-
mental images with random noises. The PSNR values of denoising results are all less
than 32.2654 dB, which satisfies the visual quality requirements of digital images. The
experimental results showed that the PSNR value of the algorithm was 32.2654–
34.5306 dB, the maximum value was higher than 12.1943 dB, and the effect is better.

(2) The randomness of noise in practical applications is also reflected in the situation
that random noise probably mixed together. The random noise of the variance 0.01
is mixed with control variable, the algorithm and the contrast algorithm are used to
carry out the denoising experiment. The PSNR results are shown as shown in
Table 2.

According to the experimental data, the algorithm performs denoising on experi-
mental images containing random mixed noise, and the PSNR values of denoising
results are all less than 29.1434 dB, which satisfies the visual quality requirements of
digital images. The experimental results showed that the PSNR value of the algorithm
was 29.4134–31.4486 dB, the maximum value was higher than 12.2237 dB, and the
effect was better.

(3) In the real applications, the random noise of the noise is also reflected in the
variance of the random noise. Adding random noise of 0.01, 0.03, 0.05, 0.10, 0.30,
0.50 to the experimental images to control variables respectively. The algorithm is
applied to the experiment, and the PSNR results are shown in the following
Table 3.

From the experimental data, we can see that using this algorithm to remove the
random variance in the image, the random result is better. The PSNR value of the
objective index is not less than 24.2561 dB, the range is 24.2561–34.5306 dB, which
achieves the visual quality requirement, and the denoising effect is obvious and
effective.

Table 1. Comparative experimental results

Salt and pepper
noise

Gauss
noise

Multiplicative
noise

Poisson

Wiener filtering 25.8402 27.6568 30.4640 30.9075
Soft threshold
filtering

26.2593 29.8420 29.5665 29.9814

Hard threshold
filtering

25.6106 20.0711 25.7180 27.2990

Ref. [12] 26.5006 23.8749 28.7145 30.7219
Ref. [11] 32.8345 30.6295 31.6750 31.8362
Improved algorithm 34.5306 32.2654 33.6597 34.5303
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4 Conclusions

Based on the randomness of digital image of noise pollution and, single model cannot
define the characteristics. we propose an improved image denoising algorithm in
wavelet domain by using adaptive median filter to optimize with the principle of Canny
operator. The comparison experiment results of different control variables showed that
the algorithm was superior to the common random noise removal effect, the objective
evaluation index PSNR is also greater than 24 dB, and the denoising effect is efficient.
Compared to Wiener filter algorithm, soft threshold and hard threshold filtering algo-
rithm, this algorithm in this paper to random noise values results PSNR were higher
than the other algorithms with the highest 12 dB, verify the validity and superiority of
this algorithm.

Acknowledgements. The paper is supported by Key Laboratory of National Press and Publi-
cation Administration: Green Platemaking and Standardization for Flexography Printing.
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Abstract. With the popularization of face recognition technology, the demand
for the accuracy of face recognition has greatly increased. In the face image
acquisition, the low illumination environment has a significant effect on the
quality of human face images. Face images are susceptible to many factors such
as image background, brightness, and image noise. This leads to many problems
such as low detection rate of face recognition and the decline of recognition
accuracy. In this paper, we take the face images under low illumination con-
dition as a sample and present an adaptive algorithm based on the OTSU seg-
mentation algorithm, which realizes the self-adaptation image acquisition under
low illumination condition. By using the Adaboost classification detector to
verify low-light face images before and after processing, the model we used in
this paper successfully improved the accuracy of face detection.

Keywords: Low illumination condition � Self-adaptation � Face recognition �
OTSU segmentation algorithm � Adaboost classification detector

1 Introduction

Since the 1970s, face recognition technology has evolved from initial face recognition
and video coding system development, face detection applications based on image
features, to face change descriptions based on principal component analysis (PCA) [1],
hidden Markov model (HMM) [2]. Recently, new face recognition technologies such
as classifier design and training based on neural networks (NN), support vector
machines (SVM), and Boosting [3] methods have emerged. However, face recognition
accuracy and detection rate are still not high under low illumination.

The low illumination image has the characteristics of narrow grayscale range, fuzzy
gray level change, and high spatial correlation of adjacent pixels, which restricts image
recognition. These characteristics lead to low efficiency on face recognition in a low
illumination environment. In this paper, an improved face recognition algorithm based
on OTSU segmentation is proposed. The proposed algorithm effectively solved the
problem of incomplete information on low-illumination face images, and effectively
improved the accuracy of face recognition under low illumination.
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P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_37&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_37&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_37&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_37


2 Related Algorithm

2.1 OTSU

The OTSU algorithm [4] is an optimal algorithm for threshold selection of image
segmentation, which is simple in calculation, free from the effects of image brightness
and contrast, and widely used. It divides the threshold parameters by measuring the
variance of gray distribution uniformity, and splits the image into two parts, back-
ground and foreground, according to the gray characteristic of image. If the variance
between background and foreground is large, the probability of misclassification is low.

2.2 Adaboost

AdaBoost [5] (Adaptive Boosting) algorithm learnt a series of weak classifiers from
training data, and it combines them into a strong classifier. It uses the matrix feature of
learning the input image through weak classifier training, called Haar [6] feature, to
find out the feature number and the feature value. And then it generates a strong
classifier to identify face samples by iterating. A training data set of binary classifi-
cation is defined as follow:

T ¼ x1; y1ð Þ; x2; y2ð Þ; . . .; xN ; yNð Þf g ð1Þ

Each sample point consists of instances v and labels � , where the range of x is
xi 2 v�Rn and the range of y is yi 2 � ¼ �1; þ 1f g. v is the instance space and � is
the label set. When a strong classifier detects an image, all weak classifiers will vote for
instance xi and the error rate is weighted by the label yi to calculate the sample
confidence.

3 Face Grayscale Correction Based on OTSU Segmentation

In this paper, to solve the poor correction effects of traditional methods in low illu-
mination image processing, a preprocessing algorithm is proposed to calculate the
threshold value t of the image brightness and darkness interval using the OTSU seg-
mentation algorithm, where the value of t is determined by the gray distribution. The
image preprocessing process is shown in Fig. 1.

3.1 Face Gray Segmentation Based on OTSU Algorithm

The grayscale range of the input image f is [0, 255]. ni is the number of pixels when the
grayscale is i. N ¼P255

i¼0 ni is the sum of all pixels. pi ¼ ni=N is the probability of each

grayscale and
P255

i¼0 pi ¼ 1. The grayscale range is divided into two parts (denoted as c0
and c1), light and dark, with the gray value t as a threshold where the range of c0 is [0,
t] and the range of c1 is [t, 255]. The average grayscale of c0 and c1 are calculated as
follows:
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u0 ¼
Pt�1

i¼0 ipi
p0

¼ u Tð Þ
p0

ð2Þ

u1 ¼
P255

i¼t ipi
p0

¼ u� u Tð Þ
p0

ð3Þ

u is the average grayscale of image f :

u ¼
X255
i¼t

ipi ¼ p0u0þ p1u1 ð4Þ

The total variance of c0 and c1 is defined as:

r2 ¼ p0 � u0 � uð Þ2þ p1 � u1 � uð Þ2 ð5Þ

The OTSU segmentation algorithm is used for recursive operations n times, where
ti are the different thresholds obtained each time, and t is taken from [0, 255] in order.
When the value of is the largest,ti is the most suitable segmentation threshold.

Because the difference value of the gray level of the image captured in the low
illumination environment is lower than the image captured in the normal environment,
while using the OUST method to perform the gray division, the storage method of the
binary sort tree is used in this paper to optimize the storage of the threshold ti A binary-
ordered tree can traverse to a possibly appropriate ti, to obtain a suitable ti value by
comparing the left and the right subtrees, thereby reducing more than half traversal time
ti and improving the calculation query speed.

3.2 Adaptive Gamma Correction Algorithm

This paper presents an adaptive gamma correction algorithm for the characteristics of
the images captured in the low illumination environment. The algorithm is imple-
mented through two steps of sample training and feature matching. The sample training
is assign different gamma values to the images in the standard library, then block

Fig. 1. Image preprocessing process
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training, extract their light characteristics. Feature matching is match the illumination
characteristics of each block of the image to be processed with the illumination
characteristics obtained from the training of the sample, so as to determine the optimal
gamma value of each block in the image, and then carry out gamma correction in each
region. The c value is initialized as follows:

c ¼ tiþ 1

ti
ð6Þ

where ti denotes the corresponding threshold stored in the leftmost leaf node of the
binary tree, and tiþ 1 denotes the corresponding threshold stored by the sibling node of
the leftmost leaf node in the binary tree. After finding the optimal c value of the region
by iterating, the mean-value filtering of the Gamma matrix is used to reduce the
difference of grayscale in different regions, so that the final image has better visual
effects after correction.

4 Adaboost Face Detection Based on Haar-Like Features

4.1 Classifier Model

After using adaptive gamma values to preprocess low-illumination images, Adaboost
face detection [5] based on Haar-like features [6] is used to perform feature selection,
training and classifier construction for low-illumination images. Haar-like features
mainly have some features such as borders, thin lines, and diagonal lines. The Ada-
boost training classifier model is shown as follow (Fig. 2):

4.2 Adaboost Training Classifier Process

The classifier and Haar-like spatial features are used to calculate the eigenvalues and
the latest classification thresholds of the Haar-like features on the positive and negative

Fig. 2. A diagram showing the outline of the algorithm of classifier
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samples to obtain the weight values of the best recognition effect. The Adaboost
process is shown as follows:

(1) Acquire the sample image ðx1; y1Þ; . . .; ðxn; ynÞ where yi ¼ 0 denotes negative
samples and yi ¼ 1 denotes positive samples.

(2) Weights wt and wj are initialized as wt;j ¼ 1=2m; 1=2l where m and l are the
number of positive and negative samples.

(3) When t = 1, …, T, the steps of training are summarized in the following:

① Update weight wt;j  wt;jPn

j¼1 wt;j
.

② Calculate the classifier error by ej ¼
P
i
wi hj xið Þ � yi
�� �� where j is the feature

index and hj is the corresponding classifier.
③ Select the smallest j for obtaining the optimal classifier ht and smallest et.
④ When xi is correctly classified by ht, the weight wtþ 1;i is updated by

wtþ 1;i ¼ wt;ib
1�ei
t ; ei ¼ 0. Otherwise, update bt using bt ¼ et

1�et.
⑤ Final strong classifier h(x) is defined as follow:

h xð Þ 1
PT
t¼1

log 1
bt
ht xð Þ� 1

2

PT
t¼1

at

0 otherwise

8<
: ð7Þ

5 Experimental Results and Analysis

5.1 Comparison of Visual Effects of Images

In order to verify the effectiveness of face gray Segmentation based on OTSU algo-
rithm in low illumination, the experiments were carried out using low illumination
images of different light levels in the Yale B face database (image size: 168 * 192) and
the CMU-PIE face database (image size: 64 * 64) and the face images collected in this
study. Each light image was processed using the original Gamma correction and the
modified OUST-based Gamma correction. The comparison test results are shown in
Fig. 3.

From Fig. 3 we can see that the image preprocessing method proposed in this paper
has better recognition performance. The experimental results obtained by the Gamma
correction method in the literature [4] are overall bright, the accuracy of the face
recognition is not high. The improved gamma algorithm proposed in this paper sig-
nificantly improved the lighting effect of the image and retains the contrast information
of the image, thereby improving the effectiveness of face detection.
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5.2 Comparison of Image Quality Parameters

The image’s signal-to-noise ratio (SNR), mean squared error (MSE) and gray average
gradient (GMG) are used to compare the visual effects and the image quality. The
accuracy of face detection is tested by Adaboost (Table 1).

From Table 1, we can see that the OTSU segmentation gamma correction algo-
rithm proposed in this paper has better performance than the traditional gamma cor-
rection algorithm. It not only effectively improved the image quality under low
illumination, but also preserved the image information as much as possible, which also
avoided the local distortion of the image. After Adaboost feature detecting, it has been
proved that the matching of image feature points processed by this algorithm is more
accurate.

Fig. 3. Comparison of different image processing effects
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6 Conclusions

Experimental results show that the OTSU segmentation algorithm proposed in this
paper solved the problems of traditional segmentation, improved image illumination,
enhanced image quality, image visual effects and face recognition accuracy. Verifi-
cation was performed using the Adaboost classifier to detect feature points. However,
there are still some problems that need to be further improved in terms of memory
resource usage and calculation time.
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Image source Approach Image quality evaluation Feature points
SNR MSE GMG Windows 24 * 24

Yale B Tradition c 8.389 3.147e+03 2.539 164,567
Improved c 21.744 57.821 3.006 176,543

CMU-PIE Tradition c 7.137 3.399e+03 6.167 85,356
Improved c 19.746 64.712 5.504 91,234

Shoot by self Tradition c 12.563 3.564e+03 2.846 123,345
Improved c 20.100 71.993 3.403 134,568
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Abstract. Under the condition of naked eye observation, the micro-lens array
could achieve 3D image effect with 360° panoramic depth, which made them an
important developing direction of 3D printing technology. Currently, the orig-
inal images of micro-lens 3D printing technology, designed by micrographics
array and printed with spot-color, had the characteristics of poor 3D imaging
effect, single color as well as gradation. In order to obtain excellent imaging
effect, rich gradation, and colorful image, the method of 3D printing color image
processing combined with micrographics arrays was proposed based on the
micrographics array processing technology. Specifically, both of SPMG model
and MG4CP model were constructed with combination of micrographics and
color images, and the experimental scheme and process were designed. Then the
original color images were screened with ordinary process, SPMG model and
MG4CP model, respectively. The effects of original images were compared, and
the feasibility of the two models was verified. The results showed that the
MG4CP model had more advantages in image processing, effects reproduction,
and printing.

Keywords: Micrographics array � Micro-lens array � 3D printing � Image
processing � Moire

1 Introduction

Micro-lens arrays have both horizontal and vertical parallax in stereo display and can
present 3D image effect in the range of 360° under the condition of naked eye
observation, which avoids the image jumping and vertigo caused in the process of
cylindrical grating 3D imaging. At present, the original stereo images of micro-lens
array 3D printing are mainly carried out through spot-color printing or monochromatic
micrographic arrays, which have the shortcoming of poor 3D imaging effects, toneless
color and single form after imaging. Furthermore, in conjunction with the abundant
gradual color images, the reproduction effect of the original images is not soft.
According to the situation, the color separation and combination modes with
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micrographics were studied through the integration of processing technologies of
micrographics with color image separation and screening technologies. Two kinds of
color separation and screening models (SPMG and MG4CP) were put forward and to
be used in the original color images of micro-lens 3D printing, by which the color
micrographics arrays were achieved and the quality of micrographic arrays in combi-
nation with color image was promoted obviously [1, 2].

2 Micro-lens and Micrographics Array Technologies

2.1 Micro-lens Arrays

Micro-lens array refers to the lens array formed by periodic arrangement of tiny lenses
between 10 and 1000 um in diameter on a plane. The micro-lens units mainly consist
of square lens, circular lens or regular hexagon lens. The lens array is formed by
orthogonal or cellular arrangement during periodic arrangement. The arrangement
period of lens array will directly determine the arrangement period of micrographics
array with 3D printing [3, 4] (Fig. 1).

2.2 Micrographics Arrays

Micrographics, the smallest units of 3D images in the 3D printing of micro-lens, are
usually in the form of letters, numbers, figures, symbols, etc. According to the
arrangements, cycles, and sizes of the micro-lens arrays, the parameters of micro-
graphics units including size, arrangements, and cycles are designed. And the files of
micrographics arrays for 3D printing are made by graphic design soft-wares [5]
(Fig. 2).

2.3 3D Imaging Principle of Micro-lens Arrays

3D printing of micro-lens arrays, one of the important 3D display technologies with
naked eye, is based on the integrated imaging technology and Moire magnification
theories. Through the superposition of micro-lens arrays and micrographics, the
enlarged Moire patterns in combination with micrographics arrays are formed. And

Square micro-lens 
orthogonal array

Circular micro-lens
orthogonal array

Circular micro-lens
honeycomb array

Regular hexagonal 
micro-lens 

honeycomb array

Fig. 1. Schematic diagram of micro-lens arrays with different shapes

274 Y. Hu et al.



then the 3D image effect with 360° panoramic depth is obtained based on the integrated
imaging theory of micro-lens arrays [6].

The paper mainly pays attention to the design and production of micrographics
arrays when the angle between the micro-lens array and the micrographics array is zero.
At this point, the period T of the enlarged Moire pattern is [7]:

T =
T1T2

T1 � T2j j ð1Þ

where T1 is the permutation period of the micro-lens array, and T2 is the permutation
period of the micrographics array.

3 Modeling of Color Image Processing About Micro-lens 3D
Printing

3.1 Micro-lens 3D Printing

The imaging graphic of micro-lens 3D printing, that is the micrographics arrays and
printed on the soffit of the transparent substrate, can present the 3D effect through the
micro-lens array on the upper surface of the substrate. In combination with color
images which are mainly printed on the upper surface of the transparent substrate,
namely the color images are printed on the top of the micro-lens array. The visual
effects with multiple depths of field and abundant gradation are formed. In order to
print the micro-lens array on the soffit of the substrate together with the color images,
parts of the color images need to be hollowed out and filled with micro-lens array to
form the color images with micro-lens array.

In order not to destroy the design effect of color images, it is of great significant to
combine the micrographics array into color separation files in processes of the color
separation and screening. Two main ways of combination are existed. One is to
overprint the micrographics array directly in the full or part areas of the color images in
the printing process, and the other is to integrate the micrographics array into the color
separation files by the microstructure screening technology before printing in processes

Fig. 2. Schematic diagram of micrographics array A
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of the color separation and screening. The color separation models of the micro-lens 3D
printing color image processing were studied and established taking the letter A as the
micrographics unit based on the above methods.

3.2 Spot-Color Process Micrographics Model (SPMG)

SPMG model refers to the color images with the micrographics are created by over-
printing the color images with the micrographics array which acts as a spot-color. In
order to get a real color reproduction, a similar color with color image is specified
based on the effect of color images. Subsequently, the Neugebauer model is used for
color separation of the images. Then five color separations consisting of the CMYK
four-colors and the spot-color are obtained following the extraction of the spot-color
channel.

The Neugebauer model indicates that the color in each region is the weighted
average of all the base colors in the region, and the weight is the percentage of the area
covered by the base colors. Micrographics units are equal to the dots in printing. The
size of micrographics units has an effect on the dot coverage of the spot-color, further
affects the specified color value and the extraction of the spot-color information. The
theoretical dot coverage areas or dot coverages need to be calculated to get a more
accurate extracted color value of the spot-color according to the micro-pattern array [8].

3.3 Micrographics Four-Color Process Model (MG4CP)

In the MG4CP model, the micrographics unit acts as the dot and the period of
micrographics arrays is equal to the dot spacing in the screening process of the four-
color separation based on conventional four-color separation of the color images. Each
color separation plate is composed of a micrographic array and then half-tone color
separation plates with the micrographic arrays are formed, which can be called
microstructure screen processing. Finally, the color images with the micrographic
arrays are obtained after overprinting [9, 10].

In the process of microstructure screening, the halftone screening of the images can
be carried out by constructing a threshold matrix. The setting and arrangement of
matrix elements is of great importance. After constructing a matrix template capable of
0–256 grayscales, the dot shape of the micrographic elements is taken as the
arrangement baseline, the matrix elements are set along the baseline trend, and the
perimeter of the dot boundary is controlled to reduce dot expansion [11]. The grid
design of m * n threshold matrix, the minimum unit in the micrographics array, is
shown in Fig. 3.
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4 Simulation Sampling Experiment and Quality Evaluation

4.1 Experimental Scheme and Procedure

In order to compare the color reproduction effects of the color images, an original color
image is screened with ordinary process (the control group), SPMG model and MG4CP
model, respectively. The experimental process is shown in Fig. 4.

Fig. 3. Schematic diagram of the grid design of m * n threshold matrix

Color image

SPMG model screening MG4CP model screening 

Matched group screening

Simulative proofing 

AM circular dot 

Image reduction analysis

3D effect analysis

Fig. 4. The experimental flow chart
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4.2 Screening Processing of Color Images

Lena, a classical digital image, is selected as the experimental object for screening and
is shown in Fig. 5. The size of the image is 40 * 40 mm and the resolution is 300 dpi.

In the paper, the micro-lens array material with a period of T1 = 0.12 mm and a
radius of r = 0.04 mm are used as experimental data sources. The arrangement
structure and parameters of the material are shown in Fig. 6. The distance d between
two virtual lines can be equivalent to the distance between two adjacent dots in printing
and screening in the figure. According to the Pythagorean Theorem, d is equivalent to
244 lpi. The letter A is selected as a micrographics element and the array is conducted
according to 0.117 mm (T2) of the period. Similarly, it can be seen that the equivalent
screening lines in A micrographics array is 251 lpi. In order to minimize the effect of
the screening lines on the image reproduction, 250 lpi are used for four-color plates
(CMYK) in the control group and the SPMG model.

Fig. 5. The original color image (Lena)

Fig. 6. Structure and parameters of the micro-lens array
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In the control group, the 5080 dpi of output precision and the 250 lpi of amplitude
modulation (AM) screening are adopted. The screening angles including 18°, 72°, 90°,
and 45° are applied for the C, M, Y, and K plates, respectively. The size of the image is
consistent with the original image after screening. The screening effect in the control
group is shown in Fig. 7.

In the SPMG model, the 5080 dpi of output precision and the 250 lpi of amplitude
modulation screening are adopted. The screening angles including 18°, 72°, 90°, and
45° are applied for the C, M, Y, and K plates, respectively. The spot-color plate with
the micrographics array is full point printing, and the screening angle can be arbitrary
because that it has no obvious influence on the pattern effects. The micrographics array
consisting of letter A is conducted based on 0.117 mm of the period and 45° of the
screening angle. The size of the image is consistent with the original image after
screening. The screening effect in the SPMG model is shown in Fig. 8.

In the MG4CP model, the 5080 dpi of output precision is adopted. The four-color
plates adopt the same micrographics array consisting of letter A which is conducted
based on 0.117 mm of the period and 45° of the screening angle. The size of the image
is consistent with the original image after screening. The screening effect in the
MG4CP model is shown in Fig. 9.

Fig. 7. The effect of normal four-color separation and screening
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Fig. 8. The color separation and screening effect with SPMG model

Fig. 9. The color separation and screening effect with MG4CP model
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4.3 Performance Comparison of Image Processing Between the Two
Models

The corresponding halftone images are obtained after screening with ordinary process,
SPMG model and MG4CP model, respectively. The original image as well as the
screening effects with MG4CP, AM, and SPMG model are shown in Fig. 10. It can be
seen that the half-tone image effect with the MG4CP model is closer to the original
image than others.

The SPMG model takes up less memory in the processes of color separation and
screening, and can easily generate uniform 3D patterns. The spot-color information in
the color image can be extracted following the determination of the micrographics
elements and array. However, the color image with the 3D micrographics array is
heavier than the original image, and the color reproduction difference between the two
images is obvious. Therefore, the model is not applicable for the products with high
requirements in reproduction. Furthermore, the five-color printing inevitably raises
costs. Comparatively, MG4CP model, with a complicated process, takes up more
memory in the processes of color separation and screening, and the threshold matrix
cannot be changed after determination. But the obtained color image with excellent

Fig. 10. Comparison of the image processing effect with different models
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color reproduction is close to the original image. The 3D patterns can present different
effects in size, color, depth, etc. What’s more, four-color printing can meet the
requirement, which hardly increases the costs.

Both of SPMG model and MG4CP model can be used to realize the combination of
3D micrographics arrays with full-page or local color images in the processes of color
images, and the effects are flexible and changeable.

5 Conclusions

In the 3D printing color image processing of micro-lens, the excellent color separation
was carried out by adopting the spot-color separation and microstructure screening
technology. The color image effects with micro-lens 3D printing, large depth of field,
and 360° stereo effect have been achieved. Furthermore, the feasibility of the two
models was verified. Finally, the image after color separation and screening could
present the features of the original image well and achieve the expected effect.
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Abstract. Digital-analog imaging system which integrate digital imaging and
AgX photographic imaging system are the best means to reproduce and simulate
digital images. The adaptation of digital imaging and photography of AgX is
key to optimizing the image quality of the digital-analog imaging system output.
This paper will use image quality parameters such as MTF (Modulation Transfer
Function), the Wiener spectrum and Gamut. These parameters have been based
on the developed digital image test chart, which includes quality elements such
as density step wedges, color chart, edges in different AgX photosensitive
material. This paper will use these parameters to objectively evaluate the
modulation transfer characteristics, noise, and color reproduction of the digital-
analog imaging system by micro-density measurement methods.

Keywords: Image quality � Digital analog system � MTF � Wienur spectrum

1 Introduction

Still photography has a rich history of technological innovations which date back to the
early 19th century. While digital images have grown in popularity, digital imaging
technology does not replace silver halide (AgX) photography. Digital imaging tech-
nology and AgX photography have mutually integrated to form an advanced-imaging
system—the digital-analog imaging system.

Digital imaging technology has many benefits and is useful for contrast control,
color adjustment, image sharpening, the combination of text, graphic and image, image
defects removal and image masking. Being able to copy, store and transfer digital
images on the internet is also a very convenient feature of the digital system [1].

AgX photography performs better than the digital display of CRT and LED on
many key points such as tone, color reproduction, high-resolution display and a lower
price. Therefore, a combination of the advantages of digital imaging technology and
AgX technology—more specifically, the integration of digital front-end processing and
analog AgX imaging output module of the digital-analog imaging system, is the key to
satisfactory image quality [2].
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2 Description of the Imaging Process of Digital-Analog
Imaging System

To compare the input and output image features, it is good practice to use test patterns
consisting of special image information (such as step wedge, edges and color patches
etc.) as shown in Fig. 1. In short, first expose test patterns of a digital-analog imaging
system on AgX materials, and obtain the photographic visual images after this treat-
ment. In this process, it is necessary to consider the spectral features of imaging
equipment, and the number of pixels and the resolution carefully. It is also important to
consider the image processing speed, storage capacity, file format and the impact of
image compression method [3]. Only by establishing scientific and rational input and
output linkages, and evaluating image quality parameters of each imaging module, can
we get the best image quality evaluation methods and standards.

In this study Konica qd21 image recorder, and digital image were used in con-
junction with one another. The performance of imaging process can be described by a
series of independent physical parameters, such as MTF, Wiener spectrum, the color
gamut and characteristic curve. The most appropriate measure characteristics are
chosen scientifically.

2.1 Modulation Transfer Function

MTF is one of the best ways to evaluate system imaging capability comprehensively.
MTF curves show resolution and contrast information simultaneously allowing a lens
to be evaluated based on the requirements for a specific application. This can be used to
compare the performance of multiple lenses. Used correctly, MTF curves can help
determine if an application is actually feasible [4]. That is in image chain the all links in
the chain are linear processes, MTF of the imaging systems Ms Tð Þ is the product of all
links MTF Mi Tð Þ:

MS Tð Þ ¼ pMi Tð Þ ð1Þ

Therefore, Ms Tð Þ of the entire process of imaging chain is the product of a video
recorder Mf Tð Þ and AgX materials Mp Tð Þ. Therefore, Mf Tð Þ calculated from Ms Tð Þ
and Mp Tð Þ:

Fig. 1. Slant edge was used for input and output image features
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Mf Tð Þ ¼ Ms Tð Þ=Mp Tð Þ ð2Þ

Typically, modulation transfer of imaging recorder and the overall AgX materials
are non-linear, and MTF is related with the density. This requires to consider the use of
linear curve of the region in the MTF calculation, use lower input modulation
parameters (Ms = 0.26–0.62), to reduce the impact of nonlinear aspect.

2.2 Wiener Spectrum

In Wiener spectrum analysis, the Wiener spectrum of the ultimate image Ns Tð Þ is the
sum of the Wiener spectrum of an image recorder Nf Tð Þ and the Wiener spectrum of
AgX materials Np Tð Þ [5]. The main noise of the image recorder is the electronic noise,
the electronic noise transmit to AgX materials converts to scale changes of AgX
material characteristics curve cp and MTF Mp Tð Þ.

Ns Tð Þ ¼ cp2Mp2 Tð ÞNf Tð ÞþNp Tð Þ ð3Þ

Therefore, the Wiener spectrum of the image recorder should be:

Nf Tð Þ ¼ Ns Tð Þ � Np Tð Þ� �
=cp2Mp2 Tð Þ ð4Þ

The scale value and shape of Wiener spectrum vary with the AgX material density.
The graininess of AgX materials r D refers to the root-mean-square (RMS) of the
density change, can be calculated from the scale value of the Wiener space frequency
spectrum N(0). RMS value is relative to its area A.

RMS ¼ 103rD ¼ N 0ð Þ=Að Þ1=2 ð5Þ

2.3 Color Gamut

In a digital-analog imaging system, an image recorder will record RGB in AgX
materials, and uses a spread of a dye-based CMYK hybrid system to reproduce color.
The hue, saturation and brightness of generated color based on this AgX material
system are formed and controlled by computer system. This determines hue, saturation
and brightness of the color imaging in AgX materials, and is also affected by the
photographic processing on ultimate color imaging. The CIE1931 x y system is a very
useful tool and method to reflect the scope of color imaging system.

Gamut refers to the color range the color imaging system can reproduce. This
describes the ability of an imaging system to express the number of colors in color
space under certain conditions [6]. As gamut is not exclusively used in one specific
imaging system (CRT or photo paper), it is suited to comparing the color reproduction
capacity of different imaging systems.
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2.4 Characteristic Curve

In a digital-analog imaging system, there are input and output non-linear features, when
digital information is translated to analog information, and when AgX materials con-
vert optical image information to visual image information. Such nonlinear transfor-
mation relations are characteristic curves [7]. Characteristic curves usually include
linear and nonlinear parts and it is very important to use the linear part of characteristics
curve to ensure correct information transfer of the greatest extent, and to reduce the
impact of nonlinear functions in the transmission of information the imaging system.

3 Experimental Results and Analysis

3.1 Experiment

This study used a Konica qd21 imaging recorder, used in accordance with manufac-
turer’s recommended standards to set film sensitivity, gradient and neutral gray balance
of AgX materials. There was a focus on controlling technical parameters impacting
image quality, including the color reproduction benchmarks determined by the DAC
and exposure controller, the sharpness benchmark determined by resolution, the
focusing system and lens, the noise elimination from the DAC and electron gun, and
color reproduction controlled by exposure spectral characteristics and color filters
(RGB).

We used the Konica qd21 to output at different speeds for color, and black-and-
white test patterns, and compared this with the standard exposure samples (edge MTF
in 0.26–0.62), considering density and graininess, to assess the image quality of the
image recorder. We used the CCD scan-micro-densimeter to measure the micro-density
of two copies using the same treatment conditions, and implements flat field correction
and noise removal and other digital image analysis and corrections. At the same time,
under the higher S/N ratio, we measured the MTF and the Wiener spectrum, and used
the exposure table to get MP(T) and NP(T). To get Ms(T) and Ns(T) from image
recorder exposure, we can get the Mf(T) and Nf(T) that has not been calculated by
formula 2 and 4, and calculate the RMS of the density changes value r D and system
resolution using Wiener spectrum measured from the different densities.

3.2 Results Analysis

Based on the above experiment and calculation, we can get a number of image eval-
uation parameters for Konica qd21, the main parameters are as follows.

3.2.1 MTF
The Mf(T) of the highest resolution of Konica qd21 are smaller than the MP(T)of
photosensitive materials, the resolution on Mf(T) = 0 is 29 L/mm, that is, pixel size is
17 um. When the edge density is about 1.0, the contrast is about 0.26–0.62, the
measure does not impact the Mf(T) of the contrast and density, as shown in Fig. 2. The
high resolution testing image is sharper and close to the quality of photographic film,
but the resolution is 50% lower, the sharpness would be significantly reduced.
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3.2.2 Graininess
In each measuring density, the RMS of density changes of image generated by Konica
qd21 exposure is higher about 15–25% than images generated by the standard exposure
table, as shown in Fig. 3. By comparing Wiener spectrum shapes of two different
exposure methods, found that the reason of the higher RMS is that the Konica qd21
exposure samples have excess noise that the space below the frequency of 30 L/mm,
and has dramatic reduction at T > 10 L/mm and can’t be measured after T > 30 L/mm,
and the noise and frequency space are as same as the MTF.

3.2.3 Gamut
According to analysis of the color gamut the in CIE1931 x y, the key parameters of the
Konica qd21’s system was set, including the brightness, gamma, and gray balance [8].
The only way to maximize the elimination of gamut difference between electronic
media generated images and the actual images, and to reduce the color difference of
main color, was by adjusting the parameters according to the characteristics of different
AgX materials. This was the only way to get an acceptable color reproduction.

4 Conclusions

In this study objective image quality evaluation methods, such as MTF and Wiener
spectrum measurement, have applied to digital-analog imaging system which combines
AgX imaging and electronic imaging successfully. This study used the imaging quality
parameters of each module of the digital-analog imaging system by comparing these
two different methods of imaging functions between the standard model and digital-
analog imaging system. The study used an analysis of the constraint relationship of the
Konica qd21 image resolution and pixel size to construct the testing method of pho-
tosensitive materials color characteristics using the control method of color
reproduction.

0
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0.26 0.62 0

Edge density

Fig. 2. Modulation transfer function

0

50

0%

50% Exposure

Fig. 3. Changes generated by Konica qd21
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Experimental results show that the application of MTF, Wiener spectrum and color
gamut can be used to evaluate the characteristics of a digital-analog imaging system,
which can help to optimize the match between the associated system components, in
order to get the best quality image.
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Abstract. With the aim of coloring old black and white photos, medical image
illustrations, and classic movies, the gray-scale image colorization methods are
used to assign color information to grayscale image. Color space, as the basis of
quantitative color information, plays an important role in the gray-scale image
colorization. In this paper, the different color spaces—Lab, Luv, YCrCb, YIQ
used in the grayscale image colorization are analyzed. Two classical automatic
colorization methods, Welsh approach and Gupta approach, are carried out in
those color spaces. Different performances are observed in such color spaces
when using the two colorization methods. In Welsh approach, the transfer result
depends on the luminance information of reference image. Since the process of
Gupta approach is on the purpose of propagating color information using the
least-squares optimization method, the result shows limited relevance to the
reference image luminance. The experimental results demonstrate that YCrCb
and YIQ have better performance in texture similarity than Lab and LUV at both
color transfer methods. LUV presents the worst performance for most of the
images when applying color migration. The optimal results are obtained based
on YCrCb and YIQ in Welsh approach. While, it is observed that Gupta method
has limited effect on the colorization results.

Keywords: Colorization � Color space � Grayscale image

1 Introduction

Color is defined as a subjective feeling of human, which is produced by the visual
nervous system when the retina perceives a variety of wavelengths of light. Color
space, as a model of quantitative representation of color, is widely used in various
fields of image processing, including image clustering and segmentation. Reinhard
summarized the color space currently used in color processing [1, 2], including Lab,
LUV, YUV, PCA-specific color space, RGB, and XYZ. Variety of color transfer
methods have been proposed, targeting at the color space applications. As a special
case of color transfer, grayscale image colorization has gained significant attentions in
the literature.

Grayscale image colorization is applied in many fields such as image processing in
medical (colorization of medical imaging and X-ray scanning), industrial, and movie
fields. The purpose of colorization is to obtain the color information from the original
image which only has luminance information and generate the result image with a
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certain degree of confidence. To achieve this goal, the process of color transfers often
chooses color space that the luminance and chrominance can be coordinated without
interfering each other. Welsh proposed a method based on Lab color space [3], by
changing the value of a, b of grayscale image to achieve colorization. In addition, other
color spaces are applied to the existing colorization methods. Levin’s method based on
human intervention uses YUV color space [4], and Cheng uses neural network
implementation under LUV color space [5]. All of them have the same characteristic,
that is, in such a luminance-chrominance opposite color space.

Although such color spaces have been widely used in all kinds of color processing
work, few researchers have analyzed the effect of color spaces for colorization.
According to the CIE standards, the luminance-chrominance independent color space
has great difference in all aspects. The purpose of this paper is to analyze the influence
of different color spaces in the colorization. In this paper, Welsh’s and Gupta’s [6]
methods are selected to compare the performance under lab, LUV, YCrCb and YIQ
color spaces, and the quality evaluation method is used to evaluate the effect of col-
orization. The results show that Welsh’s and Gupta’s methods based on reference
image adjusts the color components of the initial false color image with a uniform
conversion, in linear or non-linear ways respectively. This process can benefit from the
correlation between the channels, which is much higher in YCrCb and YIQ space.
Therefore, YCrCb and YIQ have better performance in texture similarity than Lab and
LUV for both color transfer methods. LUV presents the worst performance for most of
the images at color migration. The optimal results are obtained using YCrCb and YIQ
spaces in Welsh approach. The choice of color space has limited effect on the col-
orization results at Gupta method, because this approach is based on the least-squares
optimization, which is used to propagate color information not for point color transfer
method such as Welsh method.

The remaining of this paper is organized as follows. Section 2 describes the related
color space and colorization techniques in detail. Experimental results and analysis are
shown in Sect. 3 before conclusions are given in Sect. 4.

2 Color Spaces and Colorization Methods

2.1 Color Space Transformation

In the process of colorization, the color image is called the reference/source image, and
the grayscale image to be colorized is called the target image. The process of the gray-
scale image colorization is based on keeping the target image’s luminance information
and borrowing the color information from the reference image. Therefore, researches
usually select the luminance—chrominance color space, such as Lab, LUV, YCrCb and
YIQ. The three channels in Lab and LUV color spaces are independent, while and
channels in YCrCb and YIQ are linear correlated.

(1) Lab

Lab color space is a model developed by the International Commission on Illumination
for industrial use in 1976. L represents luminance, ab value represents chrominance
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information. Where a represents the position between magenta and green and b rep-
resents the position between yellow and green. It is obtained from the RGB color space
through the XYZ color space by non-linear transformation. It’s a uniform color space
which means that when the value changes uniformly, the sense of the human visual is
also uniformly changed. Therefore, the purpose of formulating this color space is to
obtain a color expression consistent with human visual perception [7].

(2) LUV

LUV color space is derived from a simple transformation of the XYZ color space, just as
visually as Lab. Similarly, L represents the luminance, U-V value represents the chroma
information. This color space is designed to be perceptually uniform, which means a
given change in value corresponds roughly to the same perceptual difference over any
part of the space. It is a color space, which is independent of the display device.

(3) YCrCb

YCrCb color space, a sampling of YUV, is used primarily to optimize the transmission
of video signals’ color. It is a simplified representation of RGB color space by linear
transformation, to reduce the bandwidth used during transmission. Y indicates the
luminance, Cr indicates the difference between red and luminance, and Cb indicates the
difference between the blue and the luminance.

(4) YIQ

YIQ is similar to YCrCb and is also utilized for television signal transmission. Y is the
luminance, I indicates the change from orange to cyan, and Q indicates the change from
purple to yellow-green. YIQ color space has the advantage of separating the luminance
components in the image, and the relationship between the YIQ color space and the
RGB color space is a linear transformation. Therefore, the calculation amount is small
and the clustering characteristic is relatively good. The YIQ color space can adapt to the
change of light intensity, and be effectively used for color image processing and iden-
tified the moving objects in complex background collected under natural conditions.

2.2 Grayscale Image Colorization Methods

There are two main categories of colorization methods: user-assisted colorization
methods and automatic colorization methods. User-assisted colorization methods [4, 8,
9] require users manually define layer mask or mark color scribbles on grayscale image.
Manual colorization is time-consuming and it cannot provide sufficient and desirable
color scribbles. Automatic colorization methods can reduce the extent of user effort,
which transfer color from an exemplar color image. The color transferring is usually
performed from the luminance channel of both images and the final color is computed
with methods such as machine learning and statistics approaches [6, 10–13]. In our
work, two classical methods are selected, Welsh method and Gupta method. Both of
them are based on Lab space.
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(1) Welsh method

Welsh et al. [3] proposed an automatic colorization technique, which relies only on
matching the luminance values in small neighborhoods of each pixel in the target
grayscale image to those in the reference color image, and transfers color accordingly.

There are three steps in the colorization producer. First, each image is converted
into the lab color space. Next, for each pixel in grayscale image in scan-line order, the
best matching sample in color image using neighborhood statistics are found. The best
match is determined by using a weighted average of pixel luminance and the neigh-
borhood statistics. Finally, the chromaticity values of the best match pixel are trans-
ferred to the pixel in grayscale image to form the final image. Here, the neighborhood
size is 5 � 5, and the statistics consist of the mean and standard deviation of luminance
values of the neighborhood.

(2) Gupta method

Gupta et al. adopted a fast cascade feature matching scheme to automatically colorize
grayscale image. This method is an example-based automatic method in colorization. It
works at the resolution of superpixels and attains a strong extent of spatial consistency
in colorization.

During the colorization process, the features from the target and reference images
are extracted, and then the corresponding superpixels between the images are found.
Each correspondence is identified by voting paradigm leveraging on spatial informa-
tion. Each correspondence is assigned a confidence based on the feature matching costs
and high confidence correspondences are assigned an initial set of chromatic values to
the target superpixels. To enforce the spatial coherence of these initial color assign-
ments, Gupta et al. proposed an image space voting framework to identify and correct
invalid color assignments. Finally the color assignments are propagated to the entire
grayscale image by Levin’s algorithm, and the final colorization image is obtained.

3 Experiment and Analysis

In order to compare the performance of those methods mentioned above in different
color space, four images (Fig. 1) in different lightness tone are selected. Welsh method
and Gupta method have been carried out in Lab, LUV, YCrCb and YIQ for col-
orization. The structural similar index and color similarity are utilized to evaluate the
colorization results.

3.1 Evaluation Methods

(1) Structural similar index

In our work, we implement PSNR, SSIM and GSSIM to measure the structural
similarity between the target image and colorization result image [14–16]. The main
purpose is to show whether the structure information of the original image has been
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changed in the process of colorization. According to the experimental results, we use a
weighted combination to express the above three indicators.

NMS ¼ a1PSNRþ a2SSIMþ a3GSSIM: ð1Þ

Here, a1 is 0.2, a2 and a3 are 0.4. Higher value of NMS results smaller change of
structure information.

(2) Color similarity

Bhattacharyya distance, cosine similarity and histogram cross-core are leveraged to
measure the color similarity between the reference image and generated image. The
different distances between them are calculated in RGB color space.

The formula of Bhattacharyya distance is as follow:

BD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffiffiffiffiffiffiA � Bp

3 � Nð Þ2�A � B

s
ð2Þ

Here, A;B indicate the color vectors of the reference image and the generated
image, N means color digit, we set N as 8. A and B indicate the average of the two-
color vectors corresponding to the two images respectively.

Calculating the cosine similarity, we regard the R, G, B combination of each pixel
in the RGB color space as a vector to represent the color, then the calculation of the
cosine similarity between two-color vector can be regarded as a measure of the simi-
larity of color information. In this paper, 1� cos hð Þ is utilized to measure cosine
similarity.

Fig. 1. a The target images. b Reference images
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cos hð Þ ¼
P3

k¼1 x1kx2kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3
k¼1 x

2
1k

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3
k¼1 x

2
2k

q : ð3Þ

Histogram intersection is calculated by comparing the degree of overlap of the
various levels in the histogram of the two images:

J H Xð Þ;H Yð Þð Þ ¼
Xr

j¼1

min H Xð ÞjH Yð Þj
� �

: ð4Þ

where X and Y represent histograms of the reference and colorization result images.
H Xð Þj is the jth bin in the X histogram and r is the number of the bin in the histogram.
Histogram information values are normalized in the calculation.

The smaller the Bhattacharyya distance, cosine similarity and histogram intersec-
tion result more similar color information between reference image and colorization
image.

3.2 Colorization Results and Analysis

Most of example-based color transfer methods depend on the color information of
reference image. In Welsh and Gupta methods, the color channel information is
determined by reference images. While, the lightness channel is significant basis for
finding the matching color information between target and reference images. In our
work, two categories images are selected, ① Lt 2 Lr, ② Lt 62 Lr: Lt and Lr are the
range of luminance of target image and reference image respectively. The second
category images can be divide into three cases: ① Lt;min Lr;min&&Lt;max

� �
Lr;max, ②

Lt;min [ Lr;min&&Lt;max [ Lr;max, ③ Lt;min\Lr;min&&Lt;max\Lr;max. Images in columns
2–4 in Fig. 1 correspond to above three cases.

Figure 2 shows the colorization images based on Welsh method. The process of
color information migration depends on luminance matching. When the value of
luminance exceeds the range of the reference image, the color transfer will be abnor-
mal. When Lt 2 Lr, the color range of the generated images is nearly consistent with
that of the reference image. The transfer algorithm has a good performance in each
color space. When Lt 62 Lr, there are obvious color noise, especially in
Lt;min\Lr;min&&Lt;max\Lr;max case. Comparing four spaces, the results based on Lab
and LUV spaces are unpleased. While the colorization results in YCrCb and YIQ
spaces are relatively insensitive. The reason is that the results can be benefit from the
correlation between the channels of YCrCb and YIQ.

Figure 3 shows the colorization results of Gupta methods. Compared with Welsh
method, the colorization images based on Gupta method has better consistency in color
space. Since the color transfer depends on the optimization of the global image, the
influence of the difference between the ranges of luminance is not obvious. The results
demonstrate that there is stability process in different color spaces and the generated
images are similar. In some cases, the LUV color space obtains anomaly results in
Fig. 3b.
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Figure 3 shows the colorization results of Gupta methods. Compared with Welsh
method, the colorization images based on Gupta method has better consistency in color
space. Since the color transfer depends on the optimization of the global image, the
influence of the difference between the ranges of luminance is not obvious. The results
demonstrate that there is stability process in different color spaces and the generated
images are similar. In some cases, the LUV color space obtains anomaly results in
Fig. 3b.

To further analysis the colorization result, the texture and color similarity are
statistics analyzed in Tables 1 and 2. For the texture similarity, the value of NMS in
YIQ and YCrCb spaces are larger than that in Lab and LUV, which indicates the
texture results between the target image and the colorization image are much similar. In
Gupta method, LUV performance is the worst, and texture structure based on YCrCb
space keeps best.

(a) Lab (b) LUV (c) YCrCb (d) YIQ

Fig. 2. The colorization results of Welsh method in different color spaces
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Table 2 shows the color similarity between the reference image and the colorization
result in different color spaces. It demonstrates that LUV spaces lead to the worst result.
For Welsh algorithm, the colorization images based on YCrCb and YIQ spaces
achieves better results than those images based on the other spaces. For Gupta method,
the generated results have little difference in Lab, YCrCb and YIQ spaces. The con-
clusion is consistent with the visual display in Fig. 3.

(a) Lab (b) LUV (c) YCrCb (d) YIQ

Fig. 3. The colorization results of Gupta method in different color spaces
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4 Conclusions

In this study, the influence of different color spaces on grayscale image color transfer
methods have been studied, and the performance of the two approaches in Lab, LUV,
YCrCb and YIQ space have been compared. Since the correlation between the channels
of YCrCb and YIQ spaces is higher than those of Lab and LUV, the first two color
spaces can achieve better results for Welsh algorithm, especially when the luminance
range of target image is outside that of reference image. For Gupta method, as this
method is a global color transfer using optimization processing, all color spaces have
similar performance, except for LUV.

Acknowledgements. This work was supported by National Key Research and Development
Program of China under Grant No. 2017YFB0504202, the Fundamental Research Funds for the
Central Universities under Grant No. 2042018kf0229, National Natural Science Foundation of
China under Grant No. 41671441 and Natural Science Foundation of Hubei Province in China
under Grant No. 2016CFA029.

Table 1. Texture similarity between the target image and the colorization result in different
color spaces

Welsh Gupta
No. Color spaces SSIM GSSIM PSNR NMS SSIM GSSIM PSNR NMS

1 Lab 0.89 0.97 18.01 4.34 0.97 0.96 18.65 4.50
LUV 0.91 0.96 18.35 4.42 0.84 0.80 15.15 3.68
YCrCb 0.90 0.97 18.86 4.52 0.97 0.97 19.07 4.59
YIQ 0.90 0.97 18.02 4.35 0.96 0.97 18.56 4.48

2 Lab 0.97 0.80 15.97 3.70 0.98 0.88 16.77 4.10
LUV 0.90 0.80 18.14 4.31 0.98 0.89 17.03 4.15
YCrCb 0.97 0.97 19.55 4.69 0.99 0.97 17.40 4.27
YIQ 0.98 0.97 19.11 4. 60 0.95 0.97 16.70 4.11

3 Lab 0.97 0.92 16.49 4.05 0.99 0.95 18.02 4.38
LUV 0.98 0.92 14.66 3.69 0.99 0.94 17.88 4.35
YCrCb 0.99 0.97 17.05 4.20 0.99 0.96 18.40 4.46
YIQ 0.99 0.97 17.35 4.25 0.95 0.95 18.09 4.38

4 Lab 0.97 0.92 13.51 3.45 0.99 0.94 16.62 4.10
LUV 0.94 0.85 14.47 3.61 0.99 0.94 16.58 4.09
YCrCb 0.99 0.96 14.45 3.67 0.99 0.97 16.90 4.16
YIQ 0.99 0.97 14.48 3.68 0.98 0.97 16.85 4.15

Bold indicates the maximum and minimum value of texture/color similarity between each
reference image and the colorization result in difference color space
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Abstract. Scanner is an important tool for digitizing color graphics, and the
imaging quality directly determines the accuracy and quality of digital image
digitization. This article addressed the need for color image reproduction, and
also developed and designed a set of scanner imaging quality evaluation process
and their evaluation parameters. And it established a scanner imaging quality
evaluation method, and achieved a scientific accurate quantitative assessment of
the scanner. The results of research have played a very important guiding role in
the evaluation and application of scanners.

Keywords: Scanner � Resolution � Dynamic range � Quantitative evaluation

1 Introduction

A scanner is an image digitizing device that converts various original information into
digital information which is more suitable for computer processing. With the popu-
larization and development of computers, networks, and multimedia technologies, it
has become the key to computer-based image input, just like the computer’s “eyes”.
The evaluation of the scanner is very important for the selection and application of the
scanner.

This article is based on systematic analysis of the research methods of scanner
imaging quality by domestic and foreign scholars in the past 10 years, targeting the
objective evaluation of imaging quality, and filtering out the key parameter “scanner
resolution and dynamic density range” that reflects the quality of the digitized image
captured by the scanner. This article sets up a set of scanning image quality evaluation
process and data processing methods. The obtained results can be applied to scanner
quality evaluation and equipment selection.

2 Scanner Quality Evaluation Principle

Currently, the scanner is mainly used in digital color content of the original graphic
attribute and the location attribute of information [1]. Among them the digitization of
content attributes mainly includes: the resolution of the scanner, the dynamic range of
imaging, the ability of color reproduction, and the definition of graphics and texts. The
digitization of position attributes mainly includes: size scaling and geometric deformation.
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2.1 Image Digitization Principle

Image digitization refers to the process of converting analog image information into
digital image information by using digital imaging devices (such as scanners, digital
cameras). Sampling theorem is the theoretical basis for image digitization. In 1928, it
was officially quoted as a theorem by H. Nyquist, C. E. Shannon, the founder of
Information Theory in 1948. As shown in formula 1, the expression is as follows: If a
certain time function s(t) does not contain greater frequency components than W, s(t) is
uniquely determined by these given function values within the time domain T = 1/2 W
time interval.

s tð Þ¼
X1

k¼�1
s kTð Þ sin

c 2Wt � kð Þ
c 2Wt�kð Þ

ð1Þ

In this formula, s tð Þ represents the time function, s kð Þ represents the frequency, W
represents the highest frequency and T is a function of time.

The s tð Þ value when s k
2W

� �
is k

2W � k is also the sample value s(kT) [2].
If the relationship between the spatial frequency response and the maximum visual

resolution is determined, it based on the Nyquist frequency limit of the sampling
theorem. The spatial frequency corresponding to the spatial frequency response 0.1 is
taken as the maximum visual resolution [3]. When using Imatest Master 4.4.8 analysis
software to analyze spatial frequency response (SFR), the SFR value is calculated by
Formula (2):

SFR kð Þ ¼
PN

j¼1 LSF
0
w jð Þe�t2pkj= N�1ð Þ

���
���

PN
j¼1 LSTw jð Þ ð2Þ

where LSFðjÞ is the line spread function.

2.2 Main Parameters of the Scanner Evaluation

The performance of the scanner is mainly reflected by the quality of the digitized image
obtained by scanning the simulated image [4]. From the digitization of content attri-
butes, the main parameters include: resolution, color reproduction range, imaging
dynamic density range and sharpness. Among them, the resolution and imaging
dynamic density range are the most critical. From the digitization of position attributes,
the main parameters include: scaling and geometric deformation. Among them, geo-
metric deformation is the most important.

2.2.1 Resolution
Resolution refers to the scanner’s ability to express the details of an image. It is usually
expressed in pixels per inch (ppi). The resolution of the scanner is divided into optical
resolution, interpolation resolution and maximum resolution. The resolution in this
paper only refers to the optical resolution.
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2.2.2 Dynamic Density Range
The dynamic density range, also called scan density range, refers to the scanner’s
ability to reproduce subtle changes in hue, that is, the range of tones that the scanner
can record from white to black or the difference between the brightest and darkest
colors that can be measured. The better the dynamic range is more layers that correctly
capture the various shades will have, and more image can be directly output.

2.2.3 Geometric Deformation
Image distortion includes lateral deformation and longitudinal deformation, which
means that the scanned image can’t be ignored in the deformation error [5]. The
deformation error is reflected by the contrast of the image feature points before and
after scanning. If the vertical and horizontal deformation coefficients are different, a
change in the coordinates of the characteristic point occurs in a certain direction, and
then geometric distortion correction is required.

3 Scanner Evaluation Test Chart

In this paper, based on the scanner’s ability to scan and reflect originals, according to
the resolution and dynamic density range evaluation requirements, a reflective reso-
lution test chart and a dynamic density range evaluation chart are adopted [6, 7].

3.1 Resolution Test Chart

In this study, it is a commercial version of the standard resolution test. As shown in
Fig. 1. The resolution of the scanner is tested by testing the test patterns of the different
composition setting parameters in the template, and the distribution of the test pattern is
shown in Fig. 2. The reflective resolution test chart is made of monochrome paper-
based light-sensitive material. The plate background is not easy to fade uniform neutral
gray material. The effective size of the test chart is � 100 mm. The resolution test chart
design has 14 pattern areas [8].

Zone 1 is an edge-edge pattern with a 5° angle to the vertical, and it is used to test
horizontal sampling.

Zone 2 is the Center Focusing Area—two concentric circles of different frequencies
to assist in focusing.

Zone 3 is an edge-edge pattern with a 5° angle to the horizontal, and it is used to
test the vertical sampling capability.

Zone 4 is the Contrast Indicator—it is used to show the contrast conditions under
different spatial frequencies.

Zone 5 and Zone 6 are Diagonal Res—45° diagonal resolving power strips. It is
used to measure the viewing resolution of 45° and has a test range of 100–
1000 LW/PH.

Zone 7 and Zone 8 are Vertical Res—the ability to visualize the camera’s resolution
of vertical images.

Zone 9 is a combination of the 1st and 2nd zone patterns. The MTF curve and the
horizontal MTF curve can be tested on both sides of the edge.
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Zone 10 and Zone 11 are Horizontal Res—the ability to visualize the camera’s
resolution of horizontal images.

Zone 12 is used to visually determine the maximum resolution of the scanner,
consisting of horizontal and vertical lines. In the reflective test chart, the spatial fre-
quency of the lines are 6, 8, 12, 24, and 40 l/mm, i.e. 300, 400, 600, 1200, and
2000 ppi. In the transmissive test chart, the spatial frequencies are 25, 33.350, 100, and
166.7 l/mm, i.e. 1200, 1600, 2400, 5000, and 8400 ppi.

Zone 13 is an approximately horizontal and approximately vertical line with an
angle of about 5° to the vertical, and the spatial frequency setting is the same as in
zone 12.

Zone 14 is a quad cross-type test unit for measuring the horizontal and vertical
viewing resolution of the four corners and has a test range of 100–1000 LW/PH.

Fig. 1. Resolution test chart

Fig. 2. Distribution of components of the resolution test chart
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3.2 Dynamic Density Range Test Chart

This article uses Kodak’s dynamic density range test chart to conduct experiments,
which is reflective. As shown in Fig. 3. Among them, the reflective dynamic density
range test chart is made of non-fading uniform neutral gray material, the effective size
should be � 100 mm, the minimum density value of 20 gray blocks is � 0.01, and the
maximum density value is � 1.80, as shown in Table 1.

3.2.1 Benchmark Mark
In the test chart, a fiducial mark was also designed to verify the scanner’s sampling
frequency. Among them, the horizontal spacing of the reflective test chart reference
marks is 12.5 mm, and the vertical distance is 83.3 mm.

4 Scanner Imaging Quality Evaluation

4.1 Scanner Resolution Evaluation

In this paper, binary lines of the test chart area 4, 11 and 12 are used for evaluating the
maximum visual resolution of the scanner and the linear and periodic scan artifacts of
the calibration scan. Among them, the maximum visual resolution is determined by
visually reading the scanned test chart image reproduced on the display and the hard
copy material. The resolution of the vertical line is used for determining the resolution
of the fast scan, and the resolution of the horizontal line is used for determining the
resolution of the slow scan.

Fig. 3. Dynamic density range test chart

Table 1. Density values of reflective dynamic density range test chart

A 1 2 3 4 5 6 M 8 9

0.01 0.1 0.21 0.31 0.41 0.51 0.61 0.7 0.81 0.91
10 11 12 13 14 15 B 16 17 18
1.00 1.10 1.20 1.29 1.39 1.48 1.58 1.64 1.75 1.82

Research on Evaluation Method of Scanner Imaging Quality 305



Using the test chart area 1, 2, 9 to objectively evaluate the resolution of the scanner,
that is, through the software Imatest Master 4.4.8 to analyze the spatial frequency
response curve of the scan test chart, fast scan and slow scan, as shown in Fig. 4.

From the experimental results and analysis, it can be seen that the higher the image
resolution, especially the resolution of the high-key and low-key regions of the image,
the better the performance of the scanner and more suitable for high-quality image
digitization.

4.2 Scanner Dynamic Density Range Evaluation

A gray scale is composed by different gray scales. It means that the dynamic density
range test chart can obtain the difference between the maximum density and the
minimum density of the linearly reproduced gray scale, and then evaluate the dynamic
density range of the scanner. As shown in Fig. 5.

By measuring the density and gray level of the dynamic density range test plate
multiple times, finally, 150, 400 and 800 ppi experimental data were taken for com-
parison. By the dynamic range of the scanner the graph was obtained. And in the
experiment, it was found that the gray level of the same density was similar in
the resolution range before 150 ppi and after 400 ppi. Between 150 and 400 ppi, the
higher the density, the greater the difference in gray levels. The experimental com-
parison shows that when the dynamic range of the scanner is lager, especially the linear
dynamic range, the practicality of the scanner is stronger, and the ability to express the
details of the image, the higher the digital quality of the image is also stronger.

Fig. 4. SFR curves for fast and slow scanning at different resolutions
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5 Conclusions

In the application scenario where the scanner becomes an important tool for image
digitization, this article proposes a set of evaluation methods to correctly evaluate the
image quality of the scanner. It provides users with a better understanding of the
scanner’s performance indicators, also provides scientific scanners with correct eval-
uation parameters and methods, and reasonably selects and screens the scanner’s
specific performance parameters. And the acquisition method provides scientific basis
and guidance method for the correct selection and reasonable use of the scanner, and
has guiding significance for the scientific evaluation of image quality.

Acknowledgements. This work is funded by National Key Technology Research and Devel-
opment Program of the Ministry of Science and Technology of China (2012BAH91F03) and
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Abstract. Stylised rendering is a research field that combines computer
technology and painting art. It simulates an artist’s effect via a computer sim-
ulation to generate different artistic styles rapidly. Two methods based on gra-
phic image processing can be used for the computer simulation of oil painting
style, and these two are simulation of art media, such as oil painting canvas and
brush, and simulation of the art creation process to produce oil paintings
automatically. This study aims to combine these two methods and fully consider
the image tone reproduction of original oil paintings and the representative
colours of each painter’s oil painting to simulate the effect of the artist’s cre-
ation. The brush texture of a painter is applied to generate stylised images
through a non-realistic rendering algorithm. The tone reproduction (greyscale
histogram) of digital photos is adjusted to fit the tone reproduction of the target
oil painting (grayscale histogram) and make the produced oil painting style
image approximate the artist’s creation. Then, the hue of the digital photos is
adjusted, and the colour and appearance of the painter’s oil painting are imitated
from the hue. Through these steps, the final rendering effect of the stylisation
treatment of oil paintings and the similarity with the target image are improved.
The overall effect on landscape painting is better than that on portrait painting.

Keywords: Image stylisation � Color transfer � Visual information � Quality
assessment

1 Introduction

1.1 Purpose of This Study

Brush stroke refers to the trace of certain texture features left by a painter when the
brush touches the picture in the process of painting. Although brush stroke is a tech-
nical factor related to a painter’s painting techniques, it conveys the painter’s emotion,
personality and cultivation. Thus, the oil paintings of different painters vary. This study
is based on the stroke texture feature of image oil painting styles. Digital photos are
created through non-photorealistic rendering (NPR) to produce images with the stroke
texture features of Monet, Seurat, van Gogh, and other artists. By adjusting the gra-
dation and tone of the original photograph, the style used in the produced image
approximates the style of the original oil painting.

© Springer Nature Singapore Pte Ltd. 2019
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1.2 Related Work and Prospects in Image Stylisation

Computer simulation of various artistic styles of drawing is a major research content of
computer NPR technology. NPR was introduced in the 1980s. Early studies on this
technology include those of Steve [1] and Sasada [2]. Saito and Takahashi [3] and
Haeberli [4] published two influential papers in the Siggraph Conference in 1990. In
1997, Siggraph considered NPR a category, and NPR technology entered a period of
steady development.

Image style transformation is an emerging technology based on deep learning, and
it adopts the convolutional neural network (CNN). Image style migration based on
neural network was proposed by Gatys et al. [5] in 2015. They developed a texture
modelling method that uses deep learning to separate picture content from picture style,
and the content of one picture was combined with the style of another picture. In the
study, a project applicant created several pictures by using Gatys’ open source code and
performed a simple analysis. The good results of landscape painting show people. In
facial style migration, the greater the similarity to the style image is, the better the
migration effect is. Therefore, in the results, the eyes are coloured black and the
character style of migration exhibits a slight deformation, causing a serious effect and
large deviation (Figs. 1 and 2).

Fig. 1. Result of landscape
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To sum up, current research on high-simulation painting style images has the
following problems. Firstly, the practical application of traditional style transfer is
limited, and the program only can do a certain style or scene. Secondly, the neural style
should be improved, and the influence on the face of the portrait should be considered.

2 Study Contents

2.1 Overall Conception

The unique visual features of oil painting are associated with many factors, such as
brush stroke. Different painters have different painting techniques and stylistic features.
Therefore, a digital photo of a painting stylised treatment requires the following pro-
cedures. Firstly, the stylistic features of the target painter should be extracted. Sec-
ondly, based on the painter’s brush stroke feature, stylised treatment of digital photos
endows these photos with the stylistic features of the target painter. To make the
current study universal, the oil paintings of three masters, namely, Monet, Seurat and

Fig. 2. Result of portrait
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van Gogh, were selected. The brush strokes obtained from each artist’s painting make
up the basic material of the research. Unlike the long stripes that van Gogh used, Monet
used short strokes to describe objects, and this usage is related to his objectives. Seurat
used stacked point-like strokes to express the shape of an object. The differences
between paintings are not only observed in the characteristics of the brush style, but
also in the composition or conventional colours. To treat photos as similar regardless of
the styles of different painters, the characteristics of the brush strokes used by each
target painter must be understood and studied. To imitate the artist’s painting style in
stylised image processing, not only the painter’s brush strokes, but also the paintings’
hue, saturation and so on are used as references.

2.2 Experiment

2.2.1 Selection of Experimental Images
Taking into account the proportion of different subjects, two landscape photographs
and two Portraits of characters photographs were used in this study (The images of
“Portrait1 and Portrait2” in the manuscript are the pictures of the author’s former
colleagues in Japan. We have sought and obtained their consent to publish as a research
paper). Use D65 Kodak camera to get original digital photos. Considering the different
scenes, the tone reproduction of the images after shooting is different. For example, in
the case of insufficient exposure, tone reproduction is adjusted to a uniform standard to
find the best tone reproduction [6] (Fig. 3).

2.2.2 Experimental Method

Method One

(1) For the lightness of the produced oil painting style image to be as close to that of
the original oil painting as possible, the lightness of the original digital photo is
adjusted to fit the lightness of the oil painting. A digital photograph’s tone
reproduction is affected by shooting conditions and other factors. Therefore, an
idea is considered in this study. This idea is the use of the grayscale histogram in
Photoshop for fitting. Three parameters can be seen on the lightness histogram

Landscape 1 Landscape 2 Portrait 1  Portrait 2 

Fig. 3. Original digital photos for stylized migration
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panel, i.e. average value, standard deviation and intermediate value, which reflect
the lightness characteristics of the image to some extent. The tone of the digital
photos is adjusted to change their brightness and darkness. Thus, the average
value, standard deviation and median value of the lightness histogram of digital
photos are close to the lightness histogram of the target oil painting. The original
photograph’s tone is matched with that of the painter’s oil painting. In the process,
the colour of the original photograph remains the same (Fig. 4).

(2) To better mimic painting, the use of colour kinds should be understood, and the
representation colour of the target painting must be extracted. The extraction of
the representation colour is divided into two steps. Firstly, the oil painting colour
space is converted. Secondly, through two-step clustering, the representative the
colours of the oil paintings can be extracted. The representative colours are
applied to the digital photos.

Method Two

(1) The digital photos can also be matched to the shape of the histogram of the
original oil. That is, the shape of the histogram of the digital photo is adjusted to
be close to the histogram of the target oil painting.

(2) Colour matching can also be achieved by using the fitting histogram method.
When the three RGB channels of the oil painting are read separately and the
histogram is drawn, histograms in red, green and blue can be obtained.

3 Evaluation and Analysis of Results

‘Starry night’ is one of the most well-known paintings by van Gogh. Two represen-
tative colours are extracted from the painting. The strong spectral energy of the brush
stroke is a typical characteristic of a van Gogh painting. Three colour paints are used:
sky blue, yellow and white. Blue accounts for 58% of the painting. All a* values of the

Fig. 4. Fitting histogram parameters
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representative colour are less than 10. The results obtained by Method Two are similar
to the original target oil painting. However, the orange moon and the cluster of starlight
depicted in the painting are not reflected in both results. This means that this method
can only imitate the general tone, and the less dominant colours are ignored. The
texture applied to the digital photo is disordered in the direction of the texture (Figs. 5
and 6).

Then, the imitation of Monet’s works. We use the Monet heap series. Three rep-
resentative colours are extracted from it: the colour of L* values greater than 50
represent more than 35%, the colours of a* and b* values less than 10 represent more
than 26% and the entire image has a brown tone. In terms of visual perception, the
result of Method One is similar to the oil painting of a dry grass pile (Figs. 7 and 8).

Next, we evaluate Seurat’s artworks and the imitation of Seurat’s artworks. ‘Big
Bowl Island Sunday Afternoon’ is a representative work of Neo-Impressionism. Two
representative colours are extracted from the image. The proportion of colours with L*
value greater than 50 is more than 40%. This painting uses the point painting method,
and the entire picture is composed of millions of colour points. Although only two
representative colours are extracted, the distribution of colours is relatively dispersed,

Fig. 5. Brush strokes cut from van Gogh

Fig. 6. Van Gogh’s work and the imitation of van Gogh’s oil paintings
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and imitation is difficult. The image content of the result obtained by Method Two is
clear (Figs. 9 and 10).

Four digital photos are selected: two for landscape and two for portrait. A total of
57 original paintings are studied, including 10 of van Gogh’s landscapes, 16 of
Monet’s landscapes, 10 of Seurat’s landscapes, 13 of Monet’s portraits and 10 of
Seurat’s portraits.

Fig. 7. Brush strokes cut from Monet

Fig. 8. Monet’s work and the imitation of Monet’s oil paintings

Fig. 9. Brush strokes cut from Seurat
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4 Conclusions

In cases where a clear sense of the stroke direction can be seen in the original painting,
these methods are unsuitable for simulating stroke texture features because the pro-
cessed image semantic content cannot be identified. Thus, applying texture direction is
messy. Therefore, these methods should be applied to works of point painters with
relatively uniform strokes and a weak sense of direction.

Two methods that involve the use of histogram shape fitting for image tone
adjustment perform well. The information contained in the image content is protected
to a great extent. However, these two methods have a limited range of application. For
oil paintings with clear but few primary colours, the simulation effect is good. Method
One performs slightly than Method Two when the main tone is clear and a few
representative colours exist.

When the large colour distribution is clear and represents the case of less colour,
Method Two performs better than Method One.
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Abstract. Color gamut mapping technology includes two parts: color gamut
boundary description and specific mapping algorithm. To improve the accuracy
of mapping calculation, so far, there have been hundreds of specific mapping
algorithm has been proposed, but most of these algorithm is mapped from
device to device, but the algorithm from image to device is relatively lack. The
error can’t be eliminated when image color gamut boundary is descripted by the
existing algorithms, and calculation efficiency is low. This paper present a
precise, fast, and zero error methods to extract image color gamut boundary (we
call it IGBAD), combining IGBAD method, fast color gamut mapping method
is put forward. The redundant calculation is eliminated in the process of map-
ping; the efficiency of map calculation is high.

Keywords: IGBAD � Spherical coordinates � Image color gamut mapping

1 Introduction

Color gamut mapping algorithm can be divided into “device to device” and “image to
device” color gamut mapping according to the color reproduction process [1–4].

In the “device to device” color gamut mapping algorithm, source device gamut is
mapped to the target device according to the specific color gamut mapping algorithm,
the characteristics of copied image isn’t considered. So in the process of mapping, color
images are often overly compressed even it’s color gamut is less than the target device
boundary. This is not conducive to accurate image replication and can’t make full use
of the color gamut of the target device.

In the “image to the device” color gamut mapping algorithm, specific image gamut
is mapped to a target device gamut. The image can reproduced better because the target
device color gamut is best used. Therefore, the “image to the device” color gamut
mapping algorithm is favored by more researchers [5–8].

Color gamut mapping includes two steps, First, the color gamut boundary of the
image and the color gamut boundary of the target device are described, and then the
specific mapping calculation is performed [9, 10].
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In the color gamut mapping process of “image to device”, the calculation process is
described as follows: First the device-independence color space is determined, the color
values of the input image and the target device are transformed to the space, and the
target device color gamut boundary points and image color gamut boundary points are
calculated after point by point in the image pixels, and then according to the mapping
algorithm adopted the image color within the gamut mapping to a target device, after
finish all the color in the image mapping, mapping the image conversion to images of a
target device color space on the target device.

2 Image Gamut Boundary Description Algorithm

Image gamut boundary accurately descriptor (IGBAD) using spherical coordinates
description is inspired by SMGBD (segment maxima gamut boundary descriptor) color
gamut description algorithm. But in SMGBD method, color space is divided into
multiple partitions, an extremum point is extracted from each partition as a boundary
point and constitute GBD matrix. For the image, the pixels are distributed in a certain
scope of color gamut space, not evenly distributed in the whole color space, this feature
may lead to SMGBD description of image color gamut boundary error is bigger, it is
difficult to meet the needs of high precision replication.

Steps of IGBAD method are introduced as:
First all pixels of image are converted into the spherical coordinates through For-

mula (1), expressed by hue angle a, elevation h and the radius of sphere r, and record
the original position.

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Formula (1), L�, a�, b� is the value in rectangular coordinate system, L�
E, a

�
E, b

�
E is

the value of sphere center in rectangular coordinate system, the value is (50,0,0).
r is the distance between sampling points to the sphere center E, hue angle a is and

the positive half coordinate axis of a�, the range is 0°–360°, elevation h is the angle
between r and the a�b� plane, values range from 90 to −90. As shown in Fig. 1.

Second, all pixels in the image are ranked according to the value of a, elevation h
and r.

Third, the biggest sphere r point is the boundary point in all the points which hue
angle and elevation is same, all the points of boundary make a set w in which the
boundary point is recorded by a, h, r value.
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3 High-Efficiency Image Gamut Mapping Method

Conventional color gamut mapping is done point by point from image to the target
device, so it caused a large number of redundant calculation lots, and wastes a lot of
time.

In order to solve the problems above, a high-efficiency image gamut mapping
method is proposed in this paper.

The process of high-efficiency image gamut mapping method is shown in Fig. 2.
This method is divided into the following steps:

(1) the pixel in the image is denoted by a, elevation h and the radius of sphere r, and
the original position of each pixel is recorded.

(2) all pixels in the image are ranked according to the value of a, elevation h and r.
calculate the boundary point of image make a set w.

(3) calculate target device boundary points (according to the SMGBD algorithm).
(4) according to the gamut mapping scheme selected, all the pixels mapping from

image to device is completed, and the pixel point of the image is replaced after the
mapping.

4 Experiments and Analysis

In order to evaluate the performance of IGBAD algorithm, three images were selected
as test image shown in Figs. 3, 4 and 5. SMGBD algorithm and IGBAD algorithm
were respectively adopted to extract the gamut boundary points of the images.

First image gamut boundary points are calculated by IGBAD algorithm, and made a
data set w, then a and elevation h as known information, the r of image gamut
boundary points is calculated by 9 * 9 SMGBD method. Then calculate the Lab color
difference between the boundary point extracted by IGBAD algorithm and the

Fig. 1. The spherical coordinates
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boundary point calculated by SMGBD algorithm, Color error is in DE�
ab. We can

compare efficiency and precision between the two algorithms according to the result of
experiments, the date is show in Table 1.

According to the data in Table 1, there is no error in the edge points of the image
extracted by IGBAD algorithm, and the calculation time is short. There is an error
between the edge points of the image calculated by SMGBD and the actual boundary
points, and it takes a long time to calculate. Therefore, IGBAD algorithm is more
suitable to extract the boundary points of the image than SMGBD algorithm.

Ranked all the pixels 
according to the value of α,
elevation θ and r.

boundary point of  
target device gamut

all pixels of image Expressed 
by hue angle α,θ and r

Read one pixel value

boundary point of 
image gamut

Gamut mapping

Replace the value before 
mapping with the value after 

mapping

all the pixels are 
replaced

α is same θ is same 
Point in the 

inside of image 
gamut 

End

Fig. 2. High-efficiency image gamut mapping method
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Fig. 3. Test image 1

Fig. 4. Test image 2

Fig. 5. Test image 3
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5 Conclusions

On the basis of analyzing the shortcomings of SMGBD algorithm, this paper proposes
an algorithm IGBAD which can quickly and accurately extract image boundary points.
On the basis of IGBAD method, an optimized fast color gamut mapping algorithm is
proposed. Results show that the research of image high-efficiency border extraction
method is efficient and without error.

Compared with the conventional mapping algorithm, IGBAD method reduce about
90% of the image point to be calculated to target color gamut, three times its com-
putation efficiency is improved, the computational efficiency has been improved
remarkably.
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Innovative Research on Image Processing
Based on Replication of Chinese Painting

and Calligraphy
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Abstract. The purpose of this dissertation is, by adjusting the digital files of
calligraphy and painting using digital image processing software, to establish a
systematic method to completely retain the artistic features of calligraphy and
painting, reproduce the original features of the paintings and the author’s per-
sonal characteristics perfectly, and obtain highly restored replicas. The research
method is an experimental one, in which the color difference of the replica
obtained by the software under different parameter conditions are compared, and
the best solution by adjusting the software parameters is obtained. The result of
the study is that small and medium-sized printing companies that are not
equipped with a color management system can obtain a set of mature processes
and supporting parameters suitable for copying Chinese calligraphy and painting
using relevant equipment and software. The important conclusion is that the
innovative use of digital technology and equipment to replicate Chinese clas-
sical painting and calligraphy is of vital importance to inherit and promote
excellent Chinese culture.

Keywords: Color correction � Color mode � GCR � Color reference points �
Curve

1 Introduction

Calligraphy is the art of writing, and painting is the combination of imagination and
creation. Calligraphy and painting are among the greatest achievements in the devel-
opment of human civilization and an important carrier for the dissemination of culture
and knowledge. The Chinese painting and calligraphy, which are the exemplification in
this respect, date back to the ancient times of the oracle bone scripts and painted pottery
paintings and last thousands of years, making great contributions to the succession of
Chinese civilization. Today, Chinese painting and calligraphy are one of the most
important sectors in arts market, and have conquered the arts-loving people around the
world with its unique style and charm.

For ordinary arts lovers, expensive paintings are sometimes beyond their afford-
ability, and consequently, high-quality replicas have become an ideal alternative. At
present, the relatively mature Replication techniques of painting and calligraphy arts
mainly refer to woodblock printings and high-definition micro-injection. Woodblock
printing technology, whose techniques are relatively complex, with long production
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cycle and high cost, is less popular among ordinary customers. High-definition micro-
injection, on the other hand, is a kind of replication technology emerging with the
development of science and technology, boasting its all-digital operations. It relies on
high-precision scanning, color correction, and high-precision inkjet printing as the
technical means to replicate the artworks on rice paper with a diffusion-resistant
coating.

The Replication technology of calligraphy and painting art has been quite mature in
countries and regions such as Europe, America and Japan. In particular, Japan’s
Nigensha Publishing started very early and has made great achievements in using large-
format photo-engraving technology. Due to the differences in cultural traditions, the
Replication techniques of European and American countries are concentrated in the
category of oil canvas as the carrier, and the copying on rice paper and silkworm is
mainly deployed in Japanese companies and some emerging enterprises in China.
These companies typically rely on complex data acquisition systems and complete
color management systems to deliver high-quality replicas on digital micro-jet special
rice paper or other materials. This technology, although highly efficient and of good
quality, costs highly due to the expensive equipment. The sales price of the resulting
replica is not particularly favorable.

This article aims to explore a technique which is suitable for small and medium-
sized printing companies that are not equipped with a color management system.
Firstly, technicians can use Photoshop to calibrate the scanned digital image, compare
the color sample with the original using a spectrodensitometer, gradually reduce the
comparison error by adjusting the color calibration curve, and finally obtain a cali-
bration curve that is basically the same as the original one, laying the foundation for
subsequent copying under the same conditions. That is also the novelty point of this
dissertation.

2 Image Color Correction

The experimental conditions in this paper are shown in Table 1.

The copy object chosen in this article is Guoliang Shi’s Dance of the Tianshan, as
shown in Fig. 1.

Table 1. Experimental conditions

Software Equipment Rice paper

Photoshop
CS4

Scanner Microtek Phantom
9900XL

65 g Jimoxuan coated rice paper (with
large porosity silica coating)

Printer Epson 9800
Spectral
densitometer

Minolta FD-5BT
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Guoliang Shi, who is a famous Chinese modern painter, is good at character
painting and has been highly recognized in the market, giving research on copying his
paintings a representative significance.

2.1 Color Mode Conversion

The scanned image is in RGB mode and must be converted to CMYK mode before
being calibrated. The conversion rules must be defined before converting the color
mode. The color separation type is: GCR, and the black version is: More. Because for
Chinese painting, the use of black ink is an important expression technique, thus called
the skeleton of the painting. Correctly reproducing the black elements in the original
painting is a key step in successfully replicating Chinese painting. The custom CMYK
conversion rules are shown in Fig. 2.

GCR (Gray Component Replacement) is an important method for making long-
tone black prints. According to the parameters generated in the black prints set in
Fig. 2, the gray component in the color part of the original from the bright tone to the
dark tone is replaced with black to generate different types of long tone black prints.
For paintings, the parameters of black version can be set “More”. For a calligraphy
work, it is necessary to replace all the gray components in the color part of the original
with black.

Fig. 1. Dance of the Tianshan, by Guoliang Shi
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2.2 Select the Color Reference Points

Five representative points are selected as the reference point for the color correction in
the manuscript. According to the original color characteristics, the reference points are
selected as shown in Fig. 3.

The five color correction reference points cover the most important areas of the
manuscript. If the color of the reference point can be copied with high precision, the
entire picture can be reproduced to perfection.

Fig. 2. Custom CMYK

Fig. 3. Color correction reference points
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When collecting the color data at the reference points in the manuscript, the
spectrodensitometer is used to collect the CMYK color separation color density value
of the reference point, and the data collected is used as the reference data, and a
comparison between the CMYK color density value of the comparison point at the
same position of the replica with the reference data is made.

Data collected using the spectrodensitometer for the 5 reference points of the
original are shown in Table 2.

The data in Table 2 is the original data collected in the manuscript. Other data in
the experiment thereafter are compared against this data.

2.3 Correction of Image Color via Measuring Color Error of Reference
Points in Printed Copy

A color sample (1:1) was printed on the coated rice paper, and the CMYK color
separation color density values of the comparison points in the figure were collected
using a spectrodensitometer as shown in Table 3.

By comparing the data gaps between Tables 3 and 2, it was found that for the first
printing, the color C and Y were heavier than the original, and M and K were lighter,
requiring color correction of the image.

Table 2. Separation color density values at reference points

Reference point Separation color
density values
C M Y K

A 0.46 0.41 0.52 0.44
B 0.24 0.39 0.58 0.33
C 0.44 0.99 0.98 0.70
D 0.20 0.27 0.45 0.24
E 1.10 1.13 1.19 1.12

Table 3. CMYK separation color density value (No. 1)

Reference point Separation color
density values
C M Y K

A 0.65 0.34 0.69 0.20
B 0.44 0.28 0.70 0.14
C 0.57 0.87 1.13 0.52
D 0.38 0.25 0.62 0.14
E 1.35 0.98 1.35 0.97
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According to the conclusion obtained in the previous step, the “curve” tool in
Photoshop is used to perform image correction on the original and set the calibration
curve as shown in Fig. 4.

In the calibration curve shown in Fig. 4, the two color curves of C and Y are bent
downwards, and the correction parameters are set as:

C: input 50 ! Output 46

Y: input 50 ! output 44

After the initial color correction is complete, a color sample (1:1) is printed. The
color density values of the CMYK color separation points are collected using the
spectrodensitometer, as is shown in Table 4.

Comparing the data in Tables 4 with 2, the color density of the C component has
been found to have decreased, but to the extent of less than the color density of the C
component in the original. The Y component is basically similar to the original. M and
K have not been adjusted and the data has not changed significantly. According to the
data comparison, a second color correction is performed.

According to the conclusion obtained in the previous step, the “curve” tool in
Photoshop is used to perform image correction on the original and the calibration curve
is set as in Fig. 5.

Fig. 4. First correction curve
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In the calibration curve, based on the data comparison gap, C, M, Y, and K have all
been adjusted, and the correction parameters are set as:

C: input 50 ! output 53
M: input 50 ! output 55
Y: input 50 ! output 47
K: input 50 ! output 57

Table 4. CMYK separation color density value (No. 2)

Reference point Separation color
density values
C M Y K

A 0.40 0.43 0.55 0.40
B 0.23 0.42 0.62 0.32
C 0.41 0.96 1.06 0.70
D 0.18 0.33 0.61 0.21
E 1.01 1.17 1.40 1.13

Fig. 5. Second correction curve
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After the second color correction is complete, a 1:1 color sample is printed. The
color density values of the CMYK color separation points are collected using the
spectrodensitometer, as is shown in Table 5.

Through comparison, it is found that the color density value obtained by the third
collection of the printed color sample is basically the same as the original, the data gap
is within a reasonable error range, and the visual inspection result of the copy color is
hardly distinguishable by human eyes from the original.

Through the operation process above, a color calibration curve that can be reused
under the same operating environment has been obtained. The equivalent operating
environment refers to using the same scanner and printer in the experiment, and the
same brand of coated rice paper and ink are used. The two calibration curves in the
experiment are set as a layer group in Photoshop, and the curve layer group digitization
file is the final result of the experiment. By using the curve layer, the subsequent
copying process of calligraphy and painting can be optimized, improving the overall
efficiency and quality.

3 Conclusions

In this paper, by using the spectrodensitometer to collect and compare the original and
replica color samples, the image processing software to multi-calibrate the electronic
images of the calligraphy and painting, a set of reusable calibration color data is
obtained as the same copying condition. The color correction process is improved and
efficiency increased. It provides a method worthy of reference for small and medium-
sized painting and calligraphy Replication enterprises that do not have a color man-
agement system, and innovatively uses digital technology and equipment to replicate
the art of Chinese classical painting and calligraphy, contributing to the replication of
Chinese classical painting and calligraphy arts and communication of traditional
Chinese culture.

Table 5. CMYK separation color density value (No. 3)

Reference point Separation color
density values
C M Y K

A 0.45 0.41 0.52 0.45
B 0.23 0.40 0.59 0.35
C 0.44 0.98 0.99 0.69
D 0.19 0.27 0.45 0.23
E 1.11 1.14 1.20 1.13
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Application of Augmented Reality in Product
Package with Quick Response Code
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Abstract. Users understand a product usually need to open its packaging,
control product manuals to understand the function and usage of the product.
However, through the use of Augmented Reality (AR) technology and some
computer 3D modelling techniques into Quick Response Code (QR Code) on
product packaging, a virtual product model can be constructed by scanning a
QR Code with a mobile phone without disassembling the package can under-
stand the appearance, function and use of the product. This article aims to study
the market value of the technology and its technical means. Meanwhile, its
advantages are discussed in packing.

Keywords: Augmented reality � 3D modelling techniques � QR Code � Virtual
product

1 Introduction

Augmented reality (AR) is a technology that combines virtual information with the real
world, overlaying virtual images onto reality through electronic devices [1]. Nowadays,
with the popularization of smart phones and tablet computers, mobile augmented
reality (MAR) has gradually become the main direction of AR technology develop-
ment. And the Quick Response Code (QR Code) has the characteristics of large amount
of information, fast reading speed, and full readability, and has a good development
prospect [2, 3].

Nowadays, most of the QR Codes on the packaging have only simple product
information, store less information, and cannot intuitively understand the product [4,
5]. In order to solve this problem, this paper proposes a method of applying augmented
reality on QR Code, designs this method, and verifies its feasibility.
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2 Methods

This article uses 3D software to model the product, uses c# code to design the inter-
action of the virtual product, and finally completes the design.

2.1 Modelling and Animation

This article uses 3ds Max to model the cup of the experimental sample. 3ds Max is a
comprehensive three-dimensional animation rendering and production software that
can effectively improve the modelling efficiency and can also better restore the
structure of the product itself.

The modeling steps are as follows. First, build a cylinder as the bottom of the
cup. Then, create a new ring on the cylinder and form the cup body by “squeezing” the
ring. Finally, dividing the lid into three parts, and built a frustum of a cone on the top of
the lid. The original cup is shown in Fig. 1, and the built model is shown in Fig. 2.

The purpose of animation production is to visualize the internal structure of the
product and the detachable area of the product. It can also be used to demonstrate the
use of the product.

Fig. 1. Plastic cup
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The animation uses “frame animation” to complete. Set the current state of the cup
in each keyframe so that it can form a continuous animation. Figure 3 is an animation
designed for the cup. The animation is the process that the cup lid of the cup rotates and
moves sideways.

2.2 Control Algorithm and App Production

Unity 3D is used to edit the 2.1 cups. Unity 3D is a multi-platform integrated devel-
opment tool that can be used in the game area, 3D virtual simulation, 3D display of
large products, 3D scene navigation, and demonstration of the use of some precision
instruments. And so on, the application area is very extensive. First, import the model
into Unity 3D and use the QR Code in Fig. 4 as the image for recognition.

Then, set up the animation state machine and write the code for the animation
controller (Fig. 5), and attach the code to the model. When you click on the cap, an
animation of cap opening is played.

Finally, import the Qualcomm AR resource package, set the necessary parameters,
adjust the coordinate location of the ARCamera, and activate the ImageTarget database.
The completed project interface is shown in Fig. 6.

3 Results and Discussion

3.1 Test Results

The completed project is tested and the test results are shown in Fig. 7. Use the
computer’s front camera to simulate the phone’s camera and scan the QR Code image.

Fig. 2. The built model
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It can be seen from the figure that the experiment successfully identifies the QR Code
and allows the virtual water glass to display in reality. When you click on the lid of the
cup, it will automatically open and move to the side. At this time, the mobile camera
will be able to observe the style and structure of the cup from all directions.

Fig. 3. The animation of this cup
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Fig. 4. QR Code

Fig. 5. Code for the animation controller
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3.2 Application on Packaged Products

Applying AR technology to the QR Code on the package can provide consumers with a
lot of convenience. First, it achieves a one-and-two-purpose function. The QR Code
recognizes the image as AR while still retaining its own stored text information. It can be
used as a QR Code to scan text information with common scan code software, or through
theApp designed for AR recognition. Second, consumers can understand the appearance,
function and usage of products without opening the package, which greatly facilitates
consumers. The consumer’s understanding of the product’s functionality is enhanced and
the actual presentation is easier and more understandable than the textual description.
Third, it provides a certain degree of interactivity for product packaging [6, 7]. Through
interactions between consumers and products, consumers’ interest is increased, and
consumers’ impression of products is enhanced, thereby attracting consumers to purchase
the product.

4 Conclusions

This article proposes a method of applying AR technology to the QR Code of product
packaging, and successfully implements the idea, enriching the function of QR Code.
Using this app, the QR Code on the package can be used to display the model of the
internal product, so that the appearance, function, and usage of the product can be
understood without having to open the package. It improves the lack of information on
the current packaging and lacks interactivity. In today’s digital environment, people are
increasingly interested in information technology. With the development of AR tech-
nology in the future, this technology will be more intelligent and widely used.

Fig. 6. The completed Unity project
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Abstract. Chinese natural language analysis is an important interface between
humans and computers. During the analysis, unstructured natural languages
were usually input, while a generating structured query language is needed for
computer understanding. The paper proposes a method for natural language
analysis in some restricted modes based on domain knowledge database, lexical
analysis and syntactic analysis. In our approach, a semantic dependency tree is
treated as an intermediate language, and semantic dependency analysis model
and grammar recognition were used to re-present the input sentence as a
structural sentence. An experiment system has been developed based on traffic
information database. The experiment results and examples demonstrate that our
method can effectively understand various common natural query statements
with good usability in restricted situations.

Keywords: Natural language processing � Dependency grammar analysis �
Domain knowledge database

1 Introduction

Natural language processing (NLP) transforms natural languages in text into structured
data that can be resolved by computers. The natural language is the communication
language in peoples’ daily life, while the structured data is the structured query lan-
guage (SQL) in most cases. The natural language processing relates to artificial
intelligence and information processing, which is applied in man-machine dialogs,
machine translation, text categorization, information retrieval [1]. It’s the most critical
technology for computers to understand user’s intentions.

The Natural language interface is an effective application for NLP, which allows
people to communicate with computer in restricted fields by using a subset of natural
language [2]. However, users must comprehend the SQL in traditional interface, while
it’s not feasible for most non-professional users. To fix this problem, researchers put
forward the natural language query interface. The advantage of the query interface can
be summarized into three parts: (1) Users search the information by relevant concepts
instead of specific data. (2) It’s friendlier for users, because the SQL is not necessary.
(3) Users can make clear and simple query requests [3].

In recent decades, Natural Language Interface to Database has been studied by
many institutions. The earliest and most representative in 1960s is the Green’s BASE-
BALL system, that was used for information search in National Baseball League [4].
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The system analyzed the English text by using keyword matching technology [5–7]. In
1970s, the LUNAR system designed by W. A. Woods was the most representative
specific query interface system, which first implemented the Augmented Transition
Network in syntax analysis [8–10]. However, the portability of these specific systems is
poor because they were only designed for specific tasks. Since then, people have started
to design the general interface that could satisfy different fields’ need, such as Themis,
Intellect and ASK [11, 12].

Recently, the interface systems have been more reliable and feasible. Many new
technologies are implemented in this area like Annual Neural Network [13]. The
mainstream methods can be divided into two categories. The first is the methods based
on rules, such as Finite State Transition Network, Recursive Transition Network,
Dependency Grammar Model. The other one is the methods based on statistics like
Hidden Markov Model, Maximum Entropy Model [14], Viterbi algorithm and Support
Vector Machine.

Based on the background presented above, a natural language query interface based
on the combination of statistics and rules has been designed in this paper. We have
proposed a dependency analysis and grammar identification method based on database
semantics. In this framework, the transitional language is a semantic dependency tree.
In general, the algorithm obtains the query targets and conditions by separating the
sentences into patches and parsing them by grammar rules. Finally, the targets and
conditions are combined into the structured language as the parsing result.

2 Approaches

The core of query interface is the understanding of natural language. Because of the
complexity and diversity of Chinese, it’s difficult to find a general model to describe
Chinese language, which can fix the problems such as semantic ambiguity or sentence
segmentation. It will be easier to decrease the probability of ambiguity if the query
target belongs to a specific field. The problem can be reduced to the parsing procedure
of a subset of Chinese language.

In this paper, to achieve the restricted Chinese natural language analysis, two
qualifications for the query statement have were established. The first one is Query
Target which indicates the table’s name in database, such as Human, Building and so
on. The Target is an entity that the algorithm needs to process. The other one is Query
Condition which means the limitation factors of user intent like Human’s name, age or
Building’s address.

The system can be divided into three parts: The Database, Lexical Analysis and
Semantic Syntax Analysis.

2.1 Database

The support database module consisted of two databases. The General Corpus for
lexical analysis applies to various fields. It’s the basis of word segmentation. The words
in Corpus are not associated with database’s field, while it’s necessary for analyzing
Chinese sentences. It contains the common words and phrases of Modern Chinese. The
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General Corpus used in this paper is segmented from the public news content of
People’s Daily in 2014 to get a professional Chinese vocabulary data set. The property
of the general corpus is shown in Table 1. The Standard Word means the entity of the
word. The standard word can have multiple vocabularies like noun, verb. Frequency
refers to the frequency of occurrence of each vocabulary during the training.

The Special Corpus for semantic syntax analysis is an additional complement for
General Corpus. It consists of several tables that storage the knowledge of specific
field. The function of these tables includes dedicated segmentation, entities and
dimensions’ relationship, vocabulary template. Table 2 shows the structure of dedi-
cated segmentation table. The other tables all store the description and standard
statement in binary pairs.

2.2 Lexical Analysis

In this paper, an improved Shortest Path segmentation method based on database
semantics is proposed [15]. As the reality that there is redundant information in query
statement like particle or preposition is concerned. They may lead to semantics
ambiguity if the algorithm segments these words at first. So, the pre-process step has
been added in the Shortest Path Segmentation algorithm. In this step, the algorithm
segments words according to the Special Corpus at first, then uses General Corpus to
segment other phrases. The remaining part of segmentation is to calculate the shortest
path of the Directed Acyclic Graph. The Graph consists of the patches from the
previous step. The length L of path can be calculated by Formula 1.

L ¼ �logfa � PðCi�1Þþ ð1� aÞPðCijCi�1Þg ð1Þ

a is a coefficient between 0 and 1. Ci�1 is the current word and Ci is the next one.
PðCi�1Þ indicates the probability of current word. PðCijCi�1Þ is the probability of the
next word Ci while the previous word is Ci�1. Figure 1 shows the Directed Acyclic
Graph of a query statement in this system for which searching the age of a person.

Table 1. Structure of general corpus

Standard word Vocabulary A Frequency of A Vocabulary B Frequency of B

Table 2. The structure of dedicated table

Field name Field type Explanation

Name String type Word
POS String type Vocabulary
FQ Integer type Frequency
NE String type Entity name
NE type String type Entity type
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The next step of lexical analysis is labeling. Hidden Markov Model and Viterbi
Algorithm are applied to label the segmented patches. In general, the purpose is to find
the most possible vocabulary term S ¼ s1; s2; s3; . . .; snf g to match the segmented term
K ¼ k1; k2; k3; . . .; knf g; and the maximum probability is Pðs1; s2; . . .; snjk1; k2; . . .; knÞ.

Formula (2) can be available from Bayesian formula. Pðs1; . . .; snÞ is the probability
of the most possible vocabulary term S.

Pðs1; s2; . . .; snÞ ¼ Pðk1; k2; . . .; knjs1; s2; . . .; snÞ=Pðk1; k2; . . .; knÞ ð2Þ

Then, the independence assumption is adopted while the P k1; k2; . . .; knð Þ is ignored
as shown in Formula (3).

Pðs1; s2; . . .; snÞ ¼
Yn

i¼1

Pðsijsi�1Þ ð3Þ

According to Binary Combination Model, the formula of labeling the vocabulary
can be summarized by Formula (2) and (3) in Formula (4).

Pðs1; s2; . . .; snÞ � Pðk1; k2; . . .; knjs1; s2; . . .; snÞ ¼
Yn

i¼1

Pðsijsi�1Þ � PðkijsiÞ ð4Þ

The Hidden Markov Model is implemented to solve the problem [16]. The possible
observation indicates the segmented term K. The state is the vocabulary term S. The
state transition probability is Pðsijsi�1Þ and the output probability is PðkijsiÞ: At last,
Viterbi algorithm is implemented to solve the Maximum Probability’s term S.

2.3 Semantic Syntax Analysis

To parse the labeled term from previous steps, the improved Nivre’s Dependency
Grammar Analysis method based on database semantics is proposed. The dependency
grammar is the description of the relationship between the words in sentence [17].
Dependency here means the status of domination between words. The dependency
analysis based on decision is applied in this paper, which means processing a sentence

Fig. 1. Directed acyclic graph of an example of query statement

346 Y. Shang et al.



word by word in a specific direction. Every step needs to make decision according to
status.

In this paper, we construct a dependency grammar model, which transforms the
sentence processed by lexical analysis into semantic dependency tree. The model can
be represented as a Quintet Vector in Formula (5).

DRAM: PQ;DRD;DRR;DRAP; Tð Þ ð5Þ

PQ means the query statement after segmentation and labeling. DRD is the
dependency that summarized in Table 3. DRR is the method for judging the depen-
dency by Formula (6). DRAP is the dependency grammar analysis algorithm and the
improved Nivre algorithm was adopted in this paper [18]. T is the semantic dependency
tree.

DRR ¼ ð O1;O2½ �;Condition;DRelationÞ ð6Þ

O1;O2 are the objects that are needed to judge the dependency. DRelation is the
DRD between O1;O2:

The strategy based on database semantics is applied to overcome the ambiguity of
words in query statement. The algorithm locates the ambiguous words in the depen-
dency tree, according to the related words which have the modifications or contact with
the ambiguous words. Then, it analyzes whether the ambiguous words and related
words can constitute a complete database semantics or not. The complete semantics
demonstrate that it is a correct query statement.

However, there is uncertainty whether the algorithm only determines the query
target by semantics dependency tree because the target may exist in any part of the tree.
To overcome this problem, The Maximum Reverse Matching method is utilized to
decide the target. While the query target is determined, the query condition can be
obtained from the semantics dependency tree. Finally, the system outputs the structured
language that consist of query target and condition.

3 Experiments and Analysis

To validate the reliability and feasibility of the method presented above. A query
system for traffic information was designed as the experiment.

Table 3. Dependency types

Dependency Instructions

Value and comparing dependencies Operators like >, <, =
Quantifier dependencies All, Any, Every, Some, Only, Not
Verb lattice component dependencies The verbs between entities
Connection dependencies Modified relationship between entities
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3.1 System Framework

In this paper, we have constructed a Chinese Language Query Interface to apply in the
experiment. The system framework is shown in Fig. 2.

In Fig. 2, Client is the Query Interface and Server is responsible for processing
client requests. In this framework, the system accesses database by applying the Java
Database Connectivity for processing query statement and knowledge extraction. In
addition, the server’s database is an Oracle database and the client’s database is a
MySQL database, and therefore the connection between Local Client and Server is the
Open Database Connectivity.

3.2 Experiment

The system was designed and deployed in Web Service as a part of constructing Smart
City in Wuhan. Therefore, the data set contains information about human, building,
administrative division and road as the Table 4 shows.

Fig. 2. System framework

Table 4. The content of testing data set

Entity type Property

Human Name, Sex, Age, Height, Identity number,
Salary, Taxes and so on

Administrative Division (Community,
Village, Town, County)

Name
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This interface is for processing Chinese language, and the norm has five compo-
nents. The Main target and condition indicate the primary entity in statement. The
Correlative target and condition indicate the other entity occurs in statement. There are
two Type of the results: Statistics and List. The procedure of system can be shown in
Fig. 3. The Output parsing result will be reorganized to Json format data for trans-
mitting in Web server as the final output in Fig. 4.

Then, 150 testing examples were adopted to validate the reliability of the interface
system in local client and server. There are three test data sets, corresponding to three
kinds of query conditions.

1. Single Query Target and Multiple Query Conditions
In this case, the statement only contains one entity and the process that belongs to
single-table query.

2. Multiple Query Targets and Query Conditions
The statement contains plural entities and the process belongs to cross-table query. The
interface needs to judge the primary and secondary relationship of the entities.

Fig. 3. The procedure of system

Fig. 4. The Json result of an input example
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3. Redundancy and Fuzzy search in natural language processing
This is the most difficult case. There is an uncertain or wrong description about the
entity. The algorithm needs to find out the most approximate result from the data set.

3.3 Analysis

Among the results shown in Table 5, results of the test set 1 and 2 demonstrate that the
interface can effectively process single table query and cross table query, while set 3
shows the worst result. There are two reasons for it. The first reason is that the corpus is
not perfect. The database lacks necessary prior knowledge for some information. The
second reason is that the interface has less intelligence so that it can’t process the
dependencies in some complex patterns. In addition, the grammar in this paper may be
not suit for any patterns.

4 Conclusions

The natural language interface is a combination of artificial intelligence and database
technology. Its direct purpose is to transform the natural description into structure
query language. The natural language query interface designed in this paper has good
portability and it operates independently by database management system.

The major contribution of this paper consisted of corpus and Chinese natural query
language processing. To achieve the accurate analysis of query statement, the method
based on the combination of rules and statistics was implemented. The results
demonstrated that the interface effectively understood various Chinese language query
statements in restricted situations.
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Abstract. At present, for the popularity of cross-platform development tech-
nology used in mobile application development, and the prevalence of enterprise
and individual use of WeChat public platform. This paper adopts hybrid mobile
application development model, analyze cross-platform mobile application
development technology and use the functions and features of the WeChat
public platform to propose building cross-platform mobile applications based on
HTML5, JavaScript and other languages, then, practices on this scheme, using
the WeChat public platform native browser kernel designs and implements a
tool management system for power station company and optimize the speed of
loading application webpages, then, to verify the feasibility and reality of the
solution.

Keywords: HTML5 � Mobile applications � WeChat public platform

1 Introduction

With the rapidly development of mobile Internet in recent years, smart phones and
other mobile terminals have become indispensable products in people’s daily life.
Among them, the WeChat public platform has brought more convenient services to
people. The WeChat public platform is a service added by WeChat. Apart from the
communication functions of social networks, there are some unique features, such as
information push and menu settings, which make it easy for users to build their own
personalized platform [1].

At present, two mobile operating systems, Android and iOS, account for most of
the market share of smart mobile platforms. Mobile applications developed for different
mobile operating systems and it require different development languages and devel-
opment platforms. This development model is called the native mobile development
model. This kind of development mode is complicated to transplant. For example, on
the Android platform, due to different mobile phone screen size and other issues,
development needs to be adapted to various mobile phone models, but the hybrid
mobile development model solves the cross-platform migration problem of mobile
applications. The current hybrid mobile development model mainly includes Phone-
Gap, Appcan and other frameworks. The open source PhoneGap [2] framework pro-
vides a full range of plug-ins, abstracting and simplifying the complex plug-ins API
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provided by mobile devices itself, and uses HTML, JavaScript, CSS and other tech-
nologies to migrate mobile applications to different mobile operating systems.

This article mainly uses HTML5, PhoneGap and GZip to implement the WeChat
public platform. The hybrid mobile application on the WeChat public platform uses the
built-in browser kernel of WeChat. GZip compresses the content of the webpage and
sends it to the visiting browser to display it, that solve the problem of slow access to
large data pages in web technology.

2 Hybrid Mobile Application Development Model Overview

2.1 Hybrid Mobile Application Development Model

Currently mobile applications are widely used in various industries. There are three
modes for implementing these APPs [3]: native mobile applications, web mobile
applications, and hybrid mobile applications. Native mobile applications can directly
call hardware devices and various sensors of mobile devices, but its development costs
are high, complex maintenance and can’t be cross-platform, web mobile applications
can achieve cross-platform and short development cycle, but can’t call mobile device
hardware, Hybrid mobile applications improve the advantages and disadvantages of the
two development modes mentioned above, making applications using the hybrid
mobile development model [4] closer to native apps.

2.2 Hybrid Mobile Application Development Model Architecture

This article mainly uses the PhoneGap framework to implement mobile applications.
The essence of the PhoneGap framework is to allow developers to build localized
mobile applications using only Web technologies, and to integrate native features to the
maximum extent, and use JS to invoke native functions. PhoneGap provides plenty
API, including Accelerometer mobile sensor, Compass device pointing and Notifica-
tion. PhoneGap provides hardware access control. Compared with the traditional Web
applications, through the JS classes provided by PhoneGap can access the mobile
device hardware described above to make up for the inadequacies of traditional Web
applications.

The principle structure of the hybrid mobile application using the PhoneGap
framework is shown in Fig. 1. First, using Web technology such as HTML, JavaScript
and CSS to support cross-platform, and then packaged into an independent mobile
application using the mobile development framework PhoneGap, and uses the native
APIs provided by PhoneGap to access the mobile device APIs, the mobile application
is placed in the native program framework, the client can access it through WebView.
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3 Implementation of Hybrid Mobile Application on WeChat
Public Platform

3.1 System Requirements Analysis

The tool management system is a simple and quickly way to manage all kinds of tools.
This article uses the PhoneGap framework to develop a cross-platform mobile appli-
cation tool management system for a hydropower station. Considering the variety of
tools needed in the maintenance of the hydropower station, there are many inconve-
niences in manual management, and because the hydropower station workers need the
faster information feedback, it is a necessary requirement to increase the website access
speed. Then, due to the differences in the types of employees’ mobile devices, there is a
WeChat application installed in each employee’s devices. So, considering the above
situation, using the PhoneGap framework to implement a cross-platform tool man-
agement system running on WeChat is the best choice.

3.2 System Development Environment and Platform Construction

System development and operating environment construction is divided into the fol-
lowing steps:

Fig. 1. The principle structure diagram of the hybrid mobile application scheme using
PhoneGap
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1. NPM is responsible for the management of the PhoneGap application package, so
Node.js should already be installed in the development environment.

2. PhoneGap’s core Cordova is installed with the following command: “Npm install—
g cordova” After Cordova is installed, you can create an engineering application.

3. Database installation and use. The system uses SQL Server as a database man-
agement system.

4. Building PHP environment.

3.3 WeChat Public Platform Development

WeChat public platform as a new media, can obtain service number or subscribe
number by applying in the Tencent. Fill in the server address in the developer center of
the public platform management page, which is limited to port 80. After obtaining the
public platform [5], the link of the system is embedded in the public platform. The Web
version of this system shares a background program on the WeChat public platform.

3.4 Key Technologies

GZip compression is a key technology that used on the server side of the system,
because when the user uses the system, such as query a tool, the query result needs to
return quickly, so the user experience will feel better. GZip compression efficiency is
very high, usually can achieve 70% compression rate, so the server uses GZip com-
pression function that main idea is to compress the page requested by users, to save
network bandwidth, improve the access speed of the website. The key configuration
code to use GZip function in IIS is as follows:

/ **
* Modify the file suffix that needs to be compressed, where HcFileExtensions is the
extension of the static file and HcScriptFileExtensions is the extension of the
dynamic file
* /
HcCreateFlags=“1”
HcDoDynamicCompression=“TRUE”
HcDoOnDemandCompression=“TRUE”
HcDoStaticCompression=“TRUE”
HcDynamicCompressionLevel=“9”
HcFileExtensions=“htm, html, txt, js, css”
HcOnDemandCompLevel=“10”
HcPriority=“1”
HcScriptFileExtensions=“asp
aspx
dll
exe”

HTML5-Based Tools Management Mobile Application … 355



4 System Test and Performance Analysis

4.1 System Test

The tool management system implements more than 10 functions, such as search tools,
scan code to borrow, and so on. Each function is clearly displayed to the user, and the
specific interface is shown in Figs. 2 and 3.

4.2 Performance Analysis

The performance of this application is greatly affected by the network, because it will
load the server-side pages. If the loading time is too long, the user experience will be
very bad, so it is necessary to increase the loading speed of the web pages.

The idea of compressing the interface data by GZip compression function improves
the loading time of the front page. Analyze the effects of Gzip compression on
application performance, it’s uses hybrid mobile applications that use Gzip compres-
sion and hybrid mobile application that do not use Gzip compression to test. Among
them, the average load time of the hybrid mobile application using the Gzip com-
pression function is 0.115 s, and the average load time of the hybrid mobile application
without using the Gzip compression function is 0.176 s. The average page load

Fig. 2. Application index
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efficiency difference between the two modes is quietly obvious. So, hybrid mobile
applications using Gzip compression can achieve a better user experience.

5 Conclusions

With the continuous development of the mobile Internet, more and more cross—
platform applications will be developed based on HTML5. In this paper, the WeChat
public platform for tools management mobile application after testing, it’s shows
perfect function, and good loading speed during use. The use of the WeChat public
platform simplifies the development model compared to the use of native application
development, and do not have to remember the domain name, convenient for the user
to use.
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Abstract. The addition of CSS cascading style sheets completes the layout of
the interactive web page in the interactive web page layout technology HTML5
+CSS3. The effect of web page optimization is very obvious, and it is also very
important to float and clear floating in the web page layout. The four methods of
clearing floating has been introduced mainly, in order to achieve the effect of
further optimization to compare the advantages and disadvantages of each
method from all aspects, and ultimately to make the overall layout of the page
optimal. But floating can cause many problems, and it is especially significant to
clear the float. There are many ways to clear float, but each method has more or
less limitations. And other methods must be found to eliminate these limitations.
In contrast, the method of removing floats by pseudo-elements is the most
perfect.

Keywords: CSS cascading styles � Clearing float � Page layout � Methods

1 Introduction

The mobile smart devices have penetrated the all corners of people’s lives at a very fast
speed because of the rapid development of mobile Internet technology has made. The
use of web pages as an information carrier has made the interactive demands on web
pages among the people increasingly demanding [1]. The most popular interactive web
page layout technology, HTML+CSS, is quickly and widely used with its unique
advantages. HTML5 hypertext markup language production webpages, combining
with CSS3 cascading stylesheet language, can improve the layout of interactive web
pages [2]. Floating is indispensable in the layout of a web page, but it will also have
many unnecessary effects. This requires us to clear away some of the floats and
optimize the pages.

2 Characteristics and Impacts of Float

2.1 Characteristics of Float

There are four values for the Float element. Left: the element floats to the left. Right:
the element floats to the right. None: it is the default value, and the element does not
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float. It will appear where it appears in the text. Inherit: the value of the float value
should be inherited from the parent element [3]. The first two attributes are the most
frequently used codes. Floating is one of the indispensable codes in a web page layout.
It can make the page element away from the limitations of the document flow and move
the target element to the specified position in the parent element so that re-publish the
page. At last, it can change the default arrangement order of the elements in the original
page. The characteristics of the floating element itself have certain advantages, as
shown below.

(1) The floating element is displayed on one line.
(2) When the property value ‘left’ is set, the floating elements will be arranged from

the left side of the parent box to the right side. When the property value ‘right’ is
set, the floating elements will be arranged from the right side of the parent box to
the left [4].

(3) The floating elements automatically have the properties of block-level elements.
After adding a floating element to an inline element, there is no need to add the
code ‘display:block’, otherwise it is a waste code.

(4) The floating elements are out of the document flow.
(5) Child elements within floating elements do not inherit floating attributes.
(6) The following elements of the floating element do not recognize the height and

position of the floating element.
(7) All elements can use floating attributes.

2.2 Impact of Float

2.2.1 Parent Element to Set the Background Color Does not Work
When setting a float for block-level elements, block-level elements can be implemented
out of the document flow and display on one line. But the float will make the back-
ground color of the parent element not display because the height of the parent element
is zero.

2.2.2 Parent Element Setting Border Properties Will not Be Opened
When the parent element is set to a border value, the border property is not expanded
and the block-level element is not wrapped. The four sides of the border line are
grouped together.

2.2.3 Parent Element Setting Padding Properties Will not Be Opened
The padding value does not work when the padding attribute is set for the parent
element.

3 Methods of Clearing Float

Method one, the Adding a fixed height to the floating element’s parent element is very
important. Because the height of the parent element is zero, the floating side effects can
be eliminated by manually adding the same height as the floating element when writing
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the code. As shown in Fig. 1, you can clear the float by adding the same height as the
child element to the parent element. Figure 2 are renderings.

Although this method is simple and effective, it is not recommended for everyone
to use. Because manually adding heights is a matter of fixing the scope, and adding new
elements is not possible unless you create a fixed-height webpage.

Fig. 1. Program code

Fig. 2. Effect of not adding height attribute (left) and effect of adding height attribute (right)
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Method two, setting the code ‘overflow: hidden/auto;’ to the floating element’s
parent element is a very simple method, as shown in Fig 3.

<style>
.box{width:300px;border:1px solid #000;overflow:hidden;}
.div1{width:260px;height:400px;background:Red;float:left;}

</style>
<body>

<div class=“box”></div>
<div class=“div1”></div>

</body>

Method three, in order to add an empty label with the characteristics of block-level
elements to the parent element of the float element before the end of the label, we will
use div, add a ‘clear: both;’ to the element under normal circumstances. As shown in
Fig. 4, the results are shown in Fig. 2.

The biggest disadvantage of this method is that the margin is invalid, especially in
the case of a large number of floating layouts of the page. Adding too many empty divs
to clear the floating is inconvenient to optimize.

Method four, the clearfix pseudo-element to clear the float is the most important
method. This method uses the attribute ‘:after’ to clear the float in the Clearfix pseudo-
element, which is the most commonly used method in the project. First of all, we should
ensure that it is a block-level element by setting the ‘display: block;’, and then there is no
floating object left and right, so you must apply the style ‘clear: both;’ to the element.
Special attention should be paid to the pseudo-element’: after’, it comes with an attribute
‘content:“ ”;’. This attribute must be written. If it is not written, the pseudo-element will
have no effect. The above three conditions are necessary and indispensable.

Fig. 3. Effect of not adding the “overflow:hidden/auto;” attribute (left) and the effect of adding
the “overflow:hidden/auto;” attribute (right)
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Fig. 4. Program code

This method also has four attributes that are not required:

(1) ‘height: 0;’: To prevent the default ‘height: 1px;’ in low-level browsers, we could
use ‘height: 0;’ to override.

(2) ‘font-size: 0;’ We could set the font size to 0.
(3) ‘overflow: hidden;’ We could make the element overflow hidden.
(4) ‘visibility: hidden;’ We could hide all visibility elements.

Here, we will notice that ‘overflow: hidden;’ and ‘visibility: hidden;’ are similar,
but there are a few differences between the two.

‘overflow: hidden;’ is to hide the excess elements, that is, when setting the property,
the extra part will be cut off according to the set width and height. And ‘visibility:
hidden;’ hides that layer, which means that you cannot see its contents but the space it
occupies still exist [5]. (It is invisible but touched).

That is, using the pseudo-element ‘:after’ to clear floating fixed code, it is only
necessary to add ‘.clearfix’ to the parent element of the floating element.

.clearfix {
display:block;
clear:both;
content:” ”;
height:0;
font-size:0;
overflow:hidden;
visibility:hidden;

}
To make all browsers compatible, we can add

.clearfix {*zoom:1;}
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4 Conclusions

The optimization of the web page cannot be separated from the setting of the floating
property, but clearing the float is indispensable. This article first introduced the char-
acteristics of floating elements in web pages and the impact of floating, and then
introduced four methods for clearing float. Although there are many methods for
clearing float, each method has certain disadvantages. In contrast, the elimination of
floating pseudo-elements is the best solution.
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Abstract. Traditional browsers are inefficient in single-threaded download and
rely too heavily on target servers. In order to improve download speed and
stability, multithreaded download tools are urgently needed. However, current
multithreaded download tools, such as Thunder and Free Download Manager,
cannot meet the convenience and versatility of browser download process.
Aiming at the above problems, this paper proposes a method that use Web
Workers to implement multithreaded download of browser-side. Multiple sub-
threads are created by the main thread of the browser, and these sub-threads
request file data from the server at the same time, thereby improving file
download efficiency and download speed. This article demonstrates the feasi-
bility of this technique and verifies the integrity of the downloaded file using the
File System API provided by HTML5.

Keywords: Multithreaded download �Web worker � File system API � Thread

1 Introduction

As the new features of HTML5, Web Workers creates a new running mode for
JavaScript of browser-side and enables JavaScript to create a new running environment
in another thread, which allows JavaScript to be processed in the background [1].
Based on this feature, this paper innovatively proposes that using Web Workers to
achieve browser side multithreaded download technology. In addition, HTML 5 pro-
vides an interface to access the local file system from the browser, that is the File
System API which can verify the integrity of the downloaded file [2].

2 Browser-Side Multithreaded Download System Overview

2.1 Multithreaded Download Steps

The overall design workflow of the system is as follows:

1. After the user clicks the download button, the browser sends requests to the original
download point and downloads some resource fragments.

2. The browser submits the original download URL to the resource index server and
queries the server addresses of other available download sites.
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3. The resource indexing server returns a list of available resources and the size of
these resource files to the browser.

4. The browser side segments the files, and creates the sub-threads, then merge these
sub-threads. Each sub-thread downloads the resource fragments from their specific
target server respectively.

5. The download site server returns the resource fragments to the browser.
6. The browser side combines the resource fragments and writes them to the local file

system, and then the download ends [3].

2.2 Resource Index Server

The main functions of the resource index server are accomplished by the resource
analysis module, including querying the available resource addresses and dynamically
updating the resource index server. The workflow of resource analysis module:

1. After receiving the query request, it queries address content mapping table
according to the original URL.

2. If this address exists, the resource hash value and resource size corresponding to the
address will be obtained, the content address mapping table is queried according to
the resource hash value, and the list of available addresses corresponding to the
resource hash value is obtained, then the multithread download module is returned
to the browser.

3. If this address does not exist, it will be updated to the resource index server after the
download is completed [3].

2.3 Resource Download Module

Using the characteristics of Web Workers to design a browser-side multithreaded
download module. The main thread is responsible for interacting with the user, splitting
the target resources, creating multiple concurrent sub-threads, monitoring and
managing the sub-threads. The sub-thread only needs to receive the download request
from the main thread to download the corresponding resource fragment and return the
downloaded resource fragment to the main thread. During the download process,
multiple sub-threads are running simultaneously, requesting the resource fragment
what they need from multiple servers, thereby implementing the multithreaded
download function of the browser [4].

The main thread uses Web Workers to create sub-thread, sends the file information
and the target URL to the sub-thread through the PostMessage function, and monitor to
the message of the sub-thread through the onMessage function to obtain the down-
loaded resource fragments by the sub-thread.

After the sub-thread is created, the onMessage function is used to acquire and
analyze the downloaded information sent by the main thread, then, construct an xml-
httprequest object based on that information, and send the object to the server. The
server can obtain the resource fragments information requested by the user by ana-
lyzing the header information of the request object, and then return the corresponding
resource fragments to the web front end.
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Since each sub-thread is independent of each other, they communicate with each
other through the main thread, so the download between the sub-threads is concurrent.

2.4 Write Operation Model

The multithreaded download module needs to transfer the data to the write file module
after download the data. In order to solve the conflict problem of multithreaded write
operations, the system uses ArrayBuffer array in the write operation module [5].

(1) When the main thread segments the resource, each resource fragment needs to be
numbered, and file fragment order number is one-to-one corresponding to the
starting offset order of the file fragment. For example, if starting offset equal to 0,
the resource fragment is numbered 0, the next resource fragment is numbered 1,
and so on.

(2) After the sub-thread downloads the resource fragment, it first returns to the main
thread, and sends the resource fragment starting offset and the resource fragment
number to the main thread.

(3) Before creating the sub-thread, the main thread needs to save an ArrayBuffer array
for storing the file fragment. When the main thread receives the resource fragment
that sent by the sub-thread, it will place them in the ArrayBuffer according to the
number of the resource fragment.

(4) After all the sub-threads have finished downloading, the main thread writes the
resources to the local through the BLOB object, then complete the download [3].

3 Experiment and Application

3.1 Browser Multithreaded Download File Experiment

It can be seen from Figure that in the case of normal smooth network and network
delay, in the file downloading process less than 10 M, the download efficiency of
multithread and single-thread is similar, and the download efficiency of single-thread is
slightly better than multithread. However, in the process of downloading files larger
than 10 M, the download efficiency of multithreading is significantly better than single
thread (Figs. 1 and 2).

3.2 Browser Multithreaded Download Technology Application Scenario

Author of this article has designed and developed an online training system for cross-
platform mobile applications of hydropower stations. And the specific interface is
shown in Fig. 3. Due to the special nature of hydropower station work, network
fluctuations often occur, so browser multithreaded download technology play a very
important role in this work environment.

After the file is downloaded using multithreaded download technology, using File
System API to retrieve the document from a specified cache folder on the local SD
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single-threaded multi-threaded

Fig. 1. Comparison of single-threaded and multithreaded download efficiency in unblocked and
no delay, no high packet loss rate network environment

single-threaded  multi-threaded

Fig. 2. Comparison of single-threaded and multithreaded download efficiency in high-latency
network environment that network delay 100 ms

Fig. 3. Read and download document pages
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card. It can verify the integrity of document through multithreaded download tech-
nology [2]. The key code to determine the document type and open it is as follows:

@ Suppress Lint(“ Default Locale”)
public static Intent open File(String file Path) {
File file = new File(file Path);
if ((file = = null) | | ! file.exists( ) | | file.is Directory( ))
return null;}

4 Summary

In order to solve the problem that the traditional browser needs to install the client or
plug-in so that can use multithread download, this paper proposes to use resource
content as the core, then extend user single-threaded downloads to multithreaded
downloads. During the download process, the resource index server is updated to
dynamically obtain the resource distribution in the network. Due to the limitations of
JavaScript itself, in the multithreaded download process on the browser side, the
resource fragments need to be merged into the ArrayBuffer array before the file can be
written into the local, so the efficiency of multithreaded download is not particularly
ideal for small files [2]. For very large files, all file fragments cannot be placed directly
into the array. At present, the document segmentation strategy used in the work is
relatively simple. Therefore, further optimization is needed for multithread download.
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Abstract. Product information is usually printed on the packaging of products
in the form of graphics, images or text during the packing process. But the
information printed on the packing boxes is difficult to change and cannot
provide multiple kinds of data presentation for consumer. With the development
of augmented reality technology, we have a new solution for this problem.
Based on the analysis of augmented-reality technology and the characteristic of
packing box, we adopt a technique that can identify and track multiple target
faces at the same time. Thus, the augmented reality based on multi-target
tracking technology can be applied to the expression of product information
printed on the packing box. The new approach can be used to identify and track
six target faces in real time to determine the packing box’s coordinate and
rotation angle, then calculate the spatial relationship between virtual information
and real packing box. The approach proposed in this paper can provide multiple
kinds of presentation for information, which ultimately improve the user
experience.

Keywords: Intelligent packaging � Augmented reality � Multi-target tracking �
Image recognition

1 Introduction

Augmented reality technology, also known as AR (Augmented Reality) technology, is
a new technology that can superimpose virtual information with real scenes. This
technology not only can provide multiple kinds of presentation for data, but also
enables people to obtain more effective information. The product information of the
box packaging is generally printed on the product packaging box in the form of
graphics, images or text. But the information printed on the packing boxes is difficult to
change and cannot provide multiple kinds of data presentation for consumer. Therefore,
how to convey the product information to consumers by information processing
technology while not changing the structure and internal materials of the traditional
packaging has gradually become an important research direction. The development and
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maturity of augmented reality technology provide a new option for solving this
problem.

Based on the analyzing of the principle of image recognition and tracking in
augmented reality technology, this paper proposed a multi-target tracking technology
that can simultaneously identify and track multiple images. The technology can identify
and track the product packaging, determine the coordinate position and rotation angle
of the packaging box in real time, and then calculate the positional relationship between
the virtual information and the real product packaging, so that the virtual information
can not only be displayed on the outside of the packaging box, but also on the inside of
the box, creating a “perspective” effect.

2 Implementation Process of Multi-target Tracking
Technology

2.1 Image Recognition and Tracking Principle

Augmented reality technology based on image recognition and tracking can be mainly
divided into two types, Marker-based Augmented Reality and Marker-less Augmented
Reality, and this paper mainly discusses the marker-less augmented reality technology
[1]. As shown in Fig. 1, the principle of image detection and recognition in the mark-
less augmented reality technology mainly includes three steps: the first is feature
detection, the second is feature description, and the third is feature recognition. Feature
detection is based on a certain algorithm and calculation rules, using the camera to
detect the point where the gray value in the image changes significantly, such as the
corners, the edges of the image, and so on. The feature description is to describe the
detected feature points with binary data. Compared with the original image data, the
binary data is only a few tenths or even a few hundredths of the original image, which
greatly reduces the image recognition. Feature recognition is based on the feature data
generated after feature description to determine whether the recognition is successful. If
the recognition is successful, the recognition is completed.

2.2 Multi-target Tracking Technology Implementation Process

Augmented reality technology uses the form of image feature recognition to achieve
seamless integration of virtual information with the real environment [2]. In general,
image feature detection and recognition are mainly for a single image, but a packaging
box may have many faces, such as a three-dimensional packaging box generally has six
faces, the images on each face are different, which greatly increases the difficulty of
image recognition and tracking. The augmented reality multi-target tracking technol-
ogy can simultaneously recognize and track multiple images in real time, calculates the
relative positions and relative angles of different images. The real-time adjustment of
the virtual information’s coordinate position and display angle make the virtual
information looks very realistic, the implementation process of multi-target tracking
technology is generally shown in Fig. 2.
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Multi-target tracking technology can be roughly divided into two parts: Firstly, the
technology should track and identify multiple target images in real time. Compared
with traditional image recognition and tracking technologies, multi-target tracking
technology is no longer a single image recognition or tracking. Instead, it recognizes
and tracks multiple images captured by the camera. An image data set is formed from
multiple images, and then it is calculated in real time through image feature detection
and recognition algorithm. The coordinate position, direction angle, and the coordinate
relationship between the image and each image in the data set are obtained. Secondly,
multi-target tracking technology should realize the superposition of virtual information
with real environment. The key to augmented reality technology lies in the ability to
ensure the seamless integration of virtual information with the real environment or real
objects, and the coordinate information, location information and relation information
between different images must be calculated in real time according to the algorithm [3].

Fig. 1. Principle of image detection and identification
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3 Application of Multi-target Tracking Technology
in Box Packaging

3.1 Implementation Process of Multi-target Tracking Technology

The multi-target tracking technology used in this paper is mainly based on the Vufo-
ria SDK. The Vuforia SDK is an augmented reality tool development kit that can track
and identify plane images, three-dimensional packages, etc. [4]. The multi-targets
function of Vuforia is applied to the identification and tracking process of a three-
dimensional packaging box. The technical implementation process mainly includes five
steps, as shown in Fig. 3 [5].

1. Select the three-dimensional box. Vuforia SDK can identify and track multiple
types of images, such as flat images, two-dimensional code images, three-
dimensional packaging, etc. If you want to realize the identification and tracking of
three-dimensional packaging, you need to select the “three-dimensional packaging
box” and download the appropriate development tools.

2. Upload the image. Since the three-dimensional packaging box generally has six
faces, the multi-target tracking technology performs corresponding recognition and
tracking on all six faces of the packaging box, so six images need to be uploaded,
that is, each face has a corresponding image texture to identify and track the three-
dimensional packaging box.

3. Download image data. After uploading an image, the Vuforia SDK server generates
a set of image data sets based on the image content uploaded by the developer. This
set of data includes the size of the uploaded image, the feature data, and the

Fig. 2. Multi-target tracking technology implementation process
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relationship among the images. The developer downloads this image data set for the
identification and tracking of the three-dimensional box.

4. Integrated development. The developer imports the downloaded image data into the
Unity development environment and combines it with the augmented reality
development tools provided by the Vuforia SDK and the mobile development tools
provided by the Android SDK to complete the development and implementation of
the software system. Eventually, the software is exported in .apk format.

5. Install the software to your phone. The software installed in the fourth step is
deployed in a mobile phone to realize the identification and tracking of the three-
dimensional packaging. However, the six faces of this three-dimensional box must
be consistent with the six images uploaded in the second step in terms of image
content, positional relationship among images [6].

3.2 Development and Operating Environment

In this paper, we verify the feasibility and practicality of multi-target tracking tech-
nology applied to three-dimensional box packaging used Vuforia SDK, Android SDK
and other development kits. Finally, the developed software is exported and installed in

Fig. 3. Implementation process of multi-target tracking technology
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an Android mobile phone so as to realize the application of the multi-target tracking
technology in the box packaging. The environment involved in this experiment mainly
includes two parts, one is the hardware environment, and the other is the software
environment, as shown in Table 1.

3.3 Realization of Multi-target Tracking Technology in Box Packaging

After the completion of software development, then the software can be exported in the
form of .apk and installed on an Android phone. The software developed in this paper
can use the camera of Android mobile phone to capture the images on the three-
dimensional packaging box in real time, and calculate the coordinate position, orien-
tation angle, and the relationship of the captured images, then superimpose the virtual
information on the three-dimensional packaging box. Figure 4 shows the three-
dimensional box image captured by the camera and no virtual information is super-
imposed on it at this time.

Table 1. Development and operating environment

Category Hardware environment Software environment

Development
environment

Computer Processor i5-4590,
3.30 GHz

System Windows 10
Professional

Video
card

AMD R5
340X

Development Unity 2017

RAM 8 G Toolkit Android
SDK 6.0
Vuforia 7
SDK

Operating
environment

Android phone HuaweiP10
Plus (128 G)

System
version

Android
8.0.0

Fig. 4. Three-dimensional package captured by the camera
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Figure 5 shows the effect of superimposing the virtual information on the interior of
the three-dimensional packaging box. It can be seen from the figure that the three-
dimensional packaging box becomes a “transparent” state and can display the model of
a red car inside the packaging box. In fact, the car is a virtual model and does not really
exist, but it can change synchronously with the change of the coordinate position and
orientation angle of the box, as if there is a real car inside the box.

4 Conclusions

In 2016, according to the Technical Forecast Report released by the International
Institute of Electrical and Electronics Engineers and Gartner Inc., the most authoritative
information technology research and consulting company in the United States, aug-
mented reality technology has been ranked as one of the most promising technologies
[7]. This paper applies the multi-target tracking technology in augmented reality
technology to the three-dimensional packaging box. It has certain significance for

Fig. 5. Box for superimposing virtual information
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enriching the traditional expression of packaging information and improving the user
experience. However, during the process of software running, the virtual information
jitter occurs occasionally. This is generally due to the lack of accuracy in the image
recognition and tracking algorithm. Therefore, improving the accuracy of the relevant
algorithms still need further analysis and research.
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Abstract. The development of intelligent technology continuously promotes
the application of augmented reality (AR) technology in the field of mobile
Interconnection. This article uses the Unity3D engine and Vuforia SDK as
development tools, and takes the world cultural heritage West Lake as the
research sample, through researching the development model of the mobile AR
cultural experience platform, this paper constructs an innovative App model for
multivariate display of West Lake attractions. The app is designed to apply AR
technology features to enhance the user’s audio-visual experience, as well as the
protection, display and interaction of the cultural heritage through the combi-
nation of virtual reality and reality. In this paper, a new technical means for the
multi-dimensional display, multi-modal interaction and multi-scene applications
of cultural heritage information is provided.

Keywords: Augmented reality � Mobile terminal � Cultural heritage

1 Introduction

Augmented Reality is a technology that combines real-world with virtual information
such as images, videos, and 3D models which can be perceived by human to generate
real-time interactions, thereby enhancing a person’s realistic sensory experience [1]. In
recent years, AR technology has begun to be used in the digitalization of cultural
heritage.

This article uses the Unity3D engine and the Vuforia AR development kit, takes the
world cultural heritage West Lake as the sample, constructs a multivariate display
model of West Lake attractions based on the characteristics of cultural exchange and
communication, develops a mobile terminal augmented reality application to increase
the interest and interactivity of West Lake attractions, and to meet the new needs of
cultural heritage protection and sharing.

2 Related Technologies and Principles

A complete mobile AR system can be divided into three parts: video input, tracker
registration, and rendering output, the most critical of which is tracker registration part.
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2.1 Key Technologies

Augmented reality tracker registration technology is one of the most important research
direction in AR field, it refers to capturing the position and posture of a camera in real
time, calculating the spatial projection relationship between the virtual object and the
real environment, superimposing the computer-generated digital content into the real
scene, and achieving dynamic and accurate integration.

In the whole process, image matching is the key point [2], that is, after the system
detects the outline of the recognition object, the correlation coefficient matching
algorithm is used to match the template. When the correlation coefficient of the image
and the template corresponding position reaches the maximum, the template matching
is realized. The correlation coefficient matching algorithm flow is as follows:

1. Selecting the image contours in the identified image, normalizing the image to
obtain an image S(x, y) of the same size as the template image T(x, y).

2. Calculating the correlation coefficient between the template image T(x, y) and the
image S(x, y). Assuming that after the specification, the size of the template T and S
is M � N, the correlation coefficient is used to solve the problem. The solution
formula is expressed as:

q x; yð Þ ¼
PM

N

PM
N S x; yð Þ � S
� �

T x; yð Þ � T
� �

PM
N

PM
N S x; yð Þ � S
� �2PM

N

PM
N T x; yð Þ � T
� �2

n o1
2

ð1Þ

where x = 0, 1, 2, …, M, T is the average value of pixels in T, S is the average
value of pixels in S, and q(x, y) is the correlation coefficient between image S and
template T, 0 < q(x, y) < 1, q(x, y) takes the maximum value of 1 when S(x, y)/T
(x, y) is constant. After calculating the correlation coefficient value, rotate the image
S by 90° and repeat steps 2 to 3 for a total of four iterations.

3. After calculating the correlation coefficient value, rotate the image S by 90° and
repeat steps 2 to 3 for a total of four iterations.

4. Comparing the four correlation coefficient values and take the maximum value.
When the correlation coefficient is close to 1, the image is the detected mark image,
and the mark matches the template.

2.2 Software Development Kit

Based on a systematic comparison of ARToolKit at Washington University, ARKit and
ARCore at Apple and Google, this experiment uses the Qualcomm Vuforia AR
Development Kit. It uses computer vision technology to identify and capture planar
images or simple 3D objects in real time, supports multi-platform augmented reality
application development such as Android, iOS and PC, and provides C#, Java, Object-
C and .NET languages through Unity game engine extensions. The application editing
interface can simultaneously support the native development of iOS and Android, and
facilitates the porting of augmented reality applications developed in the Unity game
engine to the iOS and Android platforms.
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3 System Design and Implementation

3.1 System Design

In this paper, aiming at the application of mobile augmented reality, an AR system
based on image feature recognition is designed and developed on iOS mobile devices
using Unity3D engine, Vuforia SDK and Xcode platform development tools. The
system mainly includes five modules: video acquisition module, tracker registration
module, virtual integration module, rendering display module and real-time interaction
module. The system workflow is shown in Fig. 1:

1. Video acquisition module: It is mainly responsible for initializing video capture of
cameras and real scenes;

2. Tracker registration module: It is used to track the position and posture of the
camera and calculate the transformation matrix between the target and the camera;

3. Virtual Integration Module: It is responsible for registering virtual information with
real-world information to achieve virtual integration;

4. Rendering display module: It is responsible for the display after the virtual
integration;

5. Real-time interaction module: It is mainly responsible for the interaction between
the user and the system, including gesture interaction, virtual menus, and so on.

According to the different characteristics of the West Lake attractions, this article
uses multimedia software such as PS, 3ds Max, and Final Cut Pro X to construct a
multi-dimensional display model from 2D to 3D. For example, in the effect display of
“Winery Yard and Lotus Pond”, a 3D animated media format was adopted. When the
camera captures the target image, a lotus pond model will be displayed, the opening
lotus in the model will fluctuate slowly with the breeze, giving people stunning visual
effects. In addition, there are 15 interactive three-dimensional models, animated short
films, hand-drawn maps, text pictures, special effects videos, etc., additional text videos
introducing the West Lake attractions, showing the depth of history and culture.

3.2 Feature Matching

According to Vuforia’s recognition principle, this paper completes feature matching by
detecting natural feature points of planar images. That is, in the database, the image
detection feature points detected in the defined target set are stored first, and then the

Fig. 1. Mobile terminal AR system workflow diagram
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feature points in the real image are detected in real time, so that they match the feature
point data of the template image in the database.

In order to improve the recognizability of the target image and prevent the
superimposed virtual information from being dithered or difficult to be identified, this
paper enhances the image contrast, reduces the repetition features, enriches the image
information to increase the number of feature points of the identified image, improves
the recognition stability, and optimizes the recognition. The feature matching of the
image is shown in Fig. 2.

3.3 Effect Display

This article uses a variety of effects and methods for the AR display of the West Lake
attractions, as shown in Table 1.

3.4 Result Analysis

By testing the availability of experimental samples, this paper verifies that the mobile
AR app satisfies the need of users to obtain information in the experimental environ-
ment, and investigates 5 aspects, such as the experience novelty, the content interest,
the recognition stability, the function integrity and the overall satisfaction of the
application, the results are shown in Table 2. Among them, the user scored higher on
experience novelty and content interest, obtained the second in recognition stability,
scored slightly lower on the function integrity, and the user’s overall satisfaction with
the app was good. From the data analysis, we can see that the mobile AR technology of
this paper has better interaction novelty and can meet people’s demand for digital
experience of cultural information, but it still needs to be improved in terms of func-
tional integrity.

Fig. 2. Target image’s feature point extraction
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Table 1. West Lake attractions AR effect display

No. Attraction
name

Display content Presentation
form

Final effect

1 Six
harmony
pagoda

The Origin of
“Seven Bright
and Six Dark”

Interactive
3D model

2 Nanping
Evening
Bell

The meaning of
the southern
screen bell

Interactive
video
introduction

3 Two Peaks
Piercing
the Clouds

Mountain map Interactive
hand-drawn
map

4 Winery
Yard and
Lotus Pond

Ancient rhyme 3D model
animation

5 Lingyin
Temple

Why Lingyin’s
door does not
open

Hand-painted
commentary
animation

Table 2. Comparison of mobile AR application scores

Title/value 1 2 3 4 5 Average

Experience novelty 0 0(0%) 0(0%) 5(38.46%) 8(61.54%) 4.62
Recognition stability 0 0(0%) 4(30.77%) 6(46.15%) 3(23.08%) 3.92
Content interest 0 0(0%) 2(15.38%) 5(38.46%) 6(46.15%) 4.31
Functional integrity 0 2(15.38%) 7(53.85%) 4(30.77%) 0(0%) 3.15
Overall satisfaction 0 0(0%) 2(15.38%) 8(61.54%) 3(23.08%) 4.08
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4 Conclusions

In this paper, according to the needs of the mobile AR cultural platform, a multivariate
display of West Lake attractions based on image recognition is designed and imple-
mented. The digital cultural content of different attractions in the West Lake is realized
on the material media carrier. The digital experience of the culture can provide users
with the display and interactive experience of the digital content of the West Lake
attractions in the real environment, and at the same time provide referenceable technical
solutions for diversified cultural heritage display models.
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Abstract. XML is a markup language that describes data and is widely used to
exchange data across platforms. Currently, there are three main tools for
addressing XML document: XLink, XPath, and XPointer. Among them,
XPointer is an advanced addressing tool, which can not only address elements,
but also can address specific data such as strings, points and ranges in XML
documents. However, for the positioning based on XPointer, how to extract the
non-well-formed data content in XML document is still a problem. This paper
focuses on the extraction of non-well-formed data content in XML documents.
Based on XPath 3.0, extracting and filtering nodes was analyzed. Based on
XSLT template, the content of XML documents was selectively output. Finally,
a location system based on XPointer was derived, and ultimately achieved
advanced addressing for XML documents. 20 XML files were selected as
experiment samples to verify the model proposed in the paper. The experimental
results demonstrate that the proposed method can locate and represent non-well-
formed as well as well-formed data content in XML documents.

Keywords: XML addressing � XPointer � XPath 3.0 � Non-well-formed data

1 Introduction

With the continuous development of network technology, database technology and
informationization, how to store, transfer and display data has become an issue. XML
(eXtensible Markup Language) is a user-definable semi-structured data standard, with
tremendous scalability and flexibility. XML has become the current trend to describe
and record data and played an important role in many areas of information exchange,
such as e-commerce, web services, and digital libraries. In the era of Industry 4.0, for
example, printing industry is highly mechanized and XML-based format JDF files are
used to record and transfer data [1].

Therefore, how to address data in XML document is an essential issue. XML uses
the following three main tools for linking, accessing, and addressing data [2]: XLink
(XML Linking Language), XPath (XML Path Language), and XPointer (XML Point
Language). XLink is intended to link two or more resources [3]. XPath is a query
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language providing for XSLT and XPointer to access node-sets from XML document.
XPointer is an advanced address language which can address a specific data fragment
in XML documents.

Existing methods such as XPath 2.0 can only extract complete node-set informa-
tion, which must be well-formed [4]. Using XPointer, the range between any two
position can be represented, whether the range is well-formed or non-well-formed.
However, how to extract such non-well-formed range is still a problem.

XPath version 3.0 was published by W3C working group in April 2014 [5], which
provides a new expression “let” to define inline function and create higher-order
function in XPath expression. Therefore, this paper attempted to select necessary nodes
of the non-well-formed data content by using expression “let”. In addition, XSLT
(Extensible Stylesheet Language Transformations) [6] was used to construct the
location system by converting XML source tree to an HTML result tree for selectively
outputting non-well-formed data information.

2 XPointer

XML Pointer Language is used with XLink to identify specific data fragment in XML
document in the URI of the XLink [7].

XPointer includes an xpointer() scheme, which is able to make examination of a
document’s hierarchical structure and can address the internal structure of an XML
document [8]. Xpointer() scheme provides two new locations types: point and range,
and 8 functions: “start-point”, “end-point”, “range-to”, “range-inside”, “covering-
range”, “string-range”, “here”, “origin”. It has the ability to address almost any
information in XML document, such as attribute, comment, processing-instruction, the
specific characters in these nodes and non-well-formed data content.

2.1 Point and Range

Point is a location in an XML information set with no content or children. It is
dimensionless and represents the position between two adjacent nodes or characters.
A range represents all the XML structure and content between two points: start point
and end point. It means that range contains the start/end-tag, attribute and other XML
information. A range can be well-formed as well as non-well-formed XML data
content, for example, it can contain only end-tag of a node but no start-tag and vice
versa.

In general, a non-well-formed range is produced by function “range-to” in
xpointer() scheme. As mentioned before, there is no way to get a range directly from
the XPath expression so far, so how to realize function “range-to” is the core issues of
extraction non-well-formed data.

2.2 Function “range-to”

Function “range-to” is intended to get all the XML content information between start
point and end point acquired by two arguments. Its syntax is:
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location-set range-to(location-set)
Take an XML document as an example (Fig. 1), if the XPointer expression is:
xpointer(//firstname/range-to(//lastname))
It means to address a range from the start point of element “firstname” to the end

point of element “lastname”. The start point of element “firstname” is the position
before character “J”, the end point of “lastname” is the position after “h”. So the result
range is:

Joy</firstname>
<lastname>Smith
The following sections mainly explained the method proposed in this paper to

implement function “range-to” to get a range of non-well-formed data information.
Firstly, a well-formed node-set which exactly cover the target range was obtained.
XPath 3.0 was used to get this node-set by selecting and deleting nodes from target
XML file. And then XSLT 3.0 was used to selectively and explicitly output the node-
set to get non-well-formed data content.

3 Node-Set Extraction Based on XPath 3.0

Expression “let” in XPath 3.0 was used in this paper to extract node-sets from target
XML file. Aseries variables were defined by expression “let”, which represented related
node-sets. After deleting nodes by operating such related node-sets, all the necessary
nodes between start and end point was obtained, which can just cover the target range.

Firstly, all the nodes between start and end node in document order were
sequentially set to $all. Node comparison expressions “�”, “�” and “is” were used
here to determine the position of each node.

let $all := for $s in document($doc)//*
return if ($s &gt;&gt; $start and $s &lt;&lt; $end

or $s is $start or $s is $end)
then $s else (),

But $all was composed of a large number of duplicate nodes with redundant child
nodes. So the second step was to eliminate duplicate child nodes. Under the same
expression “let”, “intersect” was used to compare two sets of sequences. Combined
with expression “if”, a sequence of unique nodes was obtained eventually. The

Fig. 1. XML document example
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principle of the entire statement was, for each node in $all, if its ancestor node is also in
$all sequence, then the node is not output, otherwise the node is output to the sequence
$every.

$every := for $node in $all
return if ($node/ancestor::node() intersect $all)

then () else $node,
Compared with the target range, node-set $every still missed data content of pre-

vious nodes. Therefore, $startnode was defined to get necessary ancestor node of the
start node. The principle was to find all the ancestor of the first node of sequence
$every, and then determine these nodes as following respectively: if the node is pre-
vious sibling of the nodes in $every, then the node is set to sequence $startnode.

$startnode := for $a in $every[1]/ancestor-or-self::node()
return

if ($a intersect $every/preceding-sibling::element()[1])
then $a else (),

At last, $startnode and $every sequences were took as a union and the redundant
nodes were removed again. In this way, all the necessary nodes from target XML file
can be obtained.

4 Address System Construction Based on XSLT 3.0

In this paper XSLT 3.0 was used to construct the experimental system. Three steps
were required. Firstly, extract the necessary two XPath expressions from function
“range-to” inside the XPointer expression. After evaluate the XPath expressions, start
node, start character, end node and end character of result range were obtained. Then
expression “let”, as explained before, was used to get a well-formed node-set, which
can just cover the target range. Secondly, all the XML information of the node-set was
copied in order to display. At last, regular expression was used to match the characters
between the start character and end character combined with XSLT template to output a
non-well-formed data content in HTML.

4.1 Extract XPath Expressions

The two strings before and after “range-to” in the function expression can be just an
XPath expression or a nesting function. Therefore the regular expression “\([^()] +\)”
was used to get the characters in the innermost parentheses of these two strings and set
the result in different cases. For each case, XPath expression was evaluated by using
XSLT 3.0 function “xsl:evaluate” setting different parameters. In this way, the corre-
sponding start and end node as well as start and end character from target document
were obtained.

4.2 Copy Node Information

For all the XML data information of all the node types, start-tag, end-tag, text content
as well as attribute information should be contained. In order to explicitly output XML
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data information in HTML, “<”, “/”, “>” and other necessary characters were added to
the output sequence.

Expression “instance of” was used to determine the node type. For different node
types different character should be copied. Here, the new operator “||” in XPath 3.0 was
used to connect all characters and strings. When the node-set is composed of multiple
nodes, expression “for” was used to perform self recursion on each node.

4.3 Output Non-well-Formed Data

Regular expression was used here to match the string obtained from last step into the
string of result range. The result string is the characters between the start character of
start node and the end character of end node. It is worth to notice that because the string
extracted by regular expression is greedy by default, the node-set obtained in Sect. 3
must be the smallest range that can just cover the target range to avoid matching
needless characters.

Combining with XSLT template, the required data information was selectively
output on HTML.

4.4 System Verification

20 XML files were selected as experiment samples to verify the model proposed in the
paper.

In this system, different XPointer expressions were designed to test function
“range-to”, all of them got the correct results, regardless of whether the result range is
well-formed or non-well-formed. But functions with parentheses can not appear inside
the XPointer expression, such as “text()” or “last()”. In addition, if there are a large
number of similar nodes in the XML file, more nodes need to be further removed
depending on the particular situation.

5 Conclusions

With the development of XML technology, query and extraction of data from XML
documents should be more refined, and the function of XPointer is likely to be greatly
utilized. XPointer provides advanced positioning query function for XML documents
especially location type “range”, which can represent non-well-formed data content.
XPath 3.0 and XSLT 3.0 was used in this paper to implement an xpointer-based query
system, which makes it possible to extract and output non-well-formed as well as well-
formed data content. Although there are lacks in the experiment of this paper, it makes
some helpful attempts to extract non-well-formed XML data and provides ideas for
follow-up researchers.
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Abstract. Based on the analyzing of the requirement of exhibition industry for
printing field, a system framework of network printing exhibition is proposed.
By using the new coding technology, webpage design and background programs
for network printing exhibition are developed and achieved. The new coding
technology HTML5, CSS3, and JS are used for the development of network
program and the design of the interaction functions. By making use of ASP
development language, webpage and ACCESS databases are connected and
bound, which realize interactivity of the website data. Users can enjoy better
interactive experience. Ultimately, test and optimization are carried out to the
website.

Keywords: Network printing exhibition � Interactivity � HTML5

1 Introduction

As the quick development of computer network technology, network exhibition
becomes an efficient and low-cost alternative approach for commodities fair; It has also
become a concentrated research area [1]. At present, most of the network exhibition-
websites are mainly based on exhibition information platform, but their functions are
still incomplete. Especially, web-exhibitions for printing are very few. The design of
the website for printing exhibition is outmoded, the interactivity is also low.

Some international printing exhibitions have begun to adopt network form, the
interactive technology of their network exhibitions are outstanding [2]. Therefore, it is
feasible to design and implement a network exhibition for printing field.

2 Demand Analysis

2.1 User’s Requirements

The users of the network printing exhibition are enterprise and participants. For
enterprise, website should strengthen the corporate brands and promote the corporate
culture. For participants, website should use a variety of interactive technologies to
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make the tedious information of resources into interactive exchanges of information to
meet the browsing requirements of the participants.

2.2 Interactivity Analysis

By increasing the webpage’s interactivity, the resource information could be displayed
in an ordinal and interesting way, the difficulty in obtaining information for the user is
reduced.

By the analysis of information demand from the user’s point of view, the interactive
element is not the more the better, but has a limitation. Therefore, the basic design of
interactivity for the network printing exhibition website is very important.

2.3 Function Analysis

The demand of network printing exhibition website and the influencing factors of the
web access are analyzed, in order to meet the user’s requirements. A modularization
framework and application of the technical platform for network printing exhibition
was recommended. It contains four functional modules: Exhibits Display, Enterprise
Information, Exhibition News, and Offline Exhibition information.

(1) Exhibits Display: the exhibits are classified by type, process technology, latest
products and interaction design, and it could be commented by users on the
webpage.

(2) Enterprise Information: this webpage displays publicity pages, products and the
latest techniques of the enterprises.

(3) Exhibition News: this webpage releases the latest news of printing exhibition and
information of development in print industry.

(4) Offline Exhibition Information: module of offline exhibition publishes the latest
information of offline printing exhibition, and collects information of on-line
registration for offline exhibition.

3 System Architectures

As shown in Fig. 1, the working principle of the website system is as follows: when a
user requests ASP webpage by browser, the web server responds the requisition,
executes ASP file by calling ASP jet and interprets its script languages [3]. By con-
necting database with ODBC (Open Database Connectivity), ADO (ActiveX Data
Objects), the system completes the database operation. And then ASP generates the
HTML webpage with query result. Finally, the webpage is returned to the user by
CSS3 and JS control [4].
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4 Website Building

4.1 Webpage-Making

The webpage framework is created by using HTML5 and CSS3 coding technology.
The website uses JavaScript to realize HTML document manipulation, animation and
dynamic events. As a fast, small, and feature-rich JavaScript library, Jquery [5] makes
these operations much simpler. The database is built by Access and the active website
is made by using the ASP coding language.

4.2 Interactivity Design

(1) The banner of the home page is made with CSS3 and JS coding technology. It has
a function of time second counter, so that users can refer to the time when the
image is switched (the switching time is 2 s). When the mouse is put on the
banner, the timer stops. Then, it continues timing when the mouse is removed. It
avoids switching images when users read information about banner.

(2) The enterprise recommendation module uses CSS3 and JS coding technology.
Each image is set up with a transparent layer to display the information of the
enterprise. And the transparent layer is displayed from bottom to top as the mouse
passes through the image.

(3) The recommendation of offline exhibition is displayed like a folding fan. The
information of the exhibition is hidden. The image displays the hidden informa-
tion when the mouse is putting on the image. The telescopic effect is triggered by
the mouse. The CSS3 coding technology is used to realize the effect of scaling by
using the CSS3 translation and the unique animation execution time curve “ease”.

(4) As shown in Fig. 2, the exhibits display module by use of CSS3 and JS for layout
and setting. Each product is set up with a transparent layer to display the infor-
mation about the product. When the mouse is put on the image of the product, the
transparent layer is displayed from bottom to top.

Fig. 1. System frame diagram
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5 Running of Website

The running of website is to find various types of errors in the process of system design
and programming, and to modify the mistakes. The website passes the functional test
and the performance test successfully, and achieves the design requirements. The test
results are as follows.

5.1 Web Front-End

As shown in Fig. 3, the front-end of the website is divided into five parts: homepage,
exhibits display, enterprise information, exhibition news, offline exhibition information.

Fig. 2. Exhibits display module

Fig. 3. Front-end of the website
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5.2 Web Background

As shown in Fig. 4, it contains homepage, news management, enterprise management,
and product management altogether four functional modules.

6 Conclusions

The network printing exhibition is designed and developed. The whole frameworks of
the website include front-end, background programs, and databases. The new coding
technology HTML5, CSS3, and JS are used to build front-end of network printing
exhibition and develop interaction design. The ASP and ACCESS databases are used to
develop dynamic webpage of the website, whose server is based on windows platform.
The running results of the printing exhibition website show that it can realize the
functions of network printing exhibition, which include exhibits display, enterprise
information recommendation, exhibition information recommendation and exhibition
news. Moreover, the interactivity design of the website can make the tedious resources
information into interactive exchanges of information to meet the browsing require-
ments of the users.

Acknowledgements. This work was supported by the National Natural Science Foundation of
China (Grant No. 61605012), the Project funded by China Postdoctoral Science Foundation
(Grant No. 2016M600052), the Science and Technology Project of Beijing Educational Com-
mittee of China (Grant No. SQKM201610015005), and the BIGC Project (Grant No. Ea201808,
Ec201805).

References

1. Wang, X. X (2011). The design and implementation of virtual exhibition based on virtual reality
technology. In IEEE 12th International Conference on Computer-Aided Industrial Design &
Conceptual Design (pp. 180–183) https://doi.org/10.16182/j.cnki.joss.2011.s1.048/(23).

Fig. 4. Background of the website

394 Y. Liu et al.

http://dx.doi.org/10.16182/j.cnki.joss.2011.s1.048/(23)


2. Jiang, M. (2011). China exhibition will develop six trends in the future. Business Times,
(B08), 1–3.

3. Feng, Y. (2006). Website construction of online store. In Shopping Malls Modernization
(pp. 106–107) https://doi.org/10.3969/j.issn.1006-3102.2006.19.071(19).

4. Liu, L. (2013). The design and implementation of warehouse MIS based on ASP. Jilin
University, 9–53.

5. Zheng, J. Research on special effects of web page layout based on Div + CSS + JavaScript.
Computer Knowledge and Technology, (17), 1556–1558.

Design and Development of Network Printing Exhibition 395

http://dx.doi.org/10.3969/j.issn.1006-3102.2006.19.071(19)


Design and Implementation of Salary
Management System for Printing Enterprises

Yuke Huo1(&), Wenjie Yang1, Peipei Ran1, Chunli Guo1,
Yanxing Liu1, Ge Yang1, and Shaozhong Cao2

1 School of Printing and Packing Engineering, Beijing Institute of Graphic
Communication, Beijing, China

584767862@qq.com
2 Beijing Key Laboratory of Signal and Information Processing for High-End
Printing Equipment, Beijing Institute of Graphic Communication, Beijing, China

Abstract. In order to make staff salary management more standardized, this
paper designs a salary management platform for employees of printing com-
pany, which is based on the Asp.Net framework and uses C# language and SQL
Server database to store data, with manage data information and staff attendance,
assessment, performance, welfare, rewards and punishments and other func-
tional modules, to achieve full management of the remuneration of printing
enterprises employees and promote the fairness of the printing enterprises.

Keywords: Employee salary � Printing company � C#

1 Introduction

Printing companies are greatly affected by the impact of rising raw materials such as
paper prices, environmental pressure and cross-media publishing. There are more than
100 thousand printing companies in China but mostly small and medium-sized
enterprises. The fierce market competition has made the profits of printing companies
very low. Realizing enterprise information technology is an effective way for com-
panies to improve their competitiveness and reduce their costs. It is of great signifi-
cance to design a personnel management system suitable for printing companies,
because the production and management models of individual orders and complex and
trivial processing technologies of printing companies require a high level of assessment
for personnel and their capabilities. Salary management, as an important part of per-
sonnel management, can assist enterprises to record employees’ salaries, evaluate and
manage their performance. Based on this, this paper combines the characteristics of the
printing company’s salary management, designing an employee salary management
system based on Web, aiming at the fair and effective management of employees’
remuneration and improving the company’s Work efficiency and core competitiveness
[1, 2].
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2 System Demand Analysis

2.1 Functional Requirement Analysis

The purpose of the printing company’s salary management system is to realize the
classification management of the employees’ work situation in each department
through the analysis of the content of each employees’ remuneration. Based on this, it
should have the functions of inquiring, maintaining and storing information about the
basic information of the Department, the basic information of the staff, the staff
assessment, attendance, performance and salary.

The use case diagram of the system is shown in Fig. 1. It describes the service
provided by the system to the users, and realizes the requirement analysis to the
perfection of the system function.

2.2 User Role Analysis

The printing company’s salary management system requires administrators of infor-
mation entry and system maintenance, as well as employees to query information.

The business flow chart of user roles is shown in Fig. 2. The administrator performs
maintenance of basic information. Through the administrator account into the main
page of the system, carry out attendance, assessment, performance, salary input, to
realize the maintenance of the basic information of the salary of the entire enterprise
staff. Ordinary employees check their own salary information and system can transfer
information from the backstage database to the home page according to the account
number.

Fig. 1. Use case diagram
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3 System Design

3.1 Functional Module Design

This article is the management system developed by combining the computer tech-
nology with the management of human resources. The purpose is to master the work of
each employee and is a comprehensive analysis of employee performance. We should
have the following modules:

(1) Basic data management module: Information management is the basis of enterprise
management and mainly includes departmental basic information, such as
department name, number, responsibility and contact information. Add adminis-
trator account, such as staff number, name, login password and other information.

(2) Employee information management module: The maintenance of employee’s basic
information, including account number, photo, name, gender, contact information,
department and other detailed information.

(3) Attendance, assessment, and performance management modules: The contents of
these three modules are part of the employees’ compensation and are linked
directly to the employees’ salaries. The realization is based on the personal con-
ditions of the employees for classification management. The attendance module
includes the date of the attendance, the type of attendance, and the result. The
assessment module includes assessment scores, assessment progress, and assess-
ment content. The performance module includes performance type, amount,
month, and content and so on. The common point is that the process of attendance
and assessment of employees, the amount and type of performance are recorded
through text input, and then updated to the database.

Fig. 2. System business flowchart
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(4) Compensation Management Module: Realize salary calculations for employees.
This module supports the direct reference of attendance, assessment, and perfor-
mance modules to record the results of staff salaries. In addition to the entry of tax,
basic wages, benefits, allowances, awards and penalties paid by employees of
enterprises.

This paper designed the user class, login class, attendance class, assessment class,
performance class, and compensation class. The login module is used to verify whether
the input data matches the corresponding information of the database. The assessment,
attendance, performance and compensation modules provide a full selection, modifi-
cation and deletion methods to achieve system function operation. The class diagram is
shown in the Fig. 3.

3.2 Database Design

The database uses the SQL Server database as a platform for storing data tables, to
increase the relative independence of the data organization as much as possible and to
simplify its structure [3]. The database needs the following main table data support:

Department information: department number, department name. Attendance sheet:
attendance type, attendance content. Assessment form: examination results, assessment
progress. Performance table: performance amount, performance type, month, perfor-
mance content.

Fig. 3. System class diagram

Design and Implementation of Salary Management System … 399



Employee information table: employee number, name, gender, education, e-mail,
department number, department name and position.

Employee salary table: number, name, month, basic salary, welfare, allowance,
performance, award, penalty and personal tax.

The overall entity contact diagram of each data table is shown in Fig. 4.

3.3 Business Process Design

The salary management system of printing enterprises is suitable for small and medium
enterprises. The realization of this system enables enterprises to classify and manage
the components of employees’ salaries and the employees can view the detailed
information of the remuneration of the employees, which increases the transparency of
employees’ salary. The main process is that the administrator first logs into the main
page of the system and maintains the information required for the operation. The salary
information is calculated through the data information entered in the previous period.
Employees can log into the user’s home page to view details of their pay content.

The sequence diagram of the system is shown as shown in the diagram (Fig. 5).

Fig. 4. Overall entity contact diagram of the system
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4 Implementation of the System

4.1 Implementation Scheme

Operating system: Windows Server;
Platform and language: Microsoft Visual Studio, Asp.Net, C#;
Database: SQL Server.

The salary management system of the employees of the printing enterprise is an
Internet application based on the four layer architecture of the browser/server (B/S)
interactive mode. It refers to the information management system using the browser as
the client. It is a way of realizing the application structure of the three layers in the C/S
layer [4]. The data layer uses SQL Server as a database, and interacts with the Web and
server through the database server to complete data requests.

4.2 Realization of the Main Interface

The interface of administrator, the basic data management module includes detailed
information about the department, salary level information, adding an administrator
account and modifying the login password. The assessment information module
includes adding examination information and examination management and the
examination management is specifically the realization of the functional module
design. Attendance information module includes adding employee attendance and
attendance management, mainly the type and date of attendance. The performance
module includes adding performance and performance management. The compensation
module includes the addition of compensation and compensation management. Take
the compensation module of the salary module as an example. After entering the
employee’s name, trigger the function to add the basic salary, performance, benefits,
benefits, incentives and fines.

Employees page, to achieve their own basic data management, review the assess-
ment, attendance, performance, remuneration.

The main page of the system is shown in the following diagram (Fig. 6).

Fig. 5. The sequence diagram of system
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5 Conclusions

The salary management of the printing enterprise makes it quick and easy to retrieval
staff information. Because the Asp.Net framework is used to design a simple front-end
Web interface and C# language is used to implement the functions of each module of
the system and SQL Server as the database of data storage, can be maintained and
stored at any time. On the basis of the records of the basic information of the
Department and staff, the system manages the staff under various departments to
increase the transparency of employees’ salary and provides a platform for the record,
evaluation and management of employees’ salary.
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Abstract. In order to improve efficiency of employees and ensure information
security, the computer within the printing enterprise generally does not allow
access to the external network, which greatly hinders the exchange of infor-
mation and data sharing among the personnel. Therefor in order to solve this
problem, the instant messaging software based on the small and medium-sized
printing enterprises is designed and implementation, which adopts the Java
network communication technology and web interface technology to realize
instant chat, user login, password modification and other related functions. It not
only facilitates information exchange within enterprises, but also safeguards the
information security.

Keywords: Internetwork communication � Printing enterprise � Java

1 Introduction

The application of Instant messaging technology is usually in the form of instant
messaging software in printing enterprise, it is a solution, including server, client and
database, which provides instant messaging services within the scope of internal net-
work [1]. With the development of internet era and network communication technol-
ogy, more services are provided by instant messaging, which has become an integrated
network communication software. The chat function in LAN is generally not contained
in printing enterprise, and in order to improve efficiency of employees and ensure
information security, the computer within enterprise generally does not allow access to
the external network, that is to say the chat software QQ is not used, which greatly
hinders the exchange of information and data sharing among the personnel, so the
instant messaging software based on web in LAN is designed.
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2 Demand Analysis

The instant messaging software, designed and realized in this paper, is mainly applied
in small and medium-sized printing enterprise, so the implementation of instant mes-
saging within enterprise is the main functions. It is necessary to realize the exchange of
information in LAN without connecting WAN, which can ensure the security of
information. The implementation of functions are as follows.

(1) User registration. Users fill in personal information and set up login password.
(2) User login. After filling in the username and password, the user authenticate the

identity information and verify the login successfully.
(3) Information management. Users can modify their personal data or password, and

the information of their friends can be checked.
(4) Chat communication. The functions of information editing, sending and receiving

can be realized in chat interface.

This paper introduces UML use case on the function analysis, shown in Fig. 1.

3 System Design

3.1 Overall Design

The instant messaging software designed in this paper is based on the development of
B/S, which adopts Java programming language and MVC design pattern, and data is
stored in MySQL database. The user exchange data through the browser and the server,
and at the same time the server and the database exchange data. Users can enter the
contact interface after the data matching of the login interface, the user can choose the
chat object, which can be a certain point to point chat, also can be a group chat. After

Fig. 1. Use case diagram of instant messaging software
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the chat, closing the chat interface can exit [2]. The design of overall framework is
shown in Fig. 2.

3.2 Design of Functions

3.2.1 Design of Login Function
When the server is started, the connection with database is established at first, then the
main thread enters listening state and waiting for the connection of client. After filling
in username and password, the connection with server is established, and the personal
information is authenticated, login is successful after verification. The friends’ infor-
mation is obtained from database and shown in user interface, and the offline message
from other users can be acquired when the user is offline. The design of the user
landing activity diagram is shown in Fig. 3.

3.2.2 Design of Chat Function
The main function of the instant messaging software is to realize the information
exchange between the employees. The interface is divided into columns, and a con-
tainer is placed on each side. The left side of the column is used to display the list
information of the contacts, and the chat window is displayed on the right side. The
contact is selected to chat by user, then chat window is popped out on the right, which
can instantly send or receive the message that sent by the other user. In order to
complete the real-time user message transmitting, the server socket is used to transmit
the message packet. The data packet which was sent by the server is composed of data
packet types and data content. The sender, receiver and content are contained in data
content. The data packet which sent by client is composed of the type and content of
the data. The sender, receiver, transmission time and text content are contained in data
content. The time of the database record is the time that the server receives the packets
[3]. The chat process design is shown in Fig. 4.

Fig. 2. Overall framework of instant messaging software
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Fig. 3. Design of user landing activity diagram

Fig. 4. Design of chat process
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3.3 Design of Database

The user information and message record are stored in database, so tables with different
names and fields are designed according to different requirements. The user informa-
tion is stored in user table and chat information is stored in message table. The database
used in this system is MySQL. We mainly designed the following two data tables. The
first table is a table of user information. The second table is the instant messages
(Tables 1 and 2).

4 System Implementation

4.1 System Implementation Environment and Technology

Three-tier structure of browser/server (B/S) is used in system development, including
the interface layer, application layer and data layer. During the development process,
the financial accounting module is developed on the Eclipse platform using the Java
language, and the software can be implemented on different platforms such as Win-
dows, UNIX and Linux. The data information is managed in MySQL, which is a small
relational database management system and the data is stored in different tables. SQL
language, used to access the database, is the most common table conversion language,
which is widely applied in development of the small and medium-sized website due to
its small size, fast speed and low cost [4].

4.2 Implementation of Chat Function

The interface is divided into columns, and a container is placed on each side. The left
side is used to display the contacts information by the way of DataGrid, and the chat
window is displayed on the right side, which adopts a HTML Container to show chat
information.

Table 1. User table

User properties Data type Meaning Data source

USER_NAME VARCHAR(20) User ID System or other table
PASSWORD VARCHAR(45) Password System or user
EMPLOYEE_NAME VARCHAR(16) Username System or user

Table 2. Message record table

Message properties Data type Meaning Data source

User VARCHAR(20) Sender User
Target user VARCHAR(20) Receiver User
Time DATATIME Message time System
Text VARCHAR(512) Message content User
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The script is written in JavaScript, when the object on the left is clicked, the client
sends a chat request to server, then establishes a connection with the server and
exchanges data. The server sends messages to the whole online users in the form of a
broadcast. After the client received, data packet is parsed and the useless packets will
be discarded. If the offline users on line, the server will download the chat log and
client information to initialize chat interface. The design of user chat interface is shown
in Fig. 5.

5 Conclusions

The instant messaging software based on web is designed and realized in this paper,
which is suitable for the simple local network environment, realizes the functions of
user registration, user landing, password modification and instant chat, and it can meet
the basic needs of office communication within the enterprise. Because it can run
without access to the external network, the low work efficiency as result of the use of
personal instant messaging software into non-working chatting or disclosure of
enterprise information are effectively avoided, thus the difficulty of information secu-
rity management is reduced, which not only satisfies the communication needs between
employees, but also solves the problem of company system and network security.

Acknowledgements. The paper is supported by National Natural Science “Nonlinear Dynamics
model and Analysis of Gear Systems for Offset Press” (No. 2018049).

Fig. 5. The design of user chat interface
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Abstract. Objective Based on the Unity3D game engine development, a 2D
casual puzzle Sudoku was designed and production. Methods The game is
developed through Unity3D game engine. Material is made and edited in Adobe
Photoshop, and Adobe Audition is used to edit and process the audio material.
Then set material parameters in Unity3D, and finally use C# script language to
write game logic. Results This research made a complete Sudoku game design
and completed the test and release of the game. Conclusion Sudoku game is a
very popular game developed by Unity3D. It doesn’t have a lot of knowledge
reserves and the game logic is also very simple, which makes the Sudoku game
easily accepted by children and beginners.

Keywords: Unity3D � C# � Sudoku game

1 Introduction

Unity3D, developed by Unity Technologies, has become a very professional engine for
game development in the current market [1]. Before the emergence of Unity3D, the
game often encountered in the development process due to different plug-ins, models,
programming languages, etc., there will be incompatible situations on different plat-
forms, and even will not open the file [2]. Thanks to Unity’s powerful cross-platform
features, this is a perfect solution for developers. It evolved from the original devel-
opment of WEB projects and virtual reality to today’s platforms that can span Win-
dows, Mac, Android, etc. From the development of only 3D games to the development
of today’s 2D and 3D, it can be developed mature step by step. Based on the Android
mobile phone operating system, using Unity3D as a game engine to develop games,
due to its open source and free features, has rapidly become a popular trend for the
development of mobile device games [3]. The Sudoku game is considered by many
educational experts to be one of the best games to exercise brainpower. It has always a
lot of supporters, and its proportion has been increasing [4]. However, there are few
precedents for the development of Sudoku or similar games using Unity3D. Therefore,
the design and production of Sudoku based on Unity3D is very meaningful.
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2 Design of Sudoku Game

2.1 Design Ideas

Figure 1 shows the designing framework of this paper. First of all, the picture material
and audio material needed for game production were prepared. The picture material is
produced in Adobe Photoshop. The audio material is collected and downloaded on the
Internet and then imported into Adobe Audition for secondary processing. Then,
Unity’s plug-in NGUI is used for the game interface. The UI is designed and produced,
a C# scripting language is created, and the logic of the game is programmed; finally,
the game is run and tested.

2.2 Production Software and Development Environment

Modeling environment: Windows7, Intel® Core™ i5CPU, 4G memory, 64-bit operat-
ing system.

Production software: Unity3D 5.5.1f1, Photoshop CS6, Visual Studio 2010 and
Adobe Audition CS6. Use Adobe Audition CS6 to create image material. Then use
Adobe Audition CS6 to process the audio material. Next, design the game scene in
Unity. Finally, the game logic script is written in Visual Studio.

3 Design and Production of Sudoku Game

3.1 Preparation and Production of Materials

All image materials required for the game were produced by Adobe Photoshop,
including the 9 � 9 grand nine-squared game background board, start the game and
exit the game button, three difficulty level buttons, nine numbers of 1–9 Button, blank
button, clear button, close game interface button. Figure 2 shows the final effect of the
game background. The required audio material was downloaded online and the audio

Fig. 1. Flow chart
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material was clipped and processed using audio processing software Adobe Audition.
After considering a unified compatibility issue, it was eventually exported to the .MP3
format.

3.2 Construction of Game UI Interface

3.2.1 Construction of the Game Start Interface
First NGUI plug-in is imported into Unity to implement the design of the game
interface. Game background image was dragged into the scene panel, and the start
game button and exit game button are added to the scene. The effect of starting the
interface is shown in Fig. 3. After the button layout of the start interface was designed,

Fig. 2. Final effect of the game background

Fig. 3. Start interface creation
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we need to add a small animation of the Sudoku game to the start interface, which is to
add animation to the Label. Then Tween Rotation and Tween Scale effects are added to
Label by clicking Add Component in the Inspector panel.

3.2.2 Construction of Game Scene Interface
When the player enters the game menu, there will be three difficulty options: “simple”,
“general” and “difficult”. The difference is that the numbers appear on the game
interface are different. The more difficult the game is, the less the number appears when
the game starts. Players can choose levels of different difficulty according to their own
preferences [5]. As shown in Fig. 4, the difficulty selection interface in the operation
mode is shown. Then when designing the game scene interface, the most important
thing is to write a script to fill in the numbers in the blank squares and determine if the
filled numbers are correct. If the number is correct, it will be filled in a blank square,
and if the number does not match, an error is displayed and the wrong sound is
triggered. The simple level game scene and the keypad effect interface after the number
is filled in are shown in Fig. 5.

Fig. 4. Select difficulty level interface

Fig. 5. Keypad effect after filling in the numbers
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3.2.3 Construction of Game End Interface
When all the blank grids are filled, the game end interface will pop up and the words
“You have cleared!” will be displayed, as shown in Fig. 6.

4 Test and Release of the Game

After the game is finished, we will post the project to the PC, click the generated exe.
program to test the game, check whether the button click is effective and whether the
UI conversion is smooth. Once the test is complete, click on the File menu bar and
select the Build Settings option. All scenes are dragged to the Scenes In Build window.
Then select the Android publishing platform and set the parameters in the Player
Settings. The parameter settings are shown in Fig. 7. Click the Build option and select

Fig. 6. Game end interface

Fig. 7. Android platform publishing settings
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the specified path to store the generated .APK file. Finally, the .APK file is downloaded
to the Android phone, and the Sudoku game is successfully installed on the mobile
phone.

5 Conclusions

With the rapid development of embedded technologies and embedded systems, the
proportion of people using mobile devices has surpassed that of PCs. This has also
increased the odds of people using mobile devices such as mobile phones for enter-
tainment. Sudoku based on Unity design and production, to a large extent, improve the
user’s user experience, make it easier to play and fill in the numbers faster for Sudoku
fans. It is important to move the Sudoku game from the paper to the smart phone,
making the game logic more intuitive and adding more fun to the game.
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Abstract. China needs to develop a large number of computer science teachers
now. With the failure of massive open online courses, various kinds of inter-
active e-books for distance learning are becoming more and more urgent. This
research primary mission is to determine what makes for good usability in a
computer science e-book and measuring if teachers learn using them. The study
investigates participants’ preferences for interactive computer science e-book
designs and usability, in an attempt to review and develop guidelines for edu-
cational e-book creation. Comparisons and preferences were made between
three interactive educational computer science e-books and specific multimedia
widgets within them. Based on the reported findings, some general guidelines
were suggested for increasing usability within interactive e-books and ways to
enhance their educational value. The results of the study suggest that interactive
educational e-books in Runestone Interactive®, Zybook® and CS Circles® are an
effective alternative to current distance learning methods for teaching computer
science.

Keywords: Interactive e-book � Multimedia widgets � Usability for e-book �
Learnability for e-book

1 Introduction

For an interactive educational e-book to serve as an effective digital teaching platform,
the users must be able to efficiently learn from using the e-book. The usage of the e-
book should contribute to the user’s content knowledge on the subject. Content
knowledge generally refers to the facts, concepts, theories, and principles that are
taught and learned. Traditional textbooks are limited to immobile images and text on
the pages to communicate the knowledge they contain. However, interactive educa-
tional e-books have the capability of using multimedia technologies to enhance the
teaching of content knowledge. The design and usability of the multimedia technolo-
gies within these interactive educational e-books largely influences their ability to serve
as an effective teaching platform.

Campbell et al. found that the use of e-books could improve learned content
knowledge due to the active learning and portability the e-books provide [1]. In
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contrast to this study, a study on web-based learning that analyzed educational websites
and resources determined that these tools were an advancement for technology, but a
setback for pedagogy [2]. They found that the educational websites took advantage of
technology’s abilities to enhance communication and provide better information rep-
resentation. However, the sites were not developed with beneficial pedagogical
approaches, such as active involvement and scaffolding, as a basis. While these two
studies have contrasting results, it is clear that e-books have a crucial impact on content
knowledge and how it is learned. One study, which merged the concepts of e-book
usability and content knowledge, intended to determine the characteristics of e-book
creation that afford learning and educating [3]. The results found that a combination of
several characteristics, such as feedback, creativity, and productivity, could ultimately
be used in the creation of an e-book that properly affords learning.

2 Usability of Interactive E-Book Research

2.1 Participants of Interactive E-Book

Subjects consisted of 5 male and 7 female teachers that had half a year or more of
experience of coding and related knowledge. Additionally, All participants were
undergraduates or above degree and had used interactive e-books.

Participants feedback for Active Code never involved it providing beneficial
feedback for errors the user encountered when editing the code. In fact, many partic-
ipants stated the design of the Active Code widget is presently straightforward and
maintains a clear appearance, yet lacks helpful feedback when they encountered an
error. Similar to Wasecka’s study, much of the provided participant responses indicated
a need to improve feedback [3].

2.2 Materials of Interactive E-Book

Three interactive educational computer science e-books that are accessible through a
user’s web browser were used for this study. All e-books are designed to teach the
Python programming language and concepts at an introductory level. While the
overarching concept of the e-books is similar, their design and layout are different. To
conceal the e-books’ identities they will be addressed by the platforms on which they
were created on. The first e-book will be referred to as Runestone, the second ZyBook,
and the third CS Circles.

Code Lens lacked many suggestions that requested its design or functionality be
changed, but mostly had participant feedback regarding how useful and well-designed
it currently is. Design suggestions regarding this widget in particular should be taken
from Runestone or Zyante, depending on what Code Lens style is appropriate for the e-
book. A mixture of the two types of Code Lens widgets could offer an educational
benefit that affords learning while maintain a high level of usability. Participant
feedback for Parsons Problems also suggested increased feedback for correct and
incorrect code block ordering, such as showing the code’s output if it was able to be
run.
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The common theme for providing more feedback for these widgets potentially
suggests the widgets didn’t always function as the participants thought, indicating a
lower level of usability. The last widget, Multiple Choice, was mostly deemed unfa-
vorable or suggested that it should only be used for specific type of questions. This
unfavorable attitude toward Multiple Choice may be attributed to the widget not being
as innovative or new as the other three widgets.

The Multiple Choice widget is comparable to multiple choice questions seen in
printed textbooks, but offers dynamically provided feedback that printed works cannot.
Interactivity within the Multiple Choice widget, regardless of platform implementation,
is much more limited in comparison to the three other widgets. This limited interac-
tivity and normalcy makes it not surprising that participants were generally not in favor
of the Multiple Choice widget, despite their lack of negative usability feedback for the
widget or a distaste for Multiple Choice over coding for learning computer science. The
dislike for the widget is not due to participants distaste for the widget’s design, just for
the concept of the widget as a whole.

2.3 Instrumentation of Interactive E-Book

An online questionnaire approach was employed to study the participants’ preferences
on the varying usability and the three e-books and their interactive widgets. The four-
part questionnaire began with asking basic demographic information of the partici-
pants. In this section, participants also reported their prior e-book and coding
experience.

The second part uses Likert 5-point scale to evaluate the overall design preference
of three e-books. They were to rate the three e-book designs on the following key
factors: navigation, web information, media arrangement, page layout, font, legibility,
white space, and color contrast between background and content. Additionally, they
were asked to provide any feedback they had toward the design choices of the e-book
via a free response question. In this section, participants are provided with a URL and
asked to first evaluate the Runestone e-book, then the ZyBook e-book, and finally the
e-book of CS circle.

The third part determines participants’ preferences for usability and learnability of
the four interactive widgets in each e-book. Attendees were invited to give feedback on
the four widgets and their corresponding e-book platforms. For this section the Active
Code widget was inquired about first, followed by Code Lens, then Parsons Problems,
and finally Multiple Choice. The corresponding e-book platforms went in the same
order for each of the four widgets, with Runestone being first, followed by ZyBook,
and then CS Circles. For example, Active Code implemented on Runestone was
inquired about first, then Active Code on ZyBook, and finally Active Code on CS
Circles. For each component-platform combination, a URL is provided to the partic-
ipant that contains specific widgets implemented on a particular platform, such as
Runestone, ZyBook, or CS Circles. After interacting with the widget, they are asked to
state the purpose of the widget. They were then asked to describe what they thought
each button and widget functioned. Finally, they are always asked to report any widget
they find confusing or undesirable.
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2.4 Procedure of Interactive E-Book

The survey contained clear written instructions prompting the user to complete the first
part of the questionnaire gathering background information. Next, participants were
provided links to the three different e-books and told to view and interact with them to
their preference. Following this, the participants were to complete the second part of
the survey were they answered questions regarding their design preferences of the three
e-books as a whole. They were then provided links to the individual interactive widgets
contained in each of the e-books. Once again, the participants were instructed to
interact with the widgets to their desire. Participants were then asked a series of
usability questions corresponding to the particular widget they had just interacted with.
For the final part of the survey, they were asked to compare the widgets to one another,
report which was the most useful to them, and explain why.

3 Learnability of Interactive E-Book Research

3.1 Participants of Interactive E-Book

Participants were asked to provide suggestions and ways to improve each of the four
interactivewidgets. Suggestions for theActiveCodewidgetwere primarily themed around
providing more feedback, such as a detailed error message when the code fails to run. The
majority of the suggestions for the Code Lenswidget weren’t suggested improvement, but
rather statements of how useful the widget is currently. For Parsons Problems, several
participants suggested showing the code’s output, assuming it can be compiled and ran,
regardless of it being in the correct order or not. Finally, suggestions for Multiple Choice
revolved around them being used sparingly and for testing specific concepts.

3.2 Materials of Interactive E-Book

An interactive educational computer science e-book that’s accessible through a user’s
web browser was used for this study. It was developed using the Runestone Interactive
platform and is intended to teach the Python programming language and concepts at an
introductory level to teachers. Only chapters one through eight of the e-book were used
for this study. These sections cover basic computing concepts in Python, such as define
variables and iterate code in while and for loops statements. A pretest was used to
gauge the participants’ prior programming knowledge. Four posttests were also used to
test how much the participants learned from using the e-book.

This study had several limitations, the first being that it is primarily limited to its small
sample size. Both studies are targeted toward teachers, who are quite busy during the
school year, so enlisting their participation was quite difficult. The sequence for dis-
playing the e-books and widgets to the participant always went in the same order of
Runestone, ZyBook, and then CS Circles. This repeated order could have caused a
sequencing confound, particularly when identifying the purpose of the widgets. Finally, a
few technical errors due to web servers occurred for participants when accessing the
various e-books and widgets. Encountering such an error is likely to cause the participant
to become frustrated or skip interacting with the widget, thus influencing their response.
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3.3 Instrumentation of Interactive E-Book

An online questionnaire approach consisting of five different surveys was employed to
study the users’ acquisition of knowledge after using the e-book. The first of the online
questionnaires was a two part pretest, with the first part soliciting the participants for
basic demographic information and to report their prior experience with any pro-
gramming languages. The second part consisted of nine free response questions based
on five programming problems. There questions were intended to further gauge the
participants’ prior programming knowledge and establish a baseline of programming
knowledge. For instance, a block of code would be presented to the participant and
they’d answer what values would be printed out when that block of code was executed.

4 Conclusions

The results of research indicate that for these three e-books platforms, the navigation
and amount of information on the page need improvement, yet their use of color and
font is well executed. While the context and topic of the question and topic are
dependent, all four of the interactive widgets are uniquely beneficial and their use is
suggested. Additionally, the use of all three e-book platforms is suggested, with an
equal preference toward Runestone and ZyBook.
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Abstract. The design of mobile terminal APP for Fengxiang woodcut New
Year picture integrates traditional culture with digital media technology to
enhance the user’s new experience and expand the social influence and inher-
itance of Fengxiang woodcut New Year picture by digital inheritance. The
information architecture combines the knowledge narrative structure with the
user interaction experience, and divides the block functions for different audi-
ences to meet the needs of different groups of people, thereby giving full play to
the user’s self-creation experience to realize the redesign of traditional cultural
heritage. APP design for Fengxiang woodcut New Year picture facing intangible
cultural heritage innovation integrates the advantages of traditional media and
new media, fully combines product function and user experience, and inherits
and protects Fengxiang woodcut New Year picture through digital media
technology, thus contributing to the protection and inheritance of intangible
cultural heritage.

Keywords: Fengxiang woodcut New Year picture � APP design � Digital
media technology � Intangible cultural heritage

1 Introduction

Fengxiang woodcut New Year picture is listed as China’s first batch of intangible
cultural heritage, and the research value is stressed by the academic community. Over
time, Fengxiang Woodcut New Year Pictures faces the current situation of sharp
decline in varieties, loss of ancient engravings, and no technical successor. Against the
background of the continuous development of digital multimedia technology and the
continuous spread of emerging cultural forms, Fengxiang woodcut New Year picture
have encountered new opportunities for protection, rescue, organization and
development.
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2 Research Status

At present, there are several problems in the inheritance and protection of intangible
cultural heritage in China: (1) the lack of relatively reasonable development and uti-
lization carriers in the intangible cultural heritage protection mechanism; (2) the pro-
tection of intangibles is mainly the protection of form rather than the protection for its
content; (3) intangible cultural heritage protection is often limited in the ontology itself,
lacking derivatives and practical application innovation [1]. In combination with the
problem, the author selected Fengxiang woodcut New Year picture as the prototype of
APP design, and studied the design of Fengxiang woodcut New Year picture APP
based on intangible cultural heritage protection from three aspects.

Researches during the nearly 20 years, in order to record and protect the Fengxiang
woodcut New Year pictures, mainly adopt the form of text printing, photography and
video. These forms play a positive role in its theoretical research and inheritance, but
due to the limitations of the media itself, there are inevitable drawbacks, such as: long
update period of information content, late preservation and inconvenient circulation,
passive acceptance of information, and weak demand for appeals, etc. APP has great
advantages in making up for these media limitations. Firstly, it can be updated at any
time and the information is comprehensive. Secondly, the post preservation and pro-
motion is convenient and the display form is rich. Thirdly, users’ demands are strong in
the process of actively accepting information, and two-way communication increases
the effective interaction with users.

The new information dissemination model has interactive and immediate infor-
mation transmission and more efficient and multi-dimensional communication effects
in terms of information form and communication status. The integration of interactive
digital media and traditional media makes traditional cultural communication more
vivid [2]. The APP uses digital media as a carrier to interactively connect users, and
inherits and protects Fengxiang woodcut New Year picture resources in many aspects.
While deepening the user’s understanding of Fengxiang woodcut New Year picture
culture, we will carry out independent acceptance and independent innovation of tra-
ditional culture, and effectively improve user’s loyalty and satisfaction.

3 Design of Mobile Terminal APP for Fengxiang Woodcut
New Year Picture Based on Intangible Cultural Heritage

From the basic perspective of the UCI of Fengxiang woodcut New Year picture, the
structure of APP was determined through preliminary research (Fig. 1). Information
framework is the organic organization of information, which focuses on the content
structure: how to organize and label the content so that users can easily find the
information they need [3]. The APP information structure is composed of knowledge
module, function module and promotion platform. The knowledge module is divided
into basic knowledge and scholar research block. The function module is divided into
three types of interactive mini games and folk artist works promotion platform (Fig. 2),
and are distinguished in the initial interface (Fig. 3). Different functional areas not only
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connect people through APP, but also make the presentation of overall structure more
rational according to different modules.

In addition to collecting Fengxiang woodcut New Year picture information
resources, this APP also adds purchase and collection labels to the tab bar. It is the
trading platform that can support users as seller or buyer to realize the exchange and
interaction of buying and selling. The collect labels can allow users to mark the article
information they need, so that the information between the APP and the user can be
transferred in both directions, and two-way communication between the users can also
be reached.

Fig. 1. Design flow
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3.1 Analysis of the Knowledge Module Design of APP for Fengxiang
Woodcut New Year Picture

3.1.1 Design of Basic Knowledge Module
In the basic knowledge block, the research contents and materials of Fengxiang
woodcut New Year picture are classified and the basic information content is classified
into five categories according to development process, theme works, production pro-
cess, artistic features, and inheritance and development (Figs. 4 and 5). The estab-
lishment of the basic knowledge block makes it possible to: (1) establish a bridge of
information between users and the APP, and the required content is presented quickly
and efficiently, so that the APP is recognized by users. In the development history
block, development history is systematically introduced. (2) The theme works block is
divided into six categories: door painting, ten beauty picture, custom painting, drama
story, window flower, and six gods for home according to the theme of Fengxiang
woodcut New Year picture. (3) The production process is shown in graphic form in the
production process block, and the media advantage of APP is used to match the
narration and music to enhance the visual display of the folk art creation of Fengxiang
woodcut New Year picture.

3.1.2 Design of Scholars Study Module
Aiming at the appeal of research scholars of Fengxiang woodcut New Year picture,
focusing on investigation and research and attaching importance to information
replacement and scientific reliability, this module provides a professional information
platform for them. Based on the information of the basic knowledge block, it con-
centrates the news, research results and related links of Fengxiang woodcut New Year

Fig. 2. Information architecture of APP for Fengxiang woodcut New Year pictures
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picture and the original painting database of Fengxiang woodcut New Year picture
(Fig. 6). By taking advantage of the timeliness of new media technologies, it solves the
problem of the focus of this group and updating and disseminating. In the high-fidelity
display of the original painting, it is divided into three parts: original painting sorting,

Fig. 3. Home page interface the APP
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line draft data, and color numericalization. The numerical value of multiple colors Lab,
RGB, and CMYK are quantified recorded and saved, which facilitates downloading
and conversion of various channels.

Fig. 4. Information architecture of basic knowledge
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Fig. 5. Basic knowledge interface
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Fig. 6. Interface of scholar research module
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3.2 Research on the Design of Function Module of APP for Fengxiang
Woodcut New Year Picture

In the overall information architecture, only the combination of narrative content and
user interaction experience can improve its usability and growth [4]. Integration of
traditional culture and creative design can enhance the connotation of design objects
[5]. In the design of entertainment experience module of Fengxiang woodcut New Year
picture APP (Fig. 7), user interactive experience is added, enabling users to accept
culture in the process of experiencing entertainment, which further improves user
viscosity and enhancing the breadth and intensity of communication. This module
consists of three parts, and the positioning of the three interactive games is all handy,
without increasing the burden of the loop game.

3.2.1 Color Filling Interaction
Taking the door gods Qinqiong and Jingde as examples, in the color filling interaction
module of the APP, the traditional Chinese painting material and the virtual tool in the
digital interface are replaced (Fig. 8). In addition to the original painting color, a
variety of auxiliary colors are added for the user to select (Fig. 9), so that users can play
the color filling interaction game of color matching of Fengxiang woodcut New Year
picture according to their own preferences. This block design allows the user to further
understand the “big and full” and “High Purity Colors” of Fengxiang woodcut New
Year picture, and feel the charm of color in several times matching, so that users can
create and design new color match in the process of interactive experience and thus
activate traditional culture.

Fig. 7. Architecture diagram of functional module
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Fig. 8. Color filling game
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3.2.2 Jigsaw Puzzle
The jigsaw interaction design disrupts the original image block (Fig. 10) and the user
restores the pattern of New Year picture. The user can unlock the next jigsaw after
completing a jigsaw and scores is decided based on the game time. This block setting
restores the original appearance of Fengxiang woodcut New Year picture in a fun and
vivid way, analyzes the theme and content of the New Year picture, and pays attention to
the participation and interaction of cultural disseminator and cultural recipients.

3.2.3 Questions and Answers on New Year Pictures
In this app, the Knowledge Q&A Block of New Year picture is set up to effectively
combine Fengxiang woodcut New Year picture knowledge and user experience
(Fig. 11). The answer to the question comes from the content in the other modules, so
that the three modules are connected and not isolated. Questions of questionnaire
related to New Year picture are hidden in the problem to provide reliable big data for
the background, and guide the later update. In order to motivate users to participate in
the New Year knowledge quiz, the higher the score they get, the more game material
can be unlocked. In this way, the three games are connected in series, thereby forming a
mechanism stimulating user experience that can grow, and thus improving APP user
viscosity.

4 Exchange and Promotion Platform for Fengxiang Woodcut
New Year Picture

The folk artist promotion platform is a platform for APP users to disseminate
Fengxiang woodcut New Year picture. It carries out the promotion of traditional
Chinese New Year pictures online and offline at the same time, which is convenient for

Fig. 9. Color extraction
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maintaining the statistics of sales channels (Fig. 12). The Fengxiang woodcut New
Year picture has been handed down from generation to generation by Tai family.
According to the inheritance of Tai picture bureau in recent years, classification and
fillings are made. A large number of works with personal characteristics are included in

Fig. 10. Jigsaw puzzle
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the inheritance liking with personal websites and related personal news, and the
inheritors and new product are updated in real time. Through the background data of
the innovative New Year pictures produced by the color filing game, users can cus-
tomize the derivative of Fengxiang woodcut New Year picture and order the New Year

Fig. 11. Q&A on New Year picture knowledge
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pictures. The inheritance and redesign of traditional culture can be realized, the pro-
motion of Fengxiang woodcut New Year pictures is promoted and the resource sharing
system with folk artists is established.

Fig. 12. Promotion interface of Folk artist work
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5 Conclusions

Design of mobile terminal APP for Fengxiang woodcut New Year picture based on the
protection of intangible cultural heritage determines the presentation mode, interaction
goals and user experience according to the content and carries out information archi-
tecture and visual content design according to the core functions. It conveys its con-
notation in the design, rather than simply splicing and listing cultural content. The APP
function is divided into three parts. The knowledge module as the introduction of the
whole knowledge comprehensively elaborates the connotation of Fengxiang woodcut
New Year picture for research. The function module is aimed at the entertainment
interactive experience, which gives full play to the user’s self-creation experience. The
platform for exchange and communication of Fengxiang woodcut New Year pictures
provides redesign and re-creation platform to get more promotion channels on the
online ports. The design of mobile terminal APP for intangible cultural heritage pro-
tection uses the current digital media APP technology to protect the intangible cultural
heritage culture, integrates the advantages of both sides to inherit and protect the
cultural resources of Fengxiang woodcut New Year pictures, and spreads them in an
interactive experience way, so as to allow users to get rid of the boring knowledge
information instillation. The New Year picture can be spread more creatively in
entertainment and get more development opportunities through online platforms, which
is a new opportunity for the inheritance and protection of Fengxiang woodcut New
Year pictures.

Acknowledgements. This study is funded by a Humanities and Social Sciences Project of
Shaanxi Provincial Education Department (17JK0527). This work is also supported by the
General Project of Humanities and Social Sciences of the Ministry of Education (17YJC760007).

References

1. Kun, T., Zhenghong, L., & Ying, L. (2015). Study on the design of APP Interface in the
context of “intangible cultural heritage” innovation. Packaging Engineering, 4.

2. Meiyi, Z., Yang, Z., & Jingyan, Q. (2015). APP user experience design of “virtual new year
picture shop”. Packaging Engineering, 12(24), 52–56.

3. Saffer, D. (2010). Guide for interactive design. Beijing: China Machine Press (Chen Junliang,
tr.).

4. Xuelin, H., & Xiao, J. (2014). Study on the strategy for the enhancement of website user
viscosity based on incentive theory. Packaging Engineering, 35(12), 134–138.

5. Weiwei, W. (2014). Research and application of traditional culture design element extraction
model. Packaging Engineering, 35(6), 73.

Research and Design of Mobile Terminal … 435



How Conventional Printers Lead
into Customized Web-to-Print

Yungcheng Hsieh1(&), Mingchw Wei2, and Xinyi Wong1

1 Department of Graphic Communication Arts, National Taiwan University of
Arts, New Taipei, Taiwan
ych@ntua.edu.tw

2 Graduate School of Creative Industry Design, National Taiwan University of
Arts, New Taipei, Taiwan

Abstract. “Web-to-Print (W2P)” has become a new trend of printing industry.
A widely definition of W2P is commercial activities for trading of printing
services through the internet. Most of Asian printers still use traditional pro-
cesses to print orders. Comparing to the printers in the U.S. or European
countries, Asian printers seem not so active in the development. Under the
influence of digitalization, it will be very important to consider how to provide
W2P services. The development of W2P in Asia is on the stage of cloud printing
for paper-related product. In the meantime, printers in North America and
Europe have elevated their services from W2P to customized W2P due to the
great need of personalization. The study carried out in-depth interviews of
experienced printers, educators and content analyses of many W2P platforms
not only to explore how Taiwanese printers view the requirements and obstacles
but also to comprehend the web structure of a customized W2P platform. This
study disclosed the essential functionalities and obstacles of a successful cus-
tomized W2P platform. We hope that this study will elevate competitiveness of
conventional printing enterprise.

Keywords: Customization � Web-to-Print � Me-commerce � Taiwanese �
Printing industry

1 Introduction

The combination of Web to Print (W2P) and me-commerce (custom-made e-
commerce), so called customized W2P, is the key trend of the digital printing industry
worldwide. Customized W2P has been well established in the US and is developing
rapidly in Taiwan and China, especially under the pressure of paperless and green
policy. Compared with the W2P market in the US and Western Europe, the market in
Taiwan and China is facing a stage of transformation from traditional business model to
me-commerce model. The customized W2P has brought a new business opportunity
and challenge for conventional printers.

In Taiwan, although many printers have introduced some kind of W2P into their
workflow, only a few of them offer custom-made services of online design [1]. The
demand of personalized merchandises has been increased. Consumers need more
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diverse printing products with high quality and personalized creativity. The request of
custom-made design has become the main stream of W2P. Moreover, some of
advanced W2P printers have even provided smart phone applications (Apps) for users
to do the online estimation, order, design, editing, and job tracking anytime. In Taiwan,
most of conventional printers own high quality facility and equipment with capability
of performing W2P, but it is a pity that not many of them invest on customized W2P
due to the lack of online service. This study conducted content analyses on major
successful W2P service websites in Europe, North America, and China, and Taiwan to
understand the needs, criteria, and necessity of a cost-effective customized W2P
platform to explore how conventional Taiwanese printers view the requirements and
obstacles. The study also employed in-depth interviews to carry out the research to
comprehend the web structure and process of establishing, implementing, and main-
taining a customized W2P platform.

2 Research Methods and Findings

This research employed the content analysis method to examine the internationally
known W2P platforms and their related web structure. The study aims to identify the
trend of customized W2P printing and to provide suggestions to conventional printers
that wish to develop customized W2P platforms in the future. This research analyzed
69 websites of W2P transactions and services, including 22 US companies, 22 Tai-
wanese companies, 22 China Mainland companies, 4 UK companies, and 1 Hong
Kong printer. Most of the companies provide both conventional mass-production
printing and customized printing services. Customers can select their favorite photos
from Facebook or Instagram for design and then print. Photos and designs can be even
stored in the cloud. Among the 22 US companies, five of them, such as “Shutterfly”
and “CafePress” allow customers to buy products made by designers and even
encourage customers to sell their own design. These platforms provide a variety of
customized products and also cooperate with a multitude of brands to provide high
quality licensed photos. The rest of companies specialize a certain type of printing
services such as book/paper printing, fabric printing, material printing, and so on. The
22 companies in Taiwan and 20 companies in China of W2Pare still at a budding stage.
Only 11 of them provide online editing tools to allow customers design their own
products and sell their own design currently. The content analysis result indicates that
the number of website providing customized W2P services is increasing.

The research also conducted comprehensive interviews of 13 experts including
experienced high level printing manager, stakeholders, and educators. The interviews
discussed the requirements of leading into customized W2P service from a conven-
tional printing business. All interviews were conducted from March 29 to May 25,
2017. The agendas of the interviews are as follows.

1. Understanding online printing services in Taiwan: Does your company provide
customized W2P services? If yes, can you share with us the bottlenecks that your
companies have faced? If not, please explain why the company decides not to
provide such services.
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2. Currently most conventional printers are faced with difficulties caused by business
transformation and customized W2P services. What are they?

3. The prerequisites of developing customized W2P platforms in Taiwan.
4. Requirements of internal development: Evaluate and align company’s capabilities

such as logistics, cash flow, information flow and online editing functions with the
requirements of the customized W2P platforms.

5. What are the major considerations of conventional printers while investing cus-
tomized W2P platforms and suggestions about website structures?

The summary of the opinions collected from the expert interviews is as follows.

2.1 Change Conventional Mindset and Learn New Concepts

Most conventional printers and employees still adopt a traditional mindset towards
printing. A customized W2P system should include cloud platforms, information
systems, online marketing, website design and more. The system provides customers
less expensive, more efficient and custom-made online experiences.

2.2 Improve the UI and UX of Online Editing Tools

There are existing sets of software available on the market that printers can either rent
or buy. However, there is a lack of creativity in these templates. One way to improve
this is to differentiate the platform by designing the functions based on the custom-
made features for customers to use on-line freely. In addition, the UI should also look
modern and UX should be easy to use to improve the editing tools [2].

2.3 Use Big Data to Analyze the Customers’ Preferences

Businesses can maximize the use of big data collected from their platforms to explore
customers’ shopping habits and to predict their shopping behaviors in the future. Also,
do target marketing accordingly. The personalized marketing tactic of announcing
discount codes and sales can boost customer spending. In addition to attract new
customers, businesses should change in transaction processes to increase their loyalty
by understanding current consumers’ buying behaviors and preferences.

2.4 Tap into Overseas Markets and Improve Quality and Services

Since Taiwan’s print market is limited, most business owners believe the W2P industry
should also tap into overseas markets, especially Southeast Asia. Nonetheless, cus-
tomized W2P is not only the goal of business transformation, but also the key to
continuously strengthen product quality and services.

2.5 Cooperate with IT Specialists to Construct a Better Customized W2P
System

Most successful W2P platforms are partner with business owners with IT background.
The key to construct a better customized W2P system is to keep the communication
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between customers and the website. A successful customized W2P platform should
have an operating system that runs smoothly in the back end. IT specialists are nec-
essary to maximize the readability and user friendliness of customized W2P platforms.

2.6 Online Marketing and Offline Promotion

Businesses can draw attention from the target audience by using keyword ads, social
media and hot searches. Big data analyses reports can be very useful in personalized
marketing, specifically for special event products. As to offline promotion, word-of-
mouth is very critical tool for marketing. Consumers nowadays see the CP value of a
product as an important influence of purchase. Businesses should pursue continual
improvement in pre-sale and post-sale activities, as well as in the product itself, which
translates into word-of-mouth marketing in the long term.

2.7 Collaborate with Cloud and Platform Economy

Printing companies can outsource different tasks such as designing, printing, packag-
ing, and delivering to other business partners and share the profits. Companies can
make the best use of the platform to learn about users’ preferences and improve their
services accordingly [3].

2.8 Adopt a Customer-Oriented Approach to Sell a Lifestyle
to Consumers

Nowadays most consumers pay more attention to the personalized quality of a product.
Companies should put more efforts in developing DIY (Design It Yourself) gifts for
consumer. The design and package of these custom-made products should be
emphasized to look presentable to customers. Custom-made gifts are not only a good
way to surprise loved ones, they can also be an effective way to promote a brand
especially when these products are offered during special events.

3 Results and Discussion

This research takes reference from the Top Ten Reviews in the United States that rate
the performance of different W2P services in 2016 and evaluate the top ten service
providers based on their overall performance. The rating criteria are: Price Competi-
tiveness, Product Choices, Degree of Customization, User Interface, Trading mode,
Shipping, Customer Service; Help & Support.

The business flow refers to the pricing and trading modes during the time the
information flow refers to printing product options and customer services. The research
has concluded the results in Table 1.

Table 1 shows that the top W2P platforms that provide digital content added-value
applications on their websites generally put great emphases on five areas: online editing
functions, free online digital content sharing, unlimited online storage, customized
products and 100% customer happiness service. In addition to online editing functions,
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Table 1. 2016 US top ten online printing service platforms

Platform/items 1 2 3 4 5 6 7 8 9 10

Price (US dollars)
Business cards (500 sheets) $21 $33 $40 $24 $55 $54 $25 $23 $19 $18
DM (500 sheets) $113 $99 $325 $96 $91 $95 $211 – $58 $170
Postcards (500 sheet) $65 $47 – $46 $129 $300 $284 $43 $58 $63
Quality score 95 90 85 80 60 80 65 70 70 65

Product category
Brochures & business cards ● ● ● ● ● ● ● ● ● ●
Event cards & postcard ● ● ● ● ● ● ● ● ● ●
Flyers& banners/poster ● ● ● ● ● ● ● – ● ●
Stickers/labels ● ● ● – – ● – – ● ●
Magnets ● ● ● – – ● ● ● ● ●
Menus/table tents ● ● – ● ● ● ● – ● ●
Booklets/bookmarks ● ● – ● ● ● ● ● – ●
Hang tags ● ● – ● ● ● ● – – ●
Calendars ● ● ● – – ● ● ● ● ●
Mugs – ● – – – ● – – ● –

Phone case – – – – – ● – – ● –

T-shirt and fabric – ● – – – ● – – ● –

Stationary – – – – – ● – – ● –

Puzzle – ● – – – ● – – – –

Electronic-USB/speakers – – – – – ● – – – –

Food package – – – – – ● – – – –

Online design service and customization
Many choices of size/page etc. ● ● ● ● ● ● ● ● ● ●
Upload design/photos ● ● ● ● ● ● ● ● ● ●
Select template and online editing ● – ● – ● ● ● ● ● –

Download template – ● – ● ● – – ● – ●
Many choices of images – – – – ● ● – ● ● –

Online file saving space ● – – – ● ● ● ● ● –

Online preview and editing ● – – – ● ● ● ● ● –

User interface design (information flow)
Product search ● ● ● ● ● ● ● ● ● ●
List of price and quantity ● ● ● ● ● ● ● ● ● ●
Simplicity of site operation ● ● – ● ● ● ● ● ● ●
Q&As ● ● ● ● ● ● ● ● ● ●
Online estimation ● ● ● ● ● ● ● ● ● ●
App for download – – ● – – ● – – – –

Trade model (capital/cash flow)
Visa ● ● ● ● ● ● ● ● ● ●
MasterCard ● ● ● ● ● ● ● ● ● ●
PayPal ● ● ● – ● ● ● ● ● –

(continued)

440 Y. Hsieh et al.



some international companies also provide a variety of customizable products (in-
cluding phone cases, T-shirts, stationery, interior decoration or even pet products).
Some international companies provide trading services to creators, designers, and
artists which allow them to sell their creativity on the platforms. Taiwanese W2P
platforms, on the other hand, rarely provide the five aforementioned services. In regard
to product customization, the Taiwan market is still in the process of development.
Generally, the product types are not as varied as those of international companies.
Regarding the content editing process, consumers generally design their files offline
before uploading them to a W2P platform. Few provide personalized content editing
software to consumers on line or free download services. To date, this research has yet
to find any Taiwanese customized W2P platform that offers consignment services for
designers and/or artists.

Chinese enterprises invest heavily in e-commerce and digital content industry.
These financial figures are massive. In the publication of the top 20 W2P companies in
2017, the concept of “brand” is emphasized. PEK (Printing Industry E-commerce Data
Key Indicators) created by Keyin. Media, China is a ranking mechanism which eval-
uates the overall performance of the W2P service in China (excluding Hong Kong,
Macau and Taiwan) using criteria such as content quality, volumes and website
security, etc. 20 companies have been selected on the basis of PEK index as shown in
Table 2.

Table 1. (continued)

Quality score 95 90 85 80 60 80 65 70 70 65

American express ● ● ● ● ● ● ● ● ● ●
Discover/others ● ● ● ● – – – – – –

Online order tracking ● ● ● ● ● ● ● ● ● ●
Shipping (logistics)
Post mail ● ● ● ● ● ● ● ● ● ●
Rush delivery ● ● ● ● ● ● ● ● ● ●
Ship to customer ● ● ● ● ● ● ● ● ● ●
Shipping within 24 h ● ● ● ● ● ● ● ● – ●
Shipping tracking ● ● ● ● ● ● ● – – –

Refund/reprint ● ● ● ● ● ● ● ● ● –

Customer service/help and support
Overall rating 100 85 85 70 85 60 90 75 70 90
Email inquiry ● ● ● ● ● ● ● ● – ●
Phone inquiry ● ● ● ● ● ● ● ● ● ●
Live chat ● ● – ● ● ● ● – – ●
Source https://www.toptenreviews.com/services/internet/best-online-printing-services [6] sum-
marizing data by author
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This research analyzed 69 websites involved in some degree of W2P transactions
and services, including 22 US companies, 22 Taiwanese companies, 20 China main-
land companies, 4 UK companies, and 1 Hong Kong printer. The study evaluated the
most well-known 10 websites in all regions and shows their major functions and
services in regards to customized W2P services in Table 3.

Table 2. Top 20 web-to-print companies in China in 2017

Company Web site Company Web site

36588.com www.36588.com.cn/ ininin.com www.ininin.com/
Easy Print www.98ep.com/ pptake.com www.pptake.com/
EP365.com www.ep365.com/ CYT www.0757p.com/sq.kiy.cn/
Namex www.namex.cn/ Yi Si De www.yiside.com/
Yifutu www.yifutu.com/ Zhi Xiang Ge www.zhixiangge.com/
Yofus www.yofus.com/ eheyin.com www.eheyin.com/
Hucais www.hucais.com/ ZhonghaoZiyun www.11ziyun.com/
kaixinyin www.kaixinyin.com/ Xuan Cai www.xuancai2008.com/
FastPrint www.92mp.com/ Duoduoyin www.duoduoyin.com/
wdxc.cn www.wodexiangce.cn/ Xiangin www.xiangin.cn/
Boxdiy www.boxdiy.cn/ Xiao Mei Ji www.xiaomeij.com/
art2print.cn www.art2print.cn/scene huluwa360 www.huluwa360.com/
LVAI lvaifood.1688.com suyinw.cn www.cailuan.cc/

Source Keyin.cn (http://www.keyin.cn), top 20 online digital printing companies in China in
2017

Table 3. Evaluation and comparison of the platform functions and services offered by top 10
W2P companies

Platform/items 1 2 3 4 5 6 7 8 9 10

A: Main page
Search ● ● ● ● ● ● ● ● ● ●
Language ● – – – – ● ● ● – –

Free shipping on order – ● ● – – – ● – ● –

Live chat ● ● ● ● – ● ● – – ●
Email inquiry ● ● – ● – ● ● ● ● ●
Customer hotline ● ● ● ● ● ● ● ● ● ●
Consignment – – – ● – – – – – –

Shopping cart ● ● ● ● ● – ● ● – ●
Promote code ● ● – – ● – ● – – –

News ● ● ● ● ● ● ● ● ● ●
Best seller – ● ● ● ● – – – ● ●
Season promotion ● ● ● – – ● – ● ● ●
Feature product ● ● ● ● ● ● ● – ● ●

(continued)
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Table 3. (continued)

Platform/items 1 2 3 4 5 6 7 8 9 10

Customized products for event ● ● – ● ● – ● – – –

Office supplies/clothing/bags etc. ● ● ● ● ● – ● – – ●
Upload your design ● ● ● ● ● ● ● ● ● ●
Design service ● – ● ● – – – – – ●
Customer reviews ● ● ● – – – – – ● ●
Contact us ● ● ● – ● – ● ● – ●
Artist/celebrity endorsement – ● – – – – – – – –

Refer a friend ● ● – – – – – – – –

Mobile App – ● – ● ● ● ● – – –

Average customer ratings ● ● ● – – – – – – ●
Customer product photos ● ● ● – ● – ● ● – –

B: Member account/services
Account tools ● ● ● ● ● ● ● ● ● ●
View order history ● ● ● ● ● ● ● ● ● ●
Reorder ● – – – – – – – – –

Update account settings ● ● ● ● ● ● ● ● ● ●
Stored payments ● – – – ● – – – – –

View recent communications ● – – – – – – – – –

My images and logos ● ● – ● ● ● ● ● – ●
My favorites ● ● ● ● – – – – – –

Business e-mail ● – – – – – – – – –

Domain names ● ● – – – – – – – –

C: Products/services
Postcard mailing ● ● – – – – – – – –

Design re-creation service ● – – ● – – – – – –

Graphic design services for customers ● – ● ● – – – – – ●
Product and package design service ● – ● ● – – – – – –

Email marketing ● – – – – – – – – –

Local listing ● – ● ● – – – – – –

Social media marketing ● – – – – – – – – –

Browse our designs ● ● ● ● ● – ● – – ●
Upload your own complete design ● ● ● ● ● ● ● ● ● ●
Design yourself ● ● ● ● ● – ● – – ●
Gift certificates ● – – – – – – – ● –

C: Products/services
Personalized mugs ● ● ● ● ● – ● – – ●
Holiday cards ● ● ● ● ● ● ● ● ● ●
Canvas prints ● ● – ● ● – ● ● – ●
Phone cases ● ● ● – ● – ● – – –

Clothes (e.g. T-shirt) ● – ● – ● – – ● – ●
Puzzles ● ● ● – – – ● – – –

(continued)
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Table 3. (continued)

Platform/items 1 2 3 4 5 6 7 8 9 10

Labels and gift tags ● ● – ● ● – – ● – –

Home decor ● ● – – ● – ● ● – –

D: Tutorial
Getting started ● ● ● ● ● – – – ● ●
How-to-video – ● – – – – – – – –

Help center ● ● ● ● ● ● ● ● ● ●
Contact us ● ● ● ● ● ● ● ● ● –

Shipping and delivery ● ● ● ● ● ● ● ● ● –

Request samples ● – – – ● – – ● ● –

E: Partner with us
Upload designs ● ● – ● ● ● ● ● – ●
Our partners ● ● ● ● – ● – – – ●
Contributing photographer/designer ● ● ● ● – – – – – ●
Advertising with us ● ● ● – – – – – – –

Reseller program ● – ● ● ● ● – – – ●
Popular searches ● ● – ● ● ● ● – ● –

F: Our company
About us ● ● ● ● ● ● ● ● ● ●
Careers ● ● ● ● – – ● ● – ●
For media ● ● ● ● ● ● – ● – –

For investors ● ● – – – – – – – –

G: Our policies
Copyright matters ● – ● – – ● ● ● ● ●
Trademark matters ● – – – – – – – – –

Patents ● – – – – – – – – –

Terms and conditions ● ● ● ● ● ● ● ● ● ●
Privacy policy ● ● ● ● ● ● ● ● ● ●
Absolutely guaranteed ● ● ● – – – – ● – –

H: Connect with us
Facebook ● ● – – ● – ● ● – ●
Instagram ● ● – – – – ● ● – –

Twitter ● ● – – – – ● ● – ●
Pinterest ● ● – – – – ● – – –

Google+ – ● – – – – ● – – ●
WeChat – – ● – – – – – – –

Line@ – – – – – – – – – –

Weibo – – ● ● – – – – – –

QQ – – – – – – – – – –
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4 Conclusions

The data analyses showed that customized W2P became a hotly debated topic in the
industry 10 years ago. Nevertheless, only about 11 printing companies in Taiwan that
started to provide W2P services; the market share is relatively low. The expert inter-
views revealed that many print business owners hold a pessimistic view toward cus-
tomized W2P services. The overall results show that the technologies of traditional
plate-making and ink-paper printing are highly mature among conventional printers
while information flow, human resources, marketing and management, and software
and hardware are relatively lacking. However, the integration of the front-end infor-
mation flow design and the back-end database are inextricably intertwined to me-
commerce in W2P platforms. Companies interested in developing such services can
focus on improving the three aspects: information flow, human resources and mar-
keting management. During the interviews, it was found that there is an absence of IT
engineers and data analysts in the majority of W2P businesses. But it is not easy to train
and recruit these professional talents. The study suggests that printers cooperate with IT
specialists and designers/artists to develop a partnership model that is beneficial to all
and makes resource and profit sharing possible.

Figure 1 provides suggestions to conventional printers, front-end designers, and IT
specialists to cooperate together and share a business model.
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Fig. 1. Suggestions to printing businesses (by authors)
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Abstract. The promotion of sustainable culture heritage, the increasing need of
aesthetics, knowledge, and economic growth are all direct contributors to the
fact that Museums have become a viral trend not only in Taiwan but also in
China in recent years. However, many museums host Cultural Creative Mer-
chandises without proper adjustments to their targeted audience. The priority of
quantity over quality is noticeable, leaving visitors unsatisfied. This thesis uses
questionnaires to analyze the visitor’s consuming patterns in museums,
including questions about environmental design, product design and service
design in order to understand the preferences of customers. It is hard for con-
sumers to acknowledge the cultural meanings of the merchandises, leading to
possible dissatisfaction. However, the consumers tend to approve with the
arrangements made within the exhibited space, visiting route and lighting.
Therefore, museums should emphasize on promoting culture and combining
historical facts with interactive and intuitive elements when designing Cultural
Creative Merchandises to maximize the effects of learning through
entertainment.

Keywords: Museum � Cultural creative merchandise � Consumer behavior �
Cultural heritage

1 Introduction

1.1 General Background Information

Museums enjoy rising popularity in China and Taiwan, partly due to the governments.
The government’s interest stems from the growing economy and cultural awareness of
preserving intangible cultural heritage, knowledge, aesthetics surrounding the muse-
ums. Being the main group investing in cultural artwork, middle class is eager raising
their cultural and aesthetic knowledge. Therefore, visiting museums is a way of
learning through entertainment. The souvenir shops in museums in western countries
usually name themselves “The last exhibition hall”, which suggests that Cultural
Creative Merchandises are ongoing and continue to expand the topic at hand even after
the exhibition. As a result, Cultural Creative Merchandises can act as products to
preserve and continue culture.
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2 Literature Review

2.1 Cultural and Creative Industry

According to a report “The Globalization of Cultural Trade: A Shift in Consumption”
and a survey “Cultural times”. The First Global Map of Cultural and Creative Indus-
tries” [1] done by United Nations Educational, Scientific and Cultural Organization
(UNESCO) [2], in 2013, Cultural and Creative Industries have created 2250 billion US
dollar revenues which is about 3% of World GDP and the industries have created 29.5
million jobs worldwide. It shows that the contribution of Cultural and Creative
Industries (CCI) have made them become the backbone of the world economy; the CCI
are major economic assets in developed and emerging countries.

The definition of Culture Industry by UNESCO is “the combination of creation,
production and distribution of goods and services that are cultural in nature and usually
protected by intellectual property rights” [2]; Cultural and Creative Industries can be
seemed as creative industries that include music, textual, television and film production
and cultural tourism that adds value to content and generates values for people and the
societies [3].

2.2 Museum Cultural Creative Merchandise

The definition of Cultural Creative Merchandises by UNESCO is: Cultural Creative
Merchandises include the goods and services; Cultural Creative Merchandises are
defined as consumer goods that convey ideas, symbols and lifestyles. Cultural services
are activities that satisfy cultural interests or needs. It does not represent the actual
product itself.

2.3 Cultural Heritage

Cultural heritage demands cooperation between a government and its people. Through
language, art, history and literature, it’s possible to spread culture as people get together
and socialize. Museums play an important role of carrying and continuing culture by
offering cultural collections. Museums also offer customers to purchase merchandise of
the exhibition and blend into their daily life at home. Interactive design is essentially
the best medium for cultural heritage.

3 Method

3.1 Research Method

This research paper is using content analysis method to compile information about
Cultural Creative Merchandises and continuing cultural meaning as research topic. We
further developed questionnaires based on the information that we gathered. The
questionnaires were targeting tourists who have been to the National Palace Museum in
either China or Taiwan. The questionnaires were sent out between May 1st to May 15th
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2018; we have gotten 112 sets of feedbacks from Chinese tourists and 99 sets from
Taiwanese tourists.

3.2 Research Analysis

The willingness of customers to purchase things at souvenir store has a lot to do with
the design of space, the environment of the store, the design and the presentation of the
products, the lightings, the flow, and the service. This research contains surveys about
the design of the space, product design, and marketing management to determine
whether Cultural Creative Merchandises can continue the culture by analyzing the
purchasing behaviour of customers.

3.2.1 Descriptive Statistics
Customers’ age is ranging from 19–25 years old, 42 people in total; 46–55 years old
have 19 people in total; 26–35 years old have 17 people in total; 36.45 years old have
16 people in total; 56–65 years old have 2 people in total; and there’s one person who is
under 18.

Occupational wise, the major consumers are students, 32 students in total; the rest
being service sector for 13 people; other for 12 people; government employees for 10
people; manufacturer and freelancer for 8 people; information industry for 5 people;
advertising design for 3 people; art industry for 2 people; financial industry and medical
professional for one person.

Monthly income: 45 of the participants have 5500 RMB income; 17 of the par-
ticipant have 22,001–35,000 RMB income; 16 of the participants have 35,001–50,000
RMB income; 11 of the participants have 50,001–65,000 RMB income; 8 of the
participants have 65,001–10,000 RMB income; 1 of the participants has above 10,000
RMB income.

3.2.2 Reliability Analysis
Upon 210 questionnaires of reliability analysis, the value of Cronbach’s Alpha is 0.983
which is high in three aspects in general.

3.2.3 Design of Space
A product is seemed as something that can be provided to the market and satisfies the
needs of consumers [3]. Products can include the actual objects, services, people,
locations, experiences, information, organizations and thoughts. When it comes to
Cultural Creative Merchandises, many focuses on selling and developing; they ignore
the design of space. The place where products are being presented is equally important
to the design of the products; it influences the customers’ decision making and their
satisfaction. The souvenir shops have the nickname of “the last exhibition of the
museum” which means that it is not just a place to sell goods but also a place for people
to relive what they just experienced from the museum. The design and the flow of the
space play a crucial part of making the last exhibition complete.

1. I believe that the space of souvenir shop is comfortable
2. I believe that the flow of souvenir shop is smooth and clear
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3. I believe that the environment of souvenir shop is too loud
4. I believe that the souvenir shop has clear and reasonable price tags.

3.2.4 Product Design
Cultural Creative Merchandises need to stand out among all the products in a museum
souvenir shop. A well-designed product, first of all, needs to fit the image of the
museum it is in so that it can be distinguished from other museums out in the world [4].
Then it needs to contain cultural meaning which is what we have been talking about
Cultural Creative Merchandises should be all about conveying and continuing cultural
meaning even after customers leave the museum [5]. Moreover, in order to boost the
purchase, products need to be unique to attract people. At current market, products are
similar, nothing really stand out to people which reduce the possibility of purchasing.
Making a practical and unique product is not easy; as people values quality more, they
expect a product to contain not only historical and cultural meaning but also the design
has to be at certain level.

1. I believe that souvenir shops in museums convey the traits of the museums
2. I believe that Cultural Creative Merchandises have decent packaging
3. I believe that Cultural Creative Merchandises have contemporary design
4. The design of Cultural Creative Merchandises fits my preferences
5. I believe that Cultural Creative Merchandises cannot relate to the original objects

that they are trying to replicate
6. Most people believe that souvenir shops represent and deepen the image of a

museum, however the design of its Cultural Creative
7. Merchandises do not necessarily represent the same way which makes consumers

being reluctant on purchasing products from the souvenir shop.

3.2.5 Marketing Management
According to American Marketing Science Institute, customers’ satisfaction depends
on not only products but also service quality [6]. In other words, product and service
quality, customer satisfaction and company profitability are intertwined; higher level of
quality leads to higher level of customer satisfaction. Some people believe that service
quality is about whether or not customers would want to revisit based on how they are
being served; however, in customers’ point of view, service quality is about what they
presume they would get from a service and what actually happens. Therefore, it is
crucial to know what customers really want in order to provide a higher quality of
service. To apply this concept in Cultural Creative Merchandises, having a clerk who
knows product’s design, meaning and what a product is supposed to convey is what I
would consider as high quality of service. In some surveys show what in terms of
giving information about Cultural Creative Merchandises; clerks in museum souvenir
shops are doing a good job based on the positive feedbacks from the customers.
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4 Result and Recommendation

One of the responsibilities for modern museums nowadays is to promote Cultural
Creative Merchandises. A modern museum is no longer just about education but more
of an entertaining educational process. Cultural Creative Merchandises not only carry
historical value but also continue the culture. As recent surveys show, consumers
generally lack interest in Cultural Creative Merchandises as the meaning and need of
said product is unclear. However, the surveys also featured some feedback regarding
the space, flow and lighting of a souvenir shop to improve it. We generated some
recommendations according to the received feedback.

4.1 Presentation of Cultural Meaning

Cultural Creative Merchandise represent a museum and they reflect certain period of
history in a museum. In order to represent the theme at hand, products need to be
specifically designed to appeal to the target customers to see the value in it. While the
production process isn’t difficult, the creative development is rather complex and needs
consideration for historical meaning and creativity.

4.2 Design of Cultural Creative Products

Cultural Creative Merchandise in a museum are mostly replicas or slightly reskinned
versions due to lack of thoughtful design and originality, leading to a product that
barely stands out and isn’t anywhere unique. Therefore, museums need to improve
their use of creativity in design, development and promotion of their merchandise.

4.3 Usability of Products

Other than the design, the practical usability is another thing designer need to pay
attention to when developing their Cultural Creative Merchandise. Products with high
usability receive higher satisfactory feedback and customers are therefore more willing
to make a purchase, resulting in an educational and cultural souvenir which also has a
practical aspect.
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Abstract. At present, there are various types of mobile terminal devices on the
market, and their screen resolutions also vary widely. How to make web pages
adapt to different screen resolutions and provide users with a better browsing
experience is a problem of web page layout which is urgent to be solved. This
paper analyzes and elaborates the current commonly used methods to solve the
problem of web page adaptation and their existing deficiencies. Then, aiming at
these deficiencies, we put forward a novel mode of responsive web page layout,
which uses the media query technology and flexible box model to solve the
problem of web page self-adaptation and verify its feasibility and effectiveness
through the practice based on this mode.

Keywords: Media query � Flexible box model � CSS3 � Responsive web page
layout

1 Introduction

By December 2017, the number of mobile phone users in China reached 753 million,
accounting for 97.5% [1]. Mobile devices have gradually exceeded desktop devices
and become the most common terminal for accessing the Internet. But the screen
resolution of mobile devices varies widely, which makes the PC-based fixed layout
web pages once migrated to the mobile, the pages tend to be messy. It brings bad
browsing experience to users.

Previously, there are two main solutions to this problem. First, different website
versions are designed for different devices. This scheme can guarantee the browsing
effects on different terminals, but maintaining multiple website versions greatly
increases the costs. Second, mobile phone browser’s automatic transcoding function is
used to transcode web pages, enlarging the texts and reducing the size of pictures. But
it lacks flexibility and is not suitable for all web pages.

Today, the new CSS3 standard provides a better solution for responsive web page
layouts. With media query technology and flexible box model of CSS3, web pages can
automatically adjust the layout according to the screen resolution, showing satisfactory
results on various devices.
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2 Key Technologies

The concept of responsive web design was first proposed by Ethan Marcotte. It is an
intelligent method that can be used to adjust web page layouts based on user behavior
and the device environment used. Media query and flexible box model are two key
technologies of implementing responsive web page layout in this paper.

2.1 Media Query Technology

Media query Technology allows us to set different CSS styles according to the char-
acteristics of device monitor (such as window width, device orientation, etc.) [2].
Media query consists of a media type and one or more conditional expressions that
detect the characteristics of the media. The syntax structure is as follows:

@media [only | not] media type and (media characteristics) {style code}

Currently available media types include: all (for all devices), screen (for computer,
tablets, smartphones, etc.), print (for printers and print previews), and speech (for
screen readers, etc.).

The media characteristics include width, height, color, etc. And using max/min as
the logical judgment. For example, “max-width: 800px” means that the style codes are
valid when the width of media type is less than or equal to 800px.

2.2 Flexible Box Model

Flex box is a new layout mode introduced by CSS3. The traditional layout method is
based on the box model, it has some limitations in realizing some special layout [3].
Flexible box model can easily and responsively realize various page layouts, and may
become the preferred scheme of responsive web page layout in the future.

Flexible box model consists of flexible containers and flexible items. The main idea
of the flexible box model is to allow the container to have the ability to change the
width, height, or even order of its child elements, and fill the available space in an
optimal way to adapt to all types of display devices and screen sizes.

3 Implement Ideas of Response Web Page Layout

3.1 Resolution Adaptation of Terminal Devices

The resolution adaptation of terminal devices means let the web pages maintain a
consistent or more coordinated browsing effect which closest to the user experience at
different resolutions. The core is to choose a font size that is closest to the intuitive
comfort of humans as the reference for different resolution devices, and the size of
other elements (such as line height, text spacing, etc.) are defined by the relative ratio
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(em) of this reference. This paper uses media query technology to set font size refer-
ences for devices with different resolutions, for example:

@media only screen and (max-width: 667px) {html {font-size: 14px}}

3.2 Prototyping of Web Page Layout

This paper uses a news web page for hydropower station website as an example to
make an overall layout prototype.

First of all, determine device types that need to be compatible. And then, make
prototypes based on the first step.

Figure 1 shows the webpage layout prototypes, which used in this paper, for PC,
tablet and smart phone respectively. In the process of making prototypes, it is necessary
to pay attention to the changes of page layouts and the scaling of contents for different
device terminals and screen sizes [4].

3.3 Implementation

After finishing the overall layout prototypes, we use flexible box model and media
query technology to layout elements in each area of the webpage.

Firstly, adding the “viewport” meta tag. It is added to the <head> tag of the HTML
document to be compatible with mobile devices. The commonly used “viewport” meta
tag for mobile web page is as follows:

<meta name=“viewport” content=“width=device-width, initial-scale=1.0”>

Using “width=device-width” to set the width of the visible area to the physical
width of the terminal device’s screen, “initial-scale” sets the scaling ratio of the page
for the first load, the default setting is 1.

Secondly, designing HTML structure. According to the prototypes designed above,
the page layout used in this paper is a common two-column layout, which is divided
into navigation area and information display area. The codes are as follows:

Fig. 1. The layout prototypes of a news web page for PC, tablet and smart phone
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<body>
<div id="navigation" class="navbar">

<ul>
<li>…</li>
…… 

</ul>
</div>
<div id="content" class="container">

<section id="one" class="item"> …</section>
…… 

</div>
</body>

Here only shows a simple HTML structure, in the actual development, we need to
add image and text tags between <section> and </section> tags.

Thirdly, setting up the flex container. Setting the element’s (class name is “con-
tainer”) display attribute to “flex” to make it a flexible container. The codes are as
follows:

.container {
display: -webkit-flex; /* Safari Chrome */
flex-flow: row wrap;

} 

“flex-flow: row wrap” indicates that the flexible items are arranged from left to right
and when the items cannot be displayed in a single row, they will be arranged in
another line.

Fourthly, processing images. Generally, an image in a web page has a fixed width
and height. When scaling the browser window, the image don’t scale with the window,
it may cross other content of the page and affects reading. In this paper, the width of the
picture is set by percentage to achieve flexible scaling to adapt to the pages with
different widths. The codes are as follows:

img { 
width: 100%;
height: auto;
max-width: 100%;

} 

Finally, setting Media Query Conditions. We need to judge the type of terminal
devices through the media query conditions, according to the different width of ter-
minals to run the corresponding CSS codes, so that the corresponding layout mode is
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transmitted to different terminal devices, and finally implement the responsive layout.
The codes are as follows:

@media only screen and (max-width: 667px) {/*Smart phone*/}
@media only screen and (min-width: 668px) and (max-width: 1024px) {/*

Tablet*/}
@media only screen and (min-width: 1025px) {/* PC*/}

Three breakpoints are set here. Each breakpoint has a maximum screen width or a
minimum screen width. The specific values can be determined by the developer.

4 Application Example

This paper uses the scheme which combine media query technology and flexible box
model to realize the responsive layout of a news web page for hydropower station
website, and use Window Resizer, an extension program carried by Google Chrome, to
simulate different screen resolutions for online testing. The test results are shown in
following figures.

As Figs. 2 and 3 shows, compared with the traditional fixed layout, using our
scheme can implement the free switching and smooth transition between different
terminals of the web page, and provide users with more comfortable presentation
interface and better browsing experience [5].

And in Fig. 4, we can see that when the horizontal and vertical screens are swit-
ched, the page also exhibit good effects. In summary, this scheme based on media
query technology and flexible box model is feasible and effective.

Fig. 2. Test results of PC-based fixed layout page on PC, tablet and mobile phone

456 J. Zhang et al.



5 Summary

With the development of mobile network technology, terminal devices are continu-
ously updated. And user experience occupies an increasingly important position in
website design. This paper propose a new responsive web page layout model, and
verify its feasibility and effectiveness through the implementation of the responsive
layout of a news web page for hydropower station website. The example shows that
this model can load web content flexibly, make full use of webpage space, enhance the
readability of the page content, and have better user experience.
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Abstract. E-textiles have been paid wide attention due of popularization of
wearable devices, and its core is the preparation of conductive lines on the fabric
surface. In this paper, conductive lines are quickly formed on the surface of cotton
fabrics by means of screen-printed conductive inks. The effects of pretreatment
methods such as alkali soaking of cotton fabrics, plasma and transparent slurry on
the penetration of ink on fabric surface are studied. And the conductivity, water
resistance of the patterns printed on the cotton fabric substrate are tested. The
results show that the conductive pattern printed after the plasma treatment has the
best conductivity, sheet resistance is 120.8 mX/square; the conductive pattern
printed after the transparent slurry treatment is 134.8 mX/square; the conductivity
after alkali soaking treatment is the worst, and its sheet resistance is
253.8 mX/square, which is even lower than the conductivity of the untreated
conductive pattern. This study provides a new direction for the flexible integration
of electronic components and textiles in electronic smart textiles.

Keywords: Cotton fabrics � Pretreatment � Smart textiles � Fabric properties

1 Introduction

Smart textiles can sense the changes that occur in the external environment or internal
state, respond to the material itself or some external feedback mechanism, and can
adjust itself to adapt to changes in the external environment [1]. Electronic smart
textiles are a special class of smart textiles. They are not only electronic components
and electronic circuits combined with textiles, but they are based on electronic tech-
nology and apply high-tech means such as sensing, communication, and artificial
intelligence to textiles. Conductive fabrics can be used as a capacitor, sensor, heater,
etc. [2]. Electronic textiles have been applied to medical, military, sports and enter-
tainment. The key of electronic textiles is the preparation of the conductive line on the
surface of the fabric. The methods reported at present are usually realized by the
method of weaving or covering conductive silver paste to modify the fabric [3].

Conductive silver paste can quickly form conductive patterns on the surface of
cotton fabrics by screen printing, which provides a new direction for solving the
problem of flexible integration of electronic components and textiles in electronic smart
textiles. However, the fabric belongs to flexible material with a porous structure and a
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high rough surface, which causes the conductive silver paste penetrate and diffuse in
the fabric, thus seriously affect the printing quality [4, 5]. This topic explores the effects
of pretreatment on the penetration of micron silver conductive ink on the surface of
fabrics by pretreating different methods of cotton fabric substrates, including alkali
soaking of cotton fabrics, plasma and transparent slurry. The conductivity, water
resistance and other properties of printing patterns are tested.

2 Experimental

The ink used is obtained by liquid phase chemical reduction of PVP, hydrazine hydrate
and silver nitrate. Cotton fabrics are pretreated with A.R. NaOH (Beijing Chemical
Reagents Co), ZY-8200B transparent slurry (Dongguan Zhongyin Printing Materials
Co) and DT-025 plasma processor (Suzhou Opus Plasma Technology Co). Morphol-
ogy is characterized using UCMOS05100KPA optical microscope (Suzhou Jingtong
Instrument Co). Conductivity is characterized using an RTS-9 Square resistance tester.
Screen plate used for the experiment is 250 mesh (Beijing Yingmai Wire Mesh
Equipment Co).

2.1 Pretreatment

2.1.1 Alkaline Treatment
3 pieces of 20 cm � 5 cm cotton fabric (plain weave) are taken, then invaded into 3
groups completely immersioned in 100 mL NaOH solution with a concentration of
60 g/L, and soaked for 1, 2 and 3 h respectively. Removed, rinsed repeatedly with
deionized water and dried by high temperature.

2.1.2 Plasma Treatment
Nine pieces of cotton fabric are treated with plasma at 100, 200, and 300 w different
powers for 60, 180, and 300 s.

2.1.3 Transparent Pulp Treatment
The transparent slurry is applied to the screen plate, and the transparent slurry is printed
on the cotton fabric with a squeegee knife. It is dried in an oven at a temperature of
130 °C for 180 s.

2.2 Screen Printing Conductive Pattern

The printed materials are pure cotton flat woven fabrics (20 cm � 5 cm), which are
subjected to test printing before the official printing. The printing condition parameters
of all samples are determined, in other words, all pretreated cotton fabrics are screen
printed under the same conditions. The printing pattern is dried for 30 min in an oven
at a temperature of 60 °C.
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2.3 Performance Testing

2.3.1 Surface Resistance
Make sure the sample is connected to the probe. Record the measured value and repeat
at least 3 times, we all think that the average is more accurate. Sheet resistance is only
related to the thickness of the conductive film layer.

2.3.2 Morphology Test
A low-power microscope under the magnification of 5 times is used, randomly measure
the width of the line at the 5 positions of the sample and compare the average values.
Surface structure of conductive patterns printed on cotton fabrics was observed and
studied by optical microscope. The change of surface morphology of cotton fabrics
after different pretreatment modification methods and the bonding state between con-
ductive silver paste and cotton fibers were analyzed.

2.3.3 Water Resistance Test
Samples of the conductive pattern are taken, one surface is coated with liquid which the
main component is fluorosilane, and the other is untreated. They are continuously soaked
by water all a day, dried, and then compare the difference of their conductivity [6].

3 Analysis

3.1 Pattern Morphology Due to Different Pretreatment Methods

Printing plate is set as 800 lm line width, and under the same conditions, conductive
ink is printed on differently treated cotton fabrics, and the width of the lines is tested.
As shown in Fig. 1, the diffusion of the conductive pattern without pre-treatment is the
most serious, the line width is 1197.3 lm, which is 49.7% higher than the line width of
the printing plate; the alkali-treated conductive pattern has the smallest penetration
diffusion, and the best soaking time is 2 h, the line width is 872.22 lm, which is 9%
higher than that of the printing plate; the diffusion and infiltration by plasma treatment
is the second highest. Through Fig. 2, it can be seen that the optimal power for plasma
treatment is 200 W and the time is 60 s. The width is 927.18 lm, which is 15.9%
higher than that of the printing plate. The diffusion phenomenon caused by the
transparent slurry is more serious. The line width is 1074.36 lm, which is 34.3%
higher than the plate width.

According to the width of the measured line, the growth rate curve of the width of
the pattern line is wider than the line width of the printing plate. The growth rate of the
line width of the pattern printed after pretreatment compared with the line width of the
printing plate, the growth of the alkali treatment is the smallest, and the growth of
the transparent slurry treatment is the largest. After the immersion of the cotton fabric,
the voids between the fibers are reduced, which reduces the penetration and diffusion of
the ink. The plasma treatment leads to polymerization graft reaction which increasing
adhesion of silver paste to substrate; The cotton fabric gap is filled with transparent
slurry and a smooth transparent film is formed on the surface of the cotton fabric.
Under the effect of pressure, the ink cannot penetrate and spread to both sides, resulting
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in the largest change rate of the line width. Figure 2 shows the SEM of the fabric
surface before and after transparent slurry treatment.

3.2 Conductivity Due to Different Pretreatment Methods

Conductive pattern covering on the surface of the original fabric measured sheet
resistance is 209.4 mX/square, which is reflected by the different methods. The

(a) raw cotton fabric (b) alkali treatment (c) plasma treatment (d) transparent glue primer

Fig. 1. Patterned lines printed after pretreatment by different methods

(a)Before (b)After

Fig. 2. Optical microscopy images of fabric with transparent slurry pretreatment
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conductive pattern after plasma treatment has the best conductivity, and its sheet
resistance is 120.8 mX/square. The plasma treatment etches the surface of cotton,
increases adhesion of silver paste to substrate, thus forming a thick ink layer. Con-
ductive pattern printed after the transparent slurry treatment is not bad, and the sheet
resistance is 134.8 mX/square. The transparent slurry grinds the surface of the cotton
fabric, the pores between the fabric fibers are filled with the transparent slurry, and the
conductive ink is not easily penetrated fabric, a compact protective film generates. The
conductivity after immersion treatment is the worst, and the sheet resistance is
253.8 mX/square, which is even lower than that of the untreated conductive pattern.
The surface of the cotton fabric after soaking in the alkali solution has a fluffing
phenomenon, and the conductive micro-silver particles are doped with fibers to prevent
a good continuous conductive path from being formed.

3.3 Water Resistance Analysis

It is found that the conductive pattern coated with the liquid which the main component
is fluorosilane has certain hydrophobic properties after immersion, and it is also found
that the metal layer on the fluorosilane-coated conductive pattern is significantly more
than uncoated, so the conductive pattern under these conditions has good mechanical
fastness and good water resistance. Conductive performance test of the immersed
conductive pattern shows that the conductive pattern coated with the fluorosilane
coating liquid after being immersioned has little difference in conductivity from the no
immersioned, and the conductivity is hardly affected. Table 1 shows the conductivity
comparison of the conductive patterns treated by fluorosilane coating liquid.

4 Conclusions

The alkali-treated conductive pattern has the smallest osmotic diffusion phenomenon,
the diffusion phenomenon of transparent slurry treatment is relatively serious, and the
diffusion phenomenon without pretreatment is the most serious. The conductive pattern
printed after the plasma treatment has the best conductivity, and the processing con-
dition is power 300 W, time 180 s, sheet resistance is 120.8 mX/square; the transparent
slurry treatment is secondarily followed by conductivity, the sheet resistance is
134.8 mX/square; the conductivity after alkali soaking treatment is the worst, and its
sheet resistance is 253.8 mX/square, which is even lower than the conductivity of the
untreated conductive pattern; the conductive pattern coated with the liquid which the
main component is fluorosilane has good water resistance and rub resistance.

Table 1. Conductivity of conductive patterns treated by fluorosilane coating

Treatment Immersioned No immersioned

Resistance (Unit: mX/square) 205.52 196.8
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Abstract. Inkjet printing, as a flexible high-precision functional material
deposition method, has been widely used in the preparation of supercapacitors.
However, the inkjet printed electrode is usually a planar structure, which greatly
reduces the applying performance of the prepared supercapacitor. In this
research, the graphene oxide was composited with AgNO3 and dispersed ultra-
sonically in an aqueous solution to obtain an inkjet printing ink. By controlling
the substrate temperature and the printing interval, layer-by-layer inkjet printing
was performed on the substrate, and then three-dimensional electrode structures
were prepared by vapor phase hydrazine reduction. Experiments show that when
the substrate temperature is 55 °C and the printing interval is 60 s, a uniform
three-dimensional electrode is printed. The conductivity of the three-dimensional
electrode is measured as 2.9 � 105 S/m, and the specific capacitance is 89.6 F/g,
the areal capacitance is 36 mF/cm2. The prepared three-dimensional electrode in
this research can be applied to supercapacitors, which will have great significance
for improving the applying performance of supercapacitors.

Keywords: Inkjet printing �Graphene composite materials � Three-dimensional
electrodes � Supercapacitors

1 Introduction

Supercapacitors are electrochemical devices used to store electrical energy. Unlike
secondary batteries and capacitors, supercapacitors can maintain high energy density at
high power density, and they also have the advantages of rapid charge and discharge,
long cycle life, and a wide range of operating temperatures. Therefore, supercapacitors
are considered to be one of the energy storage devices that can be widely used in the
future.

According to the energy storage mechanism, supercapacitors can be divided into
double-layer supercapacitors that perform electrostatic adsorption on the surface of the
double-layer electrodes, and pseudocapacitors that perform redox reactions on the
surface of the electrodes [1]. This requires that the electrode has a large specific surface
area to provide sufficient electrostatic adsorption or redox reaction points for the
supercapacitor to store electrical energy. Graphene is a two-dimensional carbon
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material of monoatomic thickness with a honeycomb lattice structure. And graphene
has high conductivity, high theoretical surface area (2620 m2/g), high theoretical
specific capacitance (550 F/g) [2]. It is a very ideal electrode material for superca-
pacitors. However, graphene is difficult to disperse in water and easy to agglomerate. It
is necessary to compound graphene with other materials in order to better exert the
characteristics of graphene.

Supercapacitor electrode preparation methods include inkjet printing [3], pho-
tolithography [4], and electrochemical deposition [5], etc. Different from other
preparation methods, inkjet printing is an additive manufacturing technology. By using
inkjet printing, functional materials can be quickly deposited on a substrate to complete
the patterning and assembly of the supercapacitor electrode. There is no material waste
problem and the cost is low. However, the inkjet printed electrode is usually a planar
structure, which greatly limits the application performance of the prepared
supercapacitors.

In this work, we prepared inkjet inks by combining graphene oxide (GO) with
AgNO3, and then prepared a three-dimensional electrode by layer-by-layer inkjet
printing. Finally, the three-dimensional electrode was reduced by hydrazine hydrate
steam. The effect of print temperature, print interval, and print layer count on the print
electrode was analyzed. At the same time, the compound situation of graphene/silver
and the properties of printed three-dimensional electrodes were tested and
characterized.

2 Experiment

2.1 Experimental Materials

Potassium permanganate, graphite powder, sulfuric acid (H2SO4), hydrogen peroxide,
silver nitrate (AgNO3), and hydrazine hydrate were purchased from Sigma Aldrich and
used without further purification.

2.2 Preparation of GO/AgNO3 Composite Ink

GO was prepared by modified Hummer method. A 3 mg/ml aqueous solution of GO
was sonicated for 30 min. Then AgNO3 was added to the GO aqueous solution and
stirred. After the AgNO3 was completely dissolved, it was subjected to ultrasonic
treatment for a period of time to obtain GO/AgNO3 composite ink.

2.3 Inkjet Printing Three-Dimensional Electrodes

The prepared GO/AgNO3 composite ink was put into an ink cartridge, and the com-
posite ink was printed using a commercial Dimatix material printer DMP 2800 inkjet
printer (Fujifilm Dimatix). In the printing process, three-dimensional electrodes were
constructed by controlling the substrate temperature, printing interval time, and number
of print layers, by layer-by-layer inkjet printing. Finally, the printed electrode was
placed in the hydrated hydrazine vapor to be reduced.
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2.4 Characterization

The crystal structure of the product was characterized by an automated X-ray powder
diffractometer (XRD). The structural characteristics of the as-synthesized product were
determined by transmission electron microscopy (TEM). Use a polarizing microscope
to observe the uniformity of the printed electrode. Electrochemical performance of the
electrodes was tested by a CHI 660 electrochemical workstation and a digital four-
probe tester.

3 Results and Discussion

It is known that GO exhibits negative charge in the aqueous solution state due to
numerous oxygen-containing groups on the sheet of GO, whereas silver ions exhibit
positive charge in the silver nitrate solution. Therefore, the silver ions can be adsorbed
on the GO sheet by electrostatic action. In the reduction process, since silver ions have
strong oxidizability, silver ions are first reduced to nano silver, and then GO is reduced
to graphene. The nano-silver particles can be evenly loaded onto the graphene sheets to
prevent graphene from agglomerating.

Figure 1 shows X-ray diffraction (XRD) analysis of graphene/silver composites. In
the XRD, there are four distinct diffraction peaks at 2h of 38°, 44.2°, 64.4°, and 77.3°.
This corresponds to the face-centered cubic (111), (200), (220), (311) crystal planes of
Ag, respectively, indicating that GO/AgNO3 is successfully reduced to graphene/silver
composite by hydrated hydrazine steam [6]. In addition, the appearance of high
intensity peaks of the (111) surface indicates that non-spherical nanosilver particles
may be present in the synthesized graphene/silver composite [7]. And the diffraction
peaks of graphite or graphene do not appear in the XRD pattern of graphene/silver
composites. This shows that in the prepared graphene/silver composite material, the
silver particles are successfully loaded between the sheets of the graphene, preventing
the agglomeration of the graphene [8].

Figure 2 shows a TEM image of a graphene/silver composite. From Fig. 2, it can
be observed that the surface of the graphene has obvious wrinkles, which is beneficial
to expand the specific surface area of the composite material. And the graph shows that
the nanosilver is uniformly loaded on the graphene sheet. Those silvers are composed
mainly of spherical particles of 60 nm and rod-like particles having a width of 50 nm
and a length of 200–300 nm.

GO/Ag+ aqueous solution was used as an ink to prepare a thin film electrode by
layer-by-layer inkjet printing. In the experiment, the influence of printing temperature
and printing interval on printed electrodes was analyzed. Experiments found that when
the printing temperature is lower than 55 °C or the printing interval is less than 60 s,
the printed electrode are not uniform (Fig. 3a). This may be due to the print temper-
ature being too low or the print interval being too short during the printing process.
When the printing temperature is too low or the printing interval is too short, the ink
droplets cannot dry completely. The undried ink droplets collect toward the center
under the effect of surface tension. Then, the impact and surface tension of the newly
printed ink droplets spread the undried ink droplets to the surroundings. Accumulated
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in this way, the ink layer in the middle of the electrode will be thinner than the
surrounding ink layer. When the printing temperature is 55 °C and the printing interval
is 60 s, the ink droplets in each layer can be perfectly dried, and the printed electrodes
will have good uniformity (Fig. 3b). Using this parameter, 40 layers were printed as
electrodes, and the conductivity of the electrode was measured to be 2.9 � 105 S/m.

On the basis of the thin-film electrode, three-dimensional cylindrical electrode was
printed by layer-by-layer inkjet printing. Figure 4 shows the CV curves of three-
dimensional electrodes measured in 1 M H2SO4 electrolyte. As shown in Fig. 4, the
graphene in the three-dimensional electrode provides double-layer capacitance, and the
silver in the electrode provides a large number of tantalum capacitors through redox
reactions. The specific capacitances of the electrodes are determined by CV using the
following Eq. (1) [9]

Fig. 1. XRD patterns of rGO/Ag

Fig. 2. TEM images of rGO/Ag
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Cs ¼
R
idv

2mDVS
ð1Þ

where Cs is the specific capacitance, RidV is the integrated area of the CV curve, m is
the mass of the electrode material in grams, DV is the scanned potential window in
volts, and S is the scan rate in volts per second. Based on the equation, the specific
capacitance of the three-dimensional electrode is calculated as 89.6 F/g (at 10 mV/s).
The value is greater than the specific capacitance of the pure graphene electrode
(63 F/g at 10 mV/s) mentioned in the literature [9]. And the area capacitance of the
three-dimensional electrode is 36 mF/cm2 (at 10 mV/s), which is also greater than
13.6 mF/cm2 (at 10 mV/s) in the literature [10].

(a) inhomogeneous electrode (b) Uniform electrode

Fig. 3. Polarized light microscope images of printed electrode

Fig. 4. CV curve of three-dimensional electrode
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4 Conclusions

In this work, GO/AgNO3 aqueous solution is used as the ink, and hydrazine hydrate is
used as a reducing agent. A three-dimensional electrode of a supercapacitor is prepared
by a layer-by-layer inkjet printing method using a gas phase reduction method. The
results show that a uniform electrode can be obtained when the printing temperature is
above 55 °C and the printing interval is above 60 s. Next, it is confirmed that in the
reduced rod-like and spherical nanosilver particles are loaded onto the graphene sheet
by XRD and TEM, which successfully prevent the graphene from agglomerating. And
the conductivity of the printed three-dimensional electrode is 2.9 � 105 S/m, the
specific capacitance is 89.6 F/g, and the areal capacitance is 36 mF/cm2.
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Abstract. Compared with the traditional processing molding, 3D printing
(Additive Manufacturing) is a technology for the near-net shape of complex
three-dimensional components and FDM (fused deposition modeling) is one of
the widely used additive manufacturing technologies. The auxiliary supporting
structure is needed to position and support the cantilever structure in the forming
process of the cantilever structure in FDM. The traditional complete supports
forming process needs more time, has high consumables and low efficiency, and
limits the application of the FDM. The paper analyzes forming characteristics in
the forming process and designing cantilever supports structural based on DFM
(design for manufacturability). Confirming critical state of FDM process with
analyzing FDM support characteristics by establishing mathematical model,
analyzing cantilever structural of the different angles in FDM, and changing
support structure of cantilever model of different angles. Designing and man-
ufacturing the corresponding self-supporting cantilever in FDM. The research
provides a design method for cantilever support, improving sprinting efficiency
and develops researches of DFM.

Keywords: FDM � DFM � Cantilever structure � Self-supporting

1 Introduction

Additive manufacturing technology is also called 3D printing technology [1]. Fused
deposition modeling (FDM) has certain advantages in complex parts manufacturing
and as an additive manufacturing (AM) technology, based on the principle of digital
model-discretion-accumulation, fused deposition modeling (FDM) allow for quick and
clean development of prototypes and functional components. Although as a printing
technology FDM is very flexible, FDM generally has some restrictions on the slope of
the overhang, in this process, the nozzle extrudes small flattened strings of molten
material to form layers as the material hardens immediately after extrusion from the
nozzle on platform or other assisted supports.

The traditional auxiliary support adopts full support and local support and the
excessive number of support structures increases the consumption of printing materials.
Huang et al. modified the column support structure into a vertebral body to reduce the
volume of the support structure [2]. Jin et al. provided an algorithm of automatic
assisted supports generation based on sliced data to increase generation efficiency [3].
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Masood et al. proposed an expert FDM support designer (EFS) system aiming at the
optimization of the assisted supports generation process [4]. Luc et al. introduced a
method of adaptive direct slicing of a complex solid model applied to rapid prototyping
[5].

Xiaoran Weiuses a tree-like support to reduce the trumpet of the material, but the
support structure is complex to generate and the resulting support structure has poor
stability in printing [6]. Wang et al. Optimized a support generation method in the way
of building hinges [7]. Kritchman et al. considered using a dissolvable material to print
the support and required a separate print head to print the support structure [8].

This paper analyzes forming characteristics in the forming process and confirms
critical state of FDM process with analyzing FDM support characteristics by estab-
lishing mathematical model, changes structure of cantilever model of different angles to
be self-supported based on DFM.

2 Process Analysis

Whether to add auxiliary support structure is determined by whether the cross-sectional
profile of the product has changed. In the molding process, when the linear molding is
used as the support structure, as shown in Fig. 1, the following relationship exists
between the support structure and the cantilever structure, h is layer height, B is line
width, and w is gap width between the support and model entity and h is the angle of
the supported surface.

tanh ¼ h
l1

ð1Þ

where l1 is outside the length of the profiled outside contour

Fig. 1. Support model FDM
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h ¼ arctan
2h
B

ð2Þ

When the angle of inclination is less than h in FDM, it is necessary to add assisted
supports to meet the FDM process printing requirements, studies on the viscoelastic
material with temperature in FDM, it is allowed that h is reduced by 1°–10°.

3 Archassisted Supports

In traditional Chinese architecture, the most primitive armpit beam bridges and bridges
have been widely used, but inspired by the construction technology of arched struc-
tures, arches were used as the main supporting structure in the main bridges. As shown
in Fig. 2, the construction method of arch bridges filled with arches as the supporting
structure is similar to the molding process of the new FDM process: the lowest face is
used as the construction face for stacking and construction. When the profile shape
changes, the support structure is provided for the structure of the upper filling and deck
face Support and positioning.

In order to facilitate the molding of parts, a design method for cantilever structure
supports that is different from the traditional support structure from the platform to the
bottom of the cantilever structure is proposed. As shown in Fig. 3, making a straight
line with an inclination of h at point a and a vertical line with point a based on the
straight line, it intersects the vertical centerline of ab at point o. Draw the circle with
center at o and radius equal to oa and the ab is the self-support.

4 Experimental and Results

As shown in Fig. 4, in this paper three-dimensional model of parts is established and
saved as STL file. Then the data information of each layer generates the corresponding
control code to control the operation of the printer. According to the orthogonal design,
nine groups of experimental data were obtained, the Scheme 1–3 is printed without

Fig. 2. Bridge model with arch assisted supports
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supports in FDM, the Scheme 4–6 is printed with traditional complete supports and the
Scheme 7–9 is printed by changing the structure of cantilever model to meet process
requirements of FDM based on DFM.

Process parameters of the nine groups is shown in Table 1. Each group had three
samples, and a total of forty-five samples were obtained.

As shown in Fig. 5, nine groups of experimental samples were prepared, and the
experimental data of the models is shown in Fig. 5.

As shown in Fig. 6, in the Scheme 1, 2 and 3, the surface forming quality of the
piece without supports is poor, there are cracks and breaks on the surface of experi-
mental models. The surface quality of Scheme 4, 5 and 6 is better, but the surface

Fig. 3. Design model of self-support

Fig. 4. Schematic diagram of 3D model
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Table 1. Process parameters of test molding

Scheme Filling density
(%)

Layout angle
(°)

Extrusion width
(mm)

Layer
thickness

Support

1 10 45 0.4 0.10 N
2 10 45 0.4 0.15 N
3 10 45 0.4 0.20 N
4 10 45 0.4 0.10 Y
5 10 45 0.4 0.15 Y
6 10 45 0.4 0.20 Y
7 10 45 0.4 0.10 Self-support
8 10 45 0.4 0.15 Self-support
9 10 45 0.4 0.20 Self-support

Fig. 5. Experimental model

Fig. 6. 4� micrograph measurement chart of molding surface
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quality is reduced when the support is removed from the experimental model. The
Scheme 7, 8 and 9 of experimental models printing by the method are best and the
surface have fine and clear textures.

Experiments have proved that the FDM piece surface forming quality optimization
method used in this study can meet the user’s design requirements. It is a method that
changing the structure of cantilever model to meet process requirements of FDM based
on DFM.

5 Conclusions

In this paper, analyzes forming characteristics in the forming process and designing
cantilever supports structural based on DFM to meet process requirements of FDM.
The model surface quality of designing and manufacturing the corresponding self-
supporting cantilever in FDM is better. The research provides a design method for
cantilever support to meet process requirements of FDM based on DFM, improves
printing efficiency and develops researches of DFM. Also, it would be improve the
development of 3D printing process design system that by changing the structural
based on DFM to meet process requirements for manufacturing functional parts.
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Abstract. In recent years, RFID has received widespread attention and has
been widely used in the fields of logistics, transportation, pharmaceutical and
other industries. In order to reduce the production cost of RFID and broaden the
scope of RFID applications, the influence of flexographic process parameters on
the performance of RFID tags has been studied. In this experiment, the effects of
nano-silver conductive ink viscosity, printing speed, printing pressure and
drying time of conductive ink on the conductive properties of printed RFID, line
expansion, ink layer thickness and bending resistance were investigated by
orthogonal test. We found that when the nano silver conductive ink viscosity is
1100 cp, the printing pressure gap is 200 lm, the printing speed is 20 m/min,
and the drying time is 1 min, the RFID resistance value is 388 X, the line width
is 861 lm, and the ink layer thickness is 4.05 lm, the RFID has good bending
resistance and optimum performance.

Keywords: RFID � Nano silver � Conductive ink � Flexographic printing

1 Introduction

Recently, radio frequency identification (RFID) tags, as one of the most important
flexible electronic devices in the Internet of Things technology, have been widely used
in pharmaceutical products, logistics and transportation, contactless payment and other
industries [1]. The traditional RFID manufacturing process is an etching method, which
has lots of disadvantages. The printing and the RFID performance of screen printing is
comparable to that of RFID produced by traditional methods [2–4]. The thickness of
the RFID ink layer is large in screen printing [5]. Đokić et al. [6] compared screen
printing and flexible printing method is to directly print the conductive ink on the
substrate. The printing speed is fast, the preparation can be not only the large-area
preparing but be flexible, and the production cost are low [7]. The most used method of
printing is screen printing, and the RFID performance of screen printing is comparable
to that of RFID produced by traditional methods [2–4]. The thickness of the RFID ink
layer is large in screen printing [5]. Đokić et al. [6] compared screen printing and
flexible printing.
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RFID, and found that the two printing methods produce UHF antennas with similar
performance, flexographic printing is faster and has lower production costs. Nano-
silver conductive ink is an important raw material for printing RFID, with excellent
electrical conductivity and stable properties [8–10]. However, the influence of flexo-
graphic process parameters on RFID performance is still unclear. This study will study
the viscosity, printing speed, printing pressure and conductive ink of nano-silver
conductive ink through orthogonal experiment. The influence of four factors on the
performance of printed RFID, explore the optimal process conditions, and lay the
foundation for further reducing the cost of RFID production and improving RFID
performance.

2 Experimental

2.1 Materials

Nano silver conductive ink is self-made in the laboratory, Ethanol and nitric acid were
purchased from Beijing Chemical Works, ethylene glycol, ethylene and glycol
monobutyl were purchased from Tianjin Guangfu Fine Chemical Research Institute.

2.2 Preparation of RFID

In this study, a laboratory-made nano-silver conductive ink and a polyethylene
terephthalate (PET) film were used as the substrate. The four-factor and five-level
orthogonal experiment method was used to print the conductive ink using a flexo-
graphic printing press (FLEXIPROOF100, RK). The plate resolution is 200 lpi. In this
experiment, the ink viscosity, printing speed, printing pressure and the time required
for drying of the conductive ink were the four influencing factors. The printing pressure
is adjusted by adjusting the printing gap. The larger the printing pressure gap is, the
smaller the printing pressure is. Adjust printing pressure gap to 120, 160, 200, 240,
300 lm respectively, the printing speed to 10, 20, 30, 40, 50 m/min respectively, the
ink viscosity to 312.5, 1100, 1550, 2100, 2800 cp, and the drying time to 8, 6, 4, 2,
1 min respectively. 12 samples were printed for each printing condition. After drying,
it was heated in an oven at 120 °C for 10 min.

2.3 Characterization and Measurements

The viscosity of the conductive ink was measured using a viscometer (DV-II+ Pro,
BROOKFIELD). The RFID line width and the thickness of the ink layer were mea-
sured using a laser confocal microscope (VK-X200, KEYENCE), and six samples were
averaged for each printing condition. The resistance of the RFID antenna was tested
using a multimeter (8808A, FLUKE), and six samples were tested for each printing
condition and averaged. The line of the RFID antenna to be tested is closely attached to
the wire rod with a diameter of 10 mm, and the bending is repeated 20 times at ±90° to
test the change of the resistance, and the bending resistance of the RFID antenna is
characterized.
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3 Results and Discussion

3.1 Impact of Printing Process on the Appearance of RFID

Figure 1a shows as the printing pressure gap increases, the RFID line width first
increases, and the line expansion is minimized when the printing pressure gap is
200 lm, and then the line width is gradually increased. Figures 1b and 2b show that
the RFID line width first decreases as the printing speed increases, and increases as the
printing speed increases as the printing speed reaches a minimum at 30 m/min. Fig-
ure 1c shows that the RFID line width first decreases with increasing ink viscosity,
reaches a minimum at 1550 cp, and then gradually increases. Figure 1d shows as the
drying time becomes longer, the line width becomes larger. Figure 2 shows that the
film thickness trend is basically opposite to the trend of line width variation. When the
printing pressure is large, the diffusion of ink is severe, the line is enlarged, and the
thickness of the ink layer is reduced. The printing pressure is small, resulting in a large
line width and a reduced thickness of the ink layer. When the printing speed is slow,
the longer the pressing time between the printing plate and the substrate, the larger the
line width, and the smaller the thickness. When the printing speed is fast, the force by
which the ink is pressed is also increased, so the line width becomes large and the
thickness is reduced. When the viscosity of the ink is low, the ink has strong fluidity,
the line is enlarged, and the thickness of the film is reduced; the viscosity of the ink is

(a) effect of printing gap on line width, (b) effect of printing speed on line width, (c) effect of ink 
viscosity on line width; (d) effect of drying time on line width

Fig. 1. Line width effect curve of RFID ink layer
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high, the fluidity of the ink is poor, and the amount of transfer is small, so that the
thickness of the ink layer becomes low and the line width becomes large. The shorter
the drying time, the less easily the ink spreads, the smaller the line, and the larger the
thickness. It was found that the optimum print reproducibility at the printing pressure
gap 200 lm, printing speed 20 m/min, ink viscosity 1100 cp, and drying time 1 min.
The RFID digital photos printed under optimal conditions are shown in Fig. 3.

(a) effect of printing gap on thickness of ink layer, (b) effect of printing speed on thickness of ink 
layer, (c) effect of viscosity of ink on thickness of ink layer; (d) effect of drying time on 

thickness of ink layer

Fig. 2. Thickness effect curve of RFID ink layer

Fig. 3. RFID digital photos printed under optimal conditions
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3.2 Impact of Printing Process on RFID Resistance

Figure 4a shows that the RFID resistor first decreases as the printing pressure gap
increases, and reaches a maximum value after the printing pressure gap is 200 lm, and
then gradually decreases. Figure 4b shows that the RFID resistor first decreases as the
printing speed increases, and reaches a maximum value after the printing speed is
20 m/min. Figure 4c shows that the RFID resistance first decreases as the viscosity of
the ink increases, and then reaches a maximum value when the viscosity of the ink
reaches 1100 cp, and then gradually decreases. Figure 4d shows that as the drying time
becomes longer, the RFID resistance gradually becomes larger. The trend of resistance
change is opposite to the trend of film thickness change. The printing process changes,
the thickness becomes larger, the conductive path becomes more, the resistance
decreases, and vice versa, the resistance increases. It was found that the RFID resis-
tance was 388 X at the printing pressure gap 200 lm, printing speed 20 m/min, ink
viscosity 1100 cp, and drying time 1 min.

(a) The effect of printing pressure gap on resistance, (b) The effect of printing speed on
resistance, (c) The effect of ink viscosity on resistance, (d) The effect of drying time on

resistance

Fig. 4. Resistance effect curve of RFID
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3.3 Impact of Printing Process on Bending Resistance of RFID

The resistance change rate of RFID (DR) is used to characterize the bending resistance
of RFID. The formula of the resistance change rate of RFID is as follows:
DR ¼ ðR� R0Þ=R0, which R is the resistance after bending and R0 is the resistance
before bending. The smaller the resistance change rate of RFID, the better the bending
resistance. Figure 5a shows that the change rate of the RFID resistance first decreases
as the printing pressure gap increases, and reaches a maximum value after the printing
pressure gap is 200 lm, and then gradually decreases. Figure 5b shows that the change
rate of the RFID resistance first decreases as the printing speed increases, and reaches a
maximum value after the printing speed is 20 m/min. Figure 5c shows that the change
rate of the RFID resistance first decreases as the viscosity of the ink increases, and then
reaches a maximum value when the viscosity of the ink reaches 1100 cp, and then
gradually decreases. Figure 5d shows that as the drying time becomes longer, the rate
of change of the RFID resistance gradually becomes larger. This is because when the
thickness of the ink layer is small after printing, the passage of the nano silver particles
after thermal sintering is thin, and some of the conductive paths are broken after being

(a) effect of printing pressure gap on resistance change rate, (b) effect of printing speed on
resistance change rate, (c) effect of ink viscosity on resistance change rate, (d) effect of drying

time on resistance change rate

Fig. 5. Resistance change rate effect curve of RFID

Application Research of Nano Silver Conductive … 485



bent, resulting in a large rate of change in resistance; and when the ink layer is thick,
although part Breaking, there are still many channels, and the conductivity can be well
maintained.

4 Conclusions

In summary, orthogonal experiments were conducted to investigate the effects of
printing pressure, printing speed, ink viscosity and drying time on RFID performance.
We found that the RFID line width, resistance and resistance change rate before and
after bending showed a first decreasing and then increasing change with printing
pressure, ink viscosity, printing speed and drying time. The longer the drying time, the
wider the RFID line width, and the higher the resistance change rate before and after
the resistance and bending. The trend of the thickness of the RFID ink layer is opposite
to that of the RFID line width, and the resistance and the resistance change before and
after the bending. Finally, the optimal conditions were as follows: the ink viscosity is
1100 cp, printing gap is 200 lm, the printing speed is 20 m/min, the drying time is
4 min. At the optimal printing conditions, the resistance of RFID is 388 X, the line
width is 861 lm, the thickness of the ink layer is 4.05 lm, the ink layer is flat, the
adhesion is strong, and the bending resistance is good.
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Abstract. In flexographic printing production, it takes a lot of time to clean the
reticle roll and change ink, which results in the waiting time increase. Therefore,
based on the analysis of characteristics of the flexographic press and its jobs, the
color sequence group technology and the flexographic printing Job-shop of load
balancing algorithm are proposed in the paper. A scientific production
scheduling is established by introducing the management of the group tech-
nology to the flexographic printing production management. The job load bal-
ancing algorithm makes the production scheduling becomes fast and reasonable.

Keywords: Job-shop scheduling � Load balancing algorithm � Group
technology � Color sequence job group

1 Introduction

With the continuous pursuit of people’s quality of life, personalized and high quality of
the printing requirement has been reflected in different consumption areas [1]. The
demand for personalized printing not only makes the small batch order increase, but
also makes the complexity of the printing jobs raise and the delivery time shorter.
Therefore, the proportion of the equipment debugging preparation time to the total
printing production time in the printing production process increases so that the final
production cost is added. For these reasons, many printing enterprises have used the
Enterprise Resource Planning (ERP) system [2]. The printing production scheduling
based on ERP system production management platform make a rapid progress.
However, ERP system not only can not automatically arrange the production plan and
implement dynamic scheduling, but also cannot optimize the actual production.
Therefore, we focus on flexographic printing Job-shop of load balancing in this paper.
Firstly, the key factors that affect the production capacity of flexographic printing are
achieved by combining theoretical research with actual production. Secondly, based on
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enterprise specific production, the load balancing algorithm about printing production
is proposed after discussing the feasibility of the advanced production management
theory in flexographic printing production and exploring an optimization method
suitable for flexographic printing production management. Finally, the load balancing
algorithm is used to realize the intellectualization and digitalization of flexographic
printing job-shop [3–5].

2 Definitions of Load Balancing

Load balancing [6] is distributing the task to multiple operation units so that the
flexibility and availability of devices can be improved. The load balancing of flexo-
graphic printing Job-shop is distributing the printing jobs to multiple printing presses to
print respectively, so as to reduce the waiting time and to improve production effi-
ciency. In the flexographic printing Job-shop, the goal of load balancing can be
achieved by improving production scheduling that is the key aspects of production
management.

3 Device and Job Group Technology

Group technology (GT) is a manufacturing technology science that reveals and exploits
the similarities between things. According to certain constraints, the same group of
things can be processed in the same way, thus improving the efficiency of the tech-
nology [7]. It has been involved in the frontier areas of all kinds of engineering
technology, computer technology, systems engineering, management science, psy-
chology, sociology and so on. Group technology is the basis of computer aided
manufacturing in the manufacturing engineering. It can achieve the most economic
benefits by applying group technology philosophy into the design, manufacture and
management of the entire production system to change the production method of the
multi-species and small batch.

It needs to be explained here that in the application of group technology, too many
constraint conditions lead to a group of things, and fewer constraint conditions lead to a
poor similarity in the same group of things. Therefore, when selecting constraints, the
actual production situation should be considered appropriately.

For the processing and sorting of multiple operations on multiple devices, the
complexity of scheduling problems increases with the number of devices. If n jobs are
arranged in the m devices, there will be n!ð Þm schemes [2]. Because of the limitation of
production conditions, some scheduling schemes are not feasible. Even if there are a
considerable number of feasible solutions, it is difficult to choose the best scheme.
Therefore, the production schemes can be reduced by corresponding the device and the
jobs into groups so that it is the easiest to get the optimal solution by the establishment
of the model.
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(1) Device group technology

First, printing devices are processed in groups. The basic condition of group
technology is that devices of the same device group can print all jobs. The main
considerations are the material of printing stock, the maximum printing width, the
length of repeated printing and so on, which are regarded as the constraint conditions of
the device group technology. In the specific application, constraint conditions can be
changed according to the actual types and quantities of devices purchased by enter-
prises, so that the device groups can be obtained. Device group technology is show in
Fig. 1.

(2) Job group technology

The basic condition of job group technology is that the job can be printed with the
same device group. Therefore, when the jobs are grouped, the constraint constraints of
the job group technology are the same with the constraint conditions of the device
group technology. Then the jobs of job group can be printed with the same devices of
device group. Since the parameters of device in the device group may not be exactly
the same, it would lead to a part of jobs can only be printed on a certain device.
Therefore, there must be a special job group, called independent job group. The job
group technology is shown as Fig. 2.
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Output device 
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Fig. 1. Flow chart of device group technology
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4 Job Load Balancing Algorithm

Job load balancing algorithm includes two parts, which are color sequence group
technology and assignment method of job groups.

4.1 Color Sequence Group Technology

In flexographic printing production, it takes a lot of time to clean anilox rolls and
replace ink. In order to reduce the times of replacing the ink and cleaning anilox rolls,
the printing workers should try their best to print continuously jobs with the same color
sequence, then the waiting time is shortened, and the effective utilization of the device
is improved. In this paper, the color sequence group technology is a method that jobs
with the high similarity or the same color sequence are distributed to the same
group. The implementation steps of the color sequence group technology are as
follows:

Step 1. A job with the most color number is selected among jobs of the job group
as a sample job. The remaining jobs of the job group are called comparative jobs. The
number of colors N0 and the color sequence of the sample job are extracted in the
database.

Step 2. The number of colors Ni and the color sequence of the comparative job are
extracted in turn. And then the color sequence of the comparative job compared with
the color sequence of the sample job as shown in Fig. 3. First, the color sequence of the
comparative job and the sample job are marked by 1; 2; . . .; 8 and are compared in
accordance with 123; 234; . . .; 567; 78 in turn. If the same colors are existed, the next
three colors are compared. If there isn’t the same color, insert value of 0 before the
current three colors and the next three colors are compared. The maximum number of 0

Color Sequence 
Group Technology

Job groups

Independent job group

Jobs

Color sequence job group

Color sequence job group

Group
Technology

Fig. 2. Flow chart of job group technology
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inserted in the contrast process is N0 � Ni. When the number of 0 is reached the upper
limit (N0 � Ni), the color sequence of the sample job the comparative job that has been
inserted value of 0 are compared according to the colors 1; 2; . . .; 8. The number of the

same color is denoted as Ri.
Step 3. Yi is defined as the Difference Degree. There is a Yi in all the comparative

jobs. The sample and the job jobs with Yi ¼ 0 are assigned to one group Which is
denoted as Ji.

Yi ¼ Ni � Ri ð1Þ

Step 4. The remaining jobs are repeated from Step 1 to Step 3 until the number of
remaining jobs is zero.

Step 5. The group Ji that is arranged by using color sequence group technology is
called color sequence job group. In the same color sequence job group, jobs are
arranged in the order of delivery date.

Finally, jobs can be assigned to printing devices by group, when all jobs are
arranged by independent job group or color sequence job group.

4.2 Assignment Method of Job Groups

When assigning job groups, the independent job groups are allocated firstly, and then
the color sequence job groups are assigned.

(1) Assignment method of independent job groups

The jobs of the independent job group are assigned to the corresponding printing
devices, according to the parameters of printing devices. If there are all more than 1

BK: Black, C: Cyan, M: Magenta, Y: Yellow, S: Spot color

3

BK C M Y S1 S2 S3 S4

BK M C S2 S4

2 3 4

BK C M Y S1 S2 S3 S4
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BK C M Y S1 S2 S3 S4
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1 2

1 2 4 5 6 7 8
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Fig. 3. Flow chart of color sequence comparison
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jobs and devices in the independent job group, the assignment method should be
referred to the assignment method of the color sequence job group.

(2) Assignment method of color sequence job groups

The m color sequence job groups are assigned to the n devices as follows:
Step 1. The color sequence job groups are arranged according to printing quantity

of the order from more to less. The color sequence job group is recorded as
J1; J2; . . .; Jm.

Step 2. The cumulative net working time within 24 h of the device is recorded as
T1; T2; . . .; Tn.

Step 3. J1; J2; . . .; Jm are assigned to devices from J1 to Jm in turn follow the
principle that Ji is assigned to the device with minimum cumulative printing time until
all assignments are allocated. The assignment method of job groups is shown in Fig. 4.
When the color sequence job group is assigned, the Eq. (2) enable us to calculate the
cumulative working time of the ith printing device.

Ti ¼ Ti þ TJi
TJi ¼ MJi

vi

ð2Þ

with
Ti represents the cumulative working time of the ith printing device.
TJi represents the cumulative working time of the color sequence job group Ji.
MJi represents the printing quantity of the color sequence job group Ji.
vi represents speed of the ith printing device.
In Fig. 4, it describes the assignment of a device group. First, the independent job

group (the deepest color) is allocated to the corresponding printing device. Then the
color sequence job groups (the lighter color) are assigned to all devices of the device
group.

4.3 Adjust the Job Queue According to the Delivery Date

Judge the difference between the delivery date and the completive date of the job plan.
If the delivery date is later than the completive date, the job queue is not adjusted.
Otherwise, this job has to be adjusted and to be printed ahead of time.
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Fig. 4. The job assignment within a device group
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5 Conclusions

In this paper, Group Technology is introduced to the production management of
flexographic printing. The job load balancing algorithm is given by analyzing the
printing characteristics of satellite flexographic press. The color sequence group
technology is proposed according to the color sequence of the job. A scientific Job-
shop scheduling is established to achieve the goal of load balancing, in which the
production costs are cut down, the waiting time is reduced, the effective utilization rate
of device is improved, and the malpractice relying on experience is avoided in the
production scheduling. The job load balancing algorithm makes the production
scheduling becomes fast and reasonable.
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Abstract. Powder based 3D printing technology is one of the few full color 3D
printing technologies, which is widely used in customized model and packaging
industry, and has been gradually applied in the manufacturing industry of
medical model. In the process of printing large-size model and repairing dam-
aged model, cutting-bonding is an essential step. In this paper, the maximum
tension of standard model, the cutting angle of test model, the type of adhesive
and the effect of temperature on the properties of the adhesive were studied. It
was found that the bonding effect was positively related to the smoothness of cut
surface. The adhesive with strong stickiness and transparent color was more
suitable for powder based model. The bonding strength increased with the
increase of the adhesive temperature and 45 °C was the best bonding temper-
ature of powder based model.

Keywords: 3D printing � Cutting-bonding process � Adhesive bond strength

1 Introduction

As a digital molding and solid manufacturing technology, 3D printing has attracted
much attention in recent years due to its advanced technology and wide application.
One of the key technologies that will trigger the third industrial revolution is consid-
ered. With the development of several remarkable printing materials, the creative
functions of 3D printing have attracted attention of the public in the recent decade [1].
Color 3D printing is a remarkable technology for customized manufacture and inte-
grated production in different industries [2]. There are two kinds of 3D printing
technology based on color printing principle, powder based 3D printing and paper
based 3D printing. Powder based 3D printing process was developed by the Mas-
sachusetts Institute of Technology [3]. This process uses powder and different color
binders to build each layer according to the sliced two-dimension profile of the model
data [4]. Compared with paper based 3D printing, powder based 3D printing is more
widely used and model strength is higher.

ProJet CJP 860 Pro is a top-level powder based 3D printer that can print full color
models quickly, however the capacity still could not fit all large models
(508 * 381 * 229 cm). Cutting-Bonding Frame (CBF) is proposed by Yuan et al. [5]
to print an oversize color model by dividing whole one into two or more sub-parts. And
in the process of printing and the preservation of the model after printing, the powder
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based 3D printing model will break due to its own properties, so it is very necessary to
study the cutting-bonding process.

2 Experiments

2.1 Experimental Instruments and Materials

ProJet CJP 860 Pro (3D SYSTEMS Ltd.), ordinary glue (poval solution, deli Ltd.),
vegetable gelatin (WingArt Ltd.), 502 adhesive (ethyl a-cyanoacrylate, deli Ltd.),
ceramic repair adhesive (LIDRGON Ltd.), ergo5800 (cyanoacrylate, ergo Ltd.), water-
bath, spring dynamometer, computer.

2.2 Experimental Procedure

2.2.1 Maximum Tension Test of Powder Based 3D Printing Model
Before cutting-bonding experiment of powder based model, maximum tension test that
the model can withstand should be tested, so as to avoid the damage to the model due
to the excessive bonding strength of the adhesive, so it is important to test the true
bonding effect.

The laboratory humidity was measured as 79%, and the temperature was measured
as 25 °C. The standard model of the experiment was a cuboid with a side length of
3 cm. The tension force in parallel and perpendicular of model forming direction was
tested by spring dynamometer respectively. The tensile force of fracture was recorded
in computer. Each direction was tested three times, and the minimum value in each
direction was obtained.

2.2.2 Cutting-Bonding Experiment of Powder Based 3D Model
According to Cutting-Bonding Frame (CBF), as seen in Fig. 1, the standard model was
cut in the direction of 0°, 45°, 90° severally. The cutting angle is defined as the angle
deviating from the unilaminar plane.

Fig. 1. Three cutting angles
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In the pre test, sizing on the whole cutting surface will make the tension force
exceed the maximum bearing force of the model and lead to damage the model.
Therefore, four square areas with the length of 0.5 cm at the four angles of the cutting
surface were selected for sizing, as shown in Fig. 2. Three cutting models were bonded
with five kinds of adhesives. Since most adhesives are instant adhesive, we set a
bonding time of 15 min. The bonding model was tested with spring dynamometer
respectively. Then recording the tensile force of fracture in computer and calculating
the bond strength per unit area.

2.2.3 Effect of Temperature on Bonding Effect
Based on cutting-bonding experiment of powder based 3D model, the adhesive with
the highest strength and the best performance was selected and heated to 30°, 35°, 40°,
40°, 45° and 50° in water bath respectively. The cutting-bonding model with the
highest bond strength was selected for bonding experiment. Then recording the tensile
force of fracture in computer and calculating the bond strength per unit area.

3 Results and Discussion

3.1 Maximum Tension of Powder Based 3D Printing Model

The experimental results of the maximum tensile force of the powder based model
measured by three times are shown in Table 1.

It can be seen from the table that if the bond strength of the adhesive is more than
285 N, the powder based model will break, and the measured results will not be able to

Fig. 2. Sizing area
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express the true bond strength. Moreover, the tensile force perpendicular to the molding
direction is larger than the parallel direction, which may be due to the fact that the
bonding strength of one layer is greater than that between the layers.

3.2 Bond Strength Analysis of Different Cutting Angle Models
and Adhesives

The standard model was cut and manually bonded after five kinds of adhesives were
coated in the area respectively. After 15 min, the tension in 15 groups were tested as
shown in Table 2 and the calculated bond strength per square millimeter is shown in
Table 3 and Fig. 3a–e denote ordinary glue, vegetable gelatin, 502 adhesive, ceramic
repair adhesive and ergo5800 respectively.

It can be seen from Fig. 3 that the bond strength of the 0° cutting model is higher
than that of the other models under the test of the five adhesive agents, the bond
strength of the 45° cutting model and the 90° cutting model is similar. This result may
be related to the roughness of the cutting surface. Because of the forming character-
istics of the powder 3D model, the cutting surface of the 0° cutting model is smoother
and the bonding effect is better.

Table 1. Maximum tension of powder based 3D printing model

Direction Tension (N)
1 2 3

Parallel 285 338 322
Perpendicular 382 365 343

Table 2. Bond strength of models cut at three angles

Cutting angle (°) Bond strength (N)
a b c d e

0 31.0 8.8 120.0 130.3 201.7
45 21.5 7.0 80.6 57.5 171.3
90 26.5 6.3 74.1 78.4 155.0

Table 3. Bond strength per square millimeter of models cut at three angles

Cutting angle (°) Bond strength per square
millimeter (N)
a b c d e

0 0.31 0.09 1.20 1.30 2.02
45 0.22 0.07 0.81 0.58 1.71
90 0.27 0.06 0.74 0.78 1.55
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With the comparison of the bonding strength of five kinds of adhesives, The
adhesive strength of a and b is too small, and the color of b is white, which will affect
the color near the model notch after sizing. So it is necessary to further study the
environmental protection glue for powder based 3D printing model. The bond strength
of c, d and e meet the bonding standard, but the smell of c is too strong (Table 4) and
the adhesive principle of the d is to form rubber solids at the cutting place, which will
increase the gap in the adhesive joint. The bond strength of e is the strongest of the five
adhesives, and its properties meet the requirements, so it is the best choice to agglu-
tinate powder based model.

3.3 Effect of Temperature on Bond Strength

Experimenting was done with 0° cutting angle model. The ergo5800 adhesive was
heated to different temperatures in a water bath pot. After 15 min of bonding, the bond
strength was measured at various temperatures.

The bonding strength increases with the increase of temperature as shown in
Table 5. When the temperature rises to 50 °C, the bonding strength has exceeded the
maximum tension of the powder based model. Therefore, when the powder based
model is bonded, the adhesive can be heated to 45 °C to obtain the best bonding effect
and energy will not be wasted.

Fig. 3. Measurements of bond strength at three cutting angles

Table 4. Properties of five adhesives

Adhesive brand a b c d e

Smell of adhesive M N L N M
The color of the adhesive Transparent White Transparent Transparent Transparent

N is for odourless, M is for faint smells, L is for strong smells

Table 5. Bond strength at different temperatures

Temperature (°C) 25 30 35 40 45 50

Bond strength (N) 201.7 239.5 242.0 264.7 277.3 315.1
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4 Conclusions

In this paper, the maximum tension force of the powder based standard model was
investigated, the bonding strength of three cutting angles and five kinds of adhesives
was compared, and the effect of adhesive temperature on the bonding effect was
investigated. The following conclusion was drawn that the standard model will break
when the tension force is greater than 285 N, the bond strength of the adhesive is the
largest at the cutting angle of 0°, and the ergo5800 adhesive is most suitable for
bonding process of the powder based 3D printing model. The bonding effect increases
with the increase of the adhesive temperature and 45 °C is the best bonding temper-
ature of powder based model.
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Abstract. With the development of printed electronics industry, in order to
obtain good printed circuit, it is necessary to ensure the high transfer rate of
conductive ink in the printing process. The printing process, the viscosity of the
conductive ink, and the post-treatment conditions are important factors affecting
the ink transfer. Therefore, the conductive properties of the conductive ink
printed circuit were studied by changing the printing speed, the printing pres-
sure, the viscosity of the conductive ink, and the post-processing conditions for
the screen printing method. Studies have shown that the viscosity of the con-
ductive ink is 6000 mPa s, the printing pressure is the gear position 4, the
printing speed is the gear position 1, and the post processing condition is
120 °C, and the drying time is 10 min, the square resistance of the printed
circuit is the smallest.

Keywords: Conductive ink � Screen printing � Printing speed � Printing
pressure � Electrical conductivity

1 Introduction

With the development of printed electronics industry technology, the acquisition of
high-conductivity and high-precision printed circuits has become a key technology.
The transfer of conductive inks in the printing process has become a key factor
affecting the performance of printed electronic devices. There are many factors that
affect the ink transfer, such as the ink viscosity, surface tension, solvent volatility, plate
composition and surface properties, printing pressure, printing speed [1, 2].

In the conductive ink system, there are countless conductive particles evenly dis-
persed in the binder, forming a slurry containing a solvent in an insulated state. After
curing and drying, the solvent is volatilized, and the conductive material and the binder
are solidified and tightly integrated with each other. The distance between the con-
ductive particles becomes smaller, and the free electrons move along the direction of
the applied electric field to form an electric current [3, 4]. It can be seen that curing
drying is a key factor in achieving electrical conductivity in printed circuits.

In the process of printing using silver conductive ink, if the drying is not complete,
the ink layer thickness of the printed sample is too thin to meet the requirements,
resulting in the distance between the silver particles is too large, so that the resistance of
the sample after printing is large [5, 6]. Therefore, it is very meaningful to study the
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effect of post-printing processing conditions on the conductive ink printed circuit. At
the same time, Lee et al. showed that the flake-shaped silver has a relatively good
electrical conductivity due to the large contact area between the upper and lower
overlap [7]. Therefore, this experiment uses a sheet of silver conductive ink. Generally,
for any ink, the greater the amount of transfer, the better the printed circuit’s con-
ductivity [5].

This paper studied the effect of conductive ink transfer from the aspects of printing
pressure, printing speed, ink viscosity, and post-processing conditions through screen
printing, i.e. the influence on the conductivity of printed conductive lines.

2 Experimental

2.1 Experimental Equipment and Materials

The circuits were printed by OLAT semi-automatic screen printing machine, 350-mesh
screen printing plate, PET film and Shenzhen sunflower 8000C conductive ink. And
then the circuits were dried by DHG-9070A drying oven. DVII+PRO viscometer was
used to measure viscosity. The viscosity of ink can be adjusted by ink transfer knife,
IKA RW20 stirrer and Propyl acetate (AR, 99.0%, Aladdin). Electronic analytical
balance was used to measure the amount of ink that transferred to the substrate.

2.2 Experimental Process

In this experiment, OLAT semi-automatic screen printing machine and Shenzhen
Sunflower 8000 conductive ink were used to print conductive lines on the PET film,
cured and dried, and then using a laser confocal scanning microscope and four-probe
tester to measure the printing samples layer thickness and square resistance were
studied. The effects of printing speed, ink viscosity, printing pressure, and post-
processing conditions on the transfer effect of the conductive ink, i.e. the electrical
conductivity of the printed circuit were studied.

3 Results and Discussion

3.1 Effect of Printing Speed on Printed Circuit Conductivity

In the transfer process, screen printing conductive ink, in addition to the need for a
certain pressure, but also take some time. Therefore, the longer the time taken from the
start of the squeegee to the end of the squeegee, the higher the ink transfer rate, i.e. the
other conditions remain the same, the slower the printing speed, and the higher the
humor transfer rate. The thicker the ink layer, the lower the square resistance of the
printed product, the better the conductivity [4]. In this experiment, six different speeds
were set for printing. The square resistance was measured at five points in the printing
direction of the sample and the average value was calculated. The data was fitted with
Origin software and obtained Fig. 1. The results showed that the semi-automatic screen
printing used in this experiment, the machine has little effect on the transfer of ink,
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therefore, in combination with the actual printing conditions, the printing speed can be
appropriately controlled to ensure the high conductivity of the printed circuit.

3.2 Effect of Ink Viscosity on Printed Circuit Conductivity

In general, ink viscosity is inversely proportional to its transfer rate, ink viscosity is
low, the transfer rate is high; ink viscosity is high, its transfer rate is low. Each of the
inks was subjected to six treatments as shown in Table 1. Three different proportions of
solvent (in this case, n-propyl acetate used as the test diluent) were used to adjust the
viscosity of the ink. The ink and diluent ratios were 10:3, 10:1, 20:1, the other two
groups were stirred with the original ink for one hour and ten minutes respectively. The
last group was the reference group without any treatment. Table 1 shows the adjusted
viscosity and printed samples, the average of the square resistance .

As can be seen from Fig. 2, when the ink viscosity is 6000 mPa s, the square
resistance of the sample is the minimum. In the printing process, when the viscosity is
500 mPa s, the conductive ink will directly leak from the printing plate to the substrate

Fig. 1. Square resistance with speed curve

Table 1. Viscosity and average square resistance of samples after conductive ink treatment

Processing conditions Ink viscosity (mPa s) Square resistance average (mX/sq.)
value

(ink: diluent) 10:3 500 79
(ink: diluent) 10:1 2500 79.4
(ink: diluent) 20:1 4000 67
Stirring 1 h 6000 52.8
Stirring 10 min 8000 58.92
None 10,000 62.56
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without stress, causing the sample to be dirty. When the viscosity of the ink is
10,000 mPa s, the ink transfer is difficult, and the ink layer of the printed product is
thin, resulting in a large square resistance of the printed circuit and poor electrical
conductivity.

3.3 Effect of Printing Pressure on Printed Circuit Conductivity

In the printing process, the ink is transferred to the substrate by the pressure between
the squeegee and the substrate. The pressure depends on the material of the plate and
the type of the substrate. Due to the different pressure per unit area, the ink transfer rate
is also different [8].

In this experiment, seven pressure were set, and the pressure of No. 1–7 gradually
increased.

As can be seen from Fig. 3, when the printing pressure exceeds stage 4, the
thickness of the ink layer decreases, resulting in increased square resistance of the
sample, because the conductive ink of the printing plate is reduced, the ink transfer rate
is reduced, the thickness of the ink layer is thinned, and the square resistance of the
printed sample is increased. The red curve of Fig. 3 is the relationship between the ink
layer thickness and the printing pressure, which coincides with the black line rela-
tionship between the square resistance and the printing pressure. Therefore, in the
printing process, the printing pressure cannot be selected to be too small, the ink
transfer rate will be too low, the ink layer thickness is too thin, so that the square
resistance of the printing sample is too high; likewise, the printing pressure should not
be too high, if the printing pressure is too high, the printed circuit will have poor
electrical conductivity.

Fig. 2. Square resistance with ink viscosity curve
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3.4 Effect of Post-processing Conditions on the Conductivity
of the Printed Circuit

In the experiment, a series of drying conditions as shown in Table 2 were set, and the
square resistance at 5 points in the printing direction of the sample under different
drying conditions was tested. Table 2 shows that the samples that have not been
thoroughly dried have a large resistance. After drying, the square resistance of the
printed sample is significantly reduced. It can be seen from the experiment, drying
conditions have a great influence on the conductivity of printed samples. Therefore, a
higher drying temperature is selected without affecting the print quality.

4 Conclusions

According to the experimental research, it was found that for the OLAT semi-automatic
screen printing machine, the printing speed has little effect on the transfer of conductive
ink. When the viscosity is 6000 mPa s and printing pressure at stage 4, the amount of
ink transfer is the most, and the printed product has the best conductivity. And the
drying conditions selected 120 °C drying for 10 min, the square resistance of the
sample is the lowest, and the conductivity is the best.

Fig. 3. The square resistance and ink layer thickness varies with the printing pressure curve
(S-P: the square resistance varies with the printing pressure; I-P: the ink layer thickness varies the
printing pressure)

Table 2. Post-processing conditions and the corresponding sample average square resistance

Dry conditions (25 °C) Square resistance average (mX/sq.) Min (mX/sq.) Max (mX/sq.)

Natural drying 10 min 671.3 621.5 814.9

Natural drying 24 h 122.9 114.6 136.1

Drying oven drying 10 min (80 °C) 75.1 69.5 84.4

Drying oven drying 10 min (100 °C) 68.4 62.5 76.3

Drying oven drying 10 min (120 °C) 51.2 42.7 55.3
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Abstract. FDM is one of the most widely used 3D printing techniques. This
paper mainly studies the impact of different ways of placement, different cross-
sectional areas and different molding angles on the molding time of 3D printing
models. Using cuboids as the research models, cuboids with three different ways
of placement, cuboids with different cross-sectional areas and cuboids with
different molding angles were printed respectively by using HORI Z300 fused
deposition modeling 3D printer. By analyzing G-code file, the effects of the
above three factors on the 3D printing forming time were studied. The results
showed that the model was placed horizontally, and the model with a larger
cross-sectional area be placed parallel to the x-y surface, avoiding 30 and 60
molding Angle, which could shorten the forming time of the model and improve
the printing efficiency.

Keywords: G-code file �Way of placement � Cross sectional area � Pattern angle

1 Introduction

FDM is a current technique used for three-dimensional (3D) printers and has become
one of the most widely used rapid prototyping (RP) techniques in the past decades [1].
Products of FDM are applied to home appliances, office supplies, building modes,
medical models as new product development [2]. The materials used in FDM process
are generally thermoplastic materials, whose melting points are between 100 and 300 °
C, such as PLA and ABS or Nylon. Materials are fed by conveying mechanism, melt
and extruded through the print heads. When the nozzle work along the trajectory of
cross-section contour and internal filling inside and outside of work piece, materials
extruded are rapidly solidified, and bonded with cured material, step by step accu-
mulation, form physical artifacts. Compared with other 3D printings, FDM uses
industrial-grade hot plastic as material manufacturing. Products made in this process
have heat resistance corrosion, good antimicrobial properties and small internal
mechanical stress [3].

There are several deficiencies in FDM, such as molding speed, formation consis-
tency, integrity of prototyping, quality and function. In view of these shortcomings, it is
necessary to study the mechanism and corresponding improvement measures [4]. Due

© Springer Nature Singapore Pte Ltd. 2019
P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_69

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_69&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_69&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_69&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_69


to a variety of reasons, such as limitations of forming mechanism, forming process,
forming materials and other factors, many defects about FDM technology have been
caused. This paper focuses on the following three molding factors of FDM: cross
sectional area, way of placement and pattern angle to study the effects on the forming
time [5]. Through analyzing the G-code file of products with different parameters,
which can determine the shortest forming time. This is of theoretical significance to the
FDM forming efficiency and the best forming process arrangement for the high quality
prototype and even functional parts [6].

2 Experiments

2.1 Equipments and Materials

• HORI Z300 FDM 3D Printer:

Working temperature of printing head: 210 °C;
Working temperature of printing plate: 30 °C;

• Software: 3D ONE; HORI 3D Print Software;
• Filament: Type: PLA; Density: 2.983 g/m3; Diameter: 1.75 mm;

2.2 Samples

Draw one cuboids with size of 10 * 20 * 30 (mm3) and draw another 18 cuboids with
different cross sectional areas showed in Fig. 3 by using 3D ONE software.

2.3 Methods

(1) Draw cuboids which were mentioned in 2.2.
(2) Load the cuboids into HORI 3D Print Software and put the cuboids in three

different ways of placement showed in Fig. 1: horizontal placement (model A for
short), sidelong placement (model B for short), vertical placement (model C for
short).

Fig. 1. Ways of placement
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(3) The parameters of 3D printer are set as following:

Type of support structure: tree form; Model support type: base support;
Interior fill pattern: grid; Filling rate: 20%;

(4) Print model A, B, C with the layer heights of 0.1 mm and 0.2 mm.
(5) Print cuboids with different cross sectional areas.
(6) Print model A, B, C with different pattern angles respectively: 0°, 5°, 10°, 15°,

20°, 25°, 30°, 35°,40°, 45°, 50°, 55°, 60°, 65°, 70°, 75°, 80°, 85°, 90°.

3 Results and Discussion

3.1 Effect of Way of Placement on Forming Time

Figure 2 showed the effect of different way of placement on forming time: no matter
the layer height was 0.1 or 0.2 mm, the forming time of model A was longest, and
model C was shortest. The less layer height was, the more forming time was.

Table 1 showed the printing content and forming time of A, B, C. Layer 1 to layer
4 were combined into the bottom of cuboids, which were entity and contained the parts
of inset and surface. In this period, the speed of G1 of model A was lower than the
speed of model B and model C. Layer 5 to layer 145, layer 5 to layer 95, layer 5 to
layer 45 were combined into the main body of cuboids model A, B, C respectively. In
these periods, the speed of G1 of model A was lowest, the speed of G1 of model C was
fastest, the speed of G1 of model B was between them. Layer 146 to layer 149, layer 96

Fig. 2. Effect of different ways of placement on forming time
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to layer 99, layer 46 to layer 49 were combined into the top of cuboids A, B, C
respectively. In these periods, the speed of G1 of model A was lower than the speed of
model B and model C. Although Model A, B, C had the same bulk, due to the different
forming speed above, the forming time of model C was shortest, and the forming time
of model A was longest.

In addition, the speed of the printing equipment on the x-y plane was faster than
that along the z-axis, in another word, the production efficiency of the model on the
z-axis height was lower than that of the x-y plane. At last, the more layers, the more
forming time were needed.

Table 1. G-code file of model A, B, C

Layer
No.

Way of
placement

Printing
content

F of G0
(mm/min)

F of G1
(mm/min)

Forming
time (min)

Layer 1 A Inset,
Surface

3600 960 32.331858
B 1200 38.218857
C 1200 75.718857

Layer 2 A Inset,
Surface

3600 1260 24.854034
B 1500 31.307058
C 1500 60.333793

Layer 3 A Inset,
Surface

3600 1500 20.669163
B 1800 25.495350
C 1800 50.498086

Layer 4 A Inset,
Surface

3600 1800 17.448261
B 2100 22.411005
C 2100 43.190891

L5-L145 A Inset,
Surface,
Infill

3600 720 16.16
L5-L95 B 1080 15.64
L5-L45 C 1800 15.73
Layer146 A Inset,

Surface
3600 2040 15.416785

Layer96 B 2400 19.651489
Layer46 C 2400 37.832461
Layer147 A Inset,

Surface
3600 1980 15.739660

Layer97 B 2400 19.245942
Layer47 C 2400 37.998677
Layer148 A Inset,

Surface
3600 2040 15.415320

Layer98 B 2400 19.631005
Layer48 C 2400 37.833748
Layer149 A Inset,

Surface
3600 1980 15.739624

Layer99 B 2400 19.245889
Layer49 C 2400 37.998633

510 Q. Deng et al.



3.2 Effect of Cross Sectional Area on Forming Time

Figure 3 showed the effect of cross sectional area on forming time. All the cuboids had
the same height. The length and width of cuboids showed in Fig. 3 were from
10 * 20 mm2 to 16 * 20 mm2. The general tendency was that the bigger the area was,
the faster the speed was. The speeds of forming bottom and top of the cuboids were
almost the same among different size of cuboids. For main body, the speeds increased
from 720 to 2400 mm/min as the cross sectional area increased. When the size of cross
sectional area was up to 42 * 20 mm2, the speed stayed at 2400 mm/min.

3.3 Effect of Pattern Angle on Forming Time

Figure 4 showed the effect of pattern angle on forming time. The general tendency was
like a letter M. The extreme values were corresponding to the pattern angles of 30° and
60° for model A. The extreme values were corresponding to the pattern angles of 30°
and 60° for model B. The extreme values were corresponding to the pattern angles of
30° and 80° for model C. The cases of producing extreme values was that it needed
more layers and more support to complete the product in these angles. If support was
removed, the forming time would reduce 5–10 min in this experiment.

Fig. 3. Effect of cross sectional area on forming time
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4 Conclusions

It could obtain many data from G-code file, like forming time, temperature, forming
speed, support type and so on. This paper studied the effect of way of placement, cross
sectional area and pattern angle on forming time through studying G-code file. The
speed of the printing equipment on the x-y plane was faster than the speed along the
z-axis. The best way of placement was horizontal placement if it was possible. The
bigger the cross sectional area was, the faster the speed was. It was better to choose
bigger cross sectional area parallel with x-y plane. When choosing pattern angles, 30°
and 60° or too close to these angles should be avoided.
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Abstract. Design and produce a support bracket according to the special
requirements of medical test tubes based on 3D printing methods in this paper.
First a suitable 3-dimension model of the support bracket is established based on
the requirements. Then the model is sliced into a .STL or .OBJ file. Different 3D
printing methods and material were used to print the model. And the material,
size accuracy, surface profile and cost were analyzed among the different 3D
printing methods. It was found that material, dimensional accuracy and surface
profile of SLS process was completely meet the requirements although it was
expensive. Industrial FDM method can satisfied the demands and the cost was
endurable. Although 3DP process using gypsum powder can just meet the
demands of material and dimensional accuracy and the cost was the lowest, the
surface of the bracket was too rough. So a suitable 3D printing process should
be chosen to satisfy the requirements according to the material, dimensional
accuracy, surface profile and the cost.

Keywords: 3D printing � FDM � SLS � 3DP

1 Introduction

Recently rapid prototyping and additive manufacturing technology has been widely
adopted by engineers and designers. Compare to conventional mechanical process-
ing ways such as turning, planning, and milling those will be very costly and time
consuming 3D printing has so many advantages: to manufacture complex structure
products without assembly; to shorten the processing cycle; saving material; the
accurate replication; personalization and lower costs, etc. Based on its versatility 3D
printing has been used in dentistry [1], electrochemical [2], strain sensing [3], auto-
motive [4], robot designs [5], medicine [6] and biochemistry [7], etc.

Many different 3D printing processes have been created since 1970s. All those
printing machines were large, costly, and restricted in what they could manufactured
without exception [8]. Now a lot of 3D printing processes are arisen. The main dis-
tinctions among those processes are that how the layers are deposited and what kind of
the material can be used. The most widely used processes include fused deposition
modelling (FDM), stereo lithography (SLA), selective laser melting (SLM), selective
laser sintering (SLS), 3-dimension printing (3DP) and laminated object manufacturing
(LOM). Each process has its own advantages and disadvantages. Printing process and
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printing material are the two important factors restricting the development of 3d
printing technology. Polymer and powder are the main material to print an object.

There are many subjects that lots of researchers studied. These were stated in [9]
that printing direction, printing density and supported pattern affected the models
printed in FDM. An optimized scheme to generating support structure for 3D printing
was studied in [10]. In [11] it was discussed that how printing the hollow objects
without infill via fused deposition modeling. An efficient path generating algorithm for
3D printing was established in [12]. In [13] it was proposed that dimensional accuracy
and surface finish should be both taken into account to measure quality of affordable
3D Printing. In fact the most common application is to design some personalized and
unique parts by using 3D printing process. In this paper a suitable model was designed
and printed by 3D printing process according to the user’s demands.

2 Case Study

2.1 Requirements of the Bracket

A support bracket for medical test tubes was put forward by a company. 16 tubes
should be hung on the brackets. The cap of a tube is made of plastic and the material
used by the bottle is glass. Figure 1 shows the picture of the tube. The size of the tube
is shown in Fig. 2. Requirements are listed:

Fig. 1. The picture of the tube
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(1) Tubes can be picked up and put down without blocking.
(2) Tubes can be hung by the caps on the Brackets.
(3) Ensure each tube can accept to the special lights in an experiment box.
(4) The bracket should not be deformed in the experiment box where the temperature

is 80 °C.
(5) Size accuracy is 0.2 mm.
(6) Delivery time is 24 h.

An original bracket was manufactured by traditional mechanical processing. There
are several problems as following:

(1) It was expensive to custom single one product.
(2) Material waste is very serious.
(3) Several parts need to assemble.
(4) It can’t be produced in 24 h.

According to the requirements and characteristics of the bracket, 3D printing
process can be used to solve these problems.

2.2 CAD Modeling

A suitable 3D model should be prepared before manufacturing products by 3D
printing. There are two ways to get the model. The models can be printed by 3D
printing machines should be designed with a computer aided design package and this is

Fig. 2. The size of the tube
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forward modeling. UG, Pro/e, Solidworks, 3dsMax are engineering software. ZBrush,
Rhino, Silo, Alias are the creative software. When you want to replicate works or
products the 3D scanners or digital cameras should be used. The later method is always
used in archaeology or medical fields.

Figure 3 shows the size of upper surface. U11.8 mm is smaller than the diameter of
the tube caps U11.9 mm and larger than the diameter of bottle U11.7 mm. So the tube
can be hung on the upper surface. The size of the gap 8.4 mm is smaller than the
diameter of bottle neck U8.5 mm. when the bracket is rotating slowly with 16 tubes,
the tubes will not be thrown out. Figure 4 shows the 3D model of the bracket. The
height of 4 poles to support the upper surface is 38.5 mm, bigger than the height of a
tube 33.5 mm to ensure all the tubes can accept to sufficient lights in the experiment
box. So the model can satisfy the requirements (1)–(3).

2.3 Different Process and Material of 3D Printing

The suitable 3D printing process and material should be chosen for printing the bracket.
A FDM 3D printer (desktop and industrial) is taken into account firstly because it is
cheaper than other 3D printing processes.

The differences between desktop FDM printers and industrial FDM printers are
listed as following:

(1) Temperature control system. Generally there has no temperature control in a
desktop FDM printer. Without temperature control system would lead to plug in
nozzles, wire drawing unevenly, warped edge and poor stability. Most of industrial
FDM printers have temperature control system.

Fig. 3. The size of upper surface
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(2) Support. The desktop FDM printer has generally only one printing nozzle. And
support material is always the same as model material. So the surface where there
needs supports will be rough and also easy to deformation. An industrial FDM
printer has more than one printed nozzle and different material can be used as
supports especially water dissolvable material.

(3) Material. Most material used by desktop FDM printers are PLA and ABS which
can’t endure high temperature. A test was done to put a product made by PLA into
the oven which was heated to 60 °C, then the product turned soften. We should
review the requirements listed in 2.1. No. 4 is that the bracket should resistant 80 °
C. Material used in industrial FDM printers is called engineering plastics. Most of
them can resistant high temperature up to 80 °C. And its mechanical properties are
excellent.

The principle of SLS 3D printing process is that the computer controls laser to
move to the accurate position where the powder material was sintering under high
temperature of laser and then step by step sintering to finish the model. The powder
used in SLS usually is polyamide (PA) also named as nylon which has many advan-
tages such as non-toxic, light weight, higher hardness, high temperature resistance,
good wear resistance and good corrosion resistance. SLS needn’t to design support
structure like FDM process. Because the powder hasn’t been sintering can be part of
the cavity and cantilever in the model so even very complicated prototypes can be
directly produced.

3DP process is similar to SLS process. The difference between them is that 3DP is
binding powder by spray adhesive and SLS is to use the infrared laser sintering
powder. Gypsum powder is a kind of material that commonly used in 3DP.

The SLA 3D printing process is abandoned for that the material–photosensitive
resin will change its nature under high temperature and strong light irradiation.

Finally we choose industrial FDM, SLS, 3DP processes to print the bracket.

Fig. 4. 3D model of a bracket
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2.4 Slice the Model

Regardless which kind of the 3D modeling software was used, the file of 3D model
should be saved as STL or OBJ file firstly. STL or OBJ file is the general format that
can be read by different 3D printers produced by different manufacturing enterprises.
Then the model will be sliced into a succession of thin layers by the program build-in
different 3D printers. Finally a file including instructions that could be read by a
specified 3D printer is generated.

3 Experiments

Industrial FDM, SLS, 3DP process are used to print the bracket. Table 1 shows the
parameters of 3D printers, model material and support material we used, build time and
cost. Figure 5 shows the pictures of Stratasys FORTUS 450mc, FS403P and Spectrum
Z™510. Figure 6 shows the three brackets printed by three 3D printers. Especially
dimensional accuracy of the key size and surface finish quality are compared among
three products printed by three 3D printers.

Material, dimensional accuracy and surface profile of SLS process was completely
meet the requirements although it was expensive. Industrial FDM method can satisfied
the demands and the cost was endurable. Although 3DP process using gypsum powder
can just meet the demands of material and dimensional accuracy and the cost was the
lowest, the surface of the bracket was too rough. If the surface finishing quality is not

Table 1. Parameters of 3D printers and quality of the brackets

Industrial FDM SLS 3DP

3D Printer Stratasys FORTUS
450mc

FS403P Spectrum Z™510

Machine
dimension

406 � 355 � 406 mm 375 � 375 � 430 mm 254 � 356 � 203 mm

Layer thickness 0.178 mm 0.12 mm 0.102 mm
Print precision ±0.2 mm ±0.1 mm 600 � 540 dpi
Model material ABS-M30i U10–U30 µm Polyamide U38 µm Gypsum
Support material SR-30 (water

dissolvable)
U10–U30 µm Polyamide U38 µm Gypsum

High
temperature
resistance

82 °C 120 °C 80 °C

Build time 3 h Preheating 3 h, printing
3 h, cooling 3 h

3 h

Cost (RMB) 400 780 300
Key size
U11.8 mm

U11.76 mm U11.82 mm U11.72 mm

Surface profile 189 µm 115 µm 322 µm
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so good the friction between the bracket and the medical test tube would be increased.
So the bracket printed by SLS process was accepted by the company.

4 Conclusions

According to the results of the experiments, we can conclude that a suitable 3D printing
process should be chosen according to the material, dimensional accuracy, surface
profile and the cost. If the cost is the most important factor we can chose 3DP process.
If the quality is the most important factor we can chose SLS process. We always choose
industrial FDM process because of its high function-price ratio.

Acknowledgements. This study is supported Lab of Green Platemaking and Standardization
for Flexographic Printing, which is belonged to Key Laboratory of science and stander press and
publication, State Administration of Press, Publication, Radio, Film and Television of the Peo-
ple’s Republic of China.

Fig. 5. The pictures of printers. a Stratasys FORTUS 450mc. b FS403P. c Spectrum Z™510

Fig. 6. The bracket printed by a Stratasys FORTUS 450mc. b FS403P. c Spectrum Z™510
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Abstract. With the fast development of information science and technology,
printed electronics technology obtains great potential for application on flexible
electronics. Printing electronics has many advantages, such as low cost, low
energy consumption, green environmental protection and other features. Printed
electronics abandoned conventional “subtraction” etching process and applied
“additive” printing process, thereby reducing the waste of materials and pollu-
tion. The rise of printing electronics has also contributed to the development of
conductive ink. This research aimed to the printability of nanoscale copper ink
on pearl inkjet photo paper. By using the nano-copper conductive ink which is
fabricated on our lab, the conductive layer was coated and printed on the photo
paper. Then the microscopic characterization of the pearl inkjet photo paper was
carried out to reveal the surface topography. At last, the microscopic charac-
terization of the pearl inkjet photo paper with copper layer was conducted to
analyze the printability, including the testing of adhesion and drying speed. This
work could be beneficial for the development of flexible electronic devices.

Keywords: Printability � Pearl inkjet photo paper � Nanoscale copper ink

1 Background

With the fast development of electronics technology, the huge demand on the elec-
tronic product is increasing. More precise requirements of the electronic product have
been raised. The manufacturing process of high-precision circuit boards has ushered in
a new era of nano-copper conductive ink [1]. The materials of printed electronic has
become a key factor in this field. Compare to nano-silver conductive inks in the past
several years, nano-copper conductive ink is an emerging technology [2]. As a key
material in printed electronics, nanoscale copper ink is important in the electronics
industry. It has also been widely researched in universities and institutes [3]. Paper
substrate can greatly reduce the weight of electronic devices with conductive ink [4, 5].
Paper substrate with printed electronics can replace the traditional printed circuit board
manufacturing process with plastic substrates. It can reduce manufacturing costs and
reduce environmental pollution [6]. Photo paper has several unique advantages, such as
waterproof, sun protection, long-term preservation, versatile and suitable for pigment
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and dye ink printing in a variety of printer types. Among them, the pearl inkjet photo
paper is a common product in the paper market. It has good performance and potential
to reach the demand on printed electronic device manufacturing and application. In the
manufacturing, the complexity on the manufacturing process could be reduced, due to
the characteristics of the additive process. It can also realize partial replacement and on-
demand production processing [7–9]. Weight of the product makes modern industrial
products lighter and thinner, and raises the progress on modern industry. On the
environmental side, the use of paper material and nano-copper conductive ink can
greatly reduce heavy metal pollution and water pollution during electronic device
manufacturing. It could also be used as a substrate for more flexible electronic devices.

Therefore, the research on the printability of nano-copper conductive ink on paper
substrate has great significance. It can open up the market after leaving the laboratory
stage. In this research, the pearl inkjet photo paper is used as the substrates. The
nanoscale copper ink was printed on the pearl inkjet photo paper by flexography. The
surface topography of the pearl photo paper was characterized by the laser scanning
confocal microscope. The relationship between the topography of the photographic
paper and the conductivity of the pattern was investigated.

2 Experimental

The nanoscale copper ink based on flexography printing has been prepared on the lab.
The nano-copper weight content of the ink is 70%. The main solvent of the nanoscale
copper ink is glycerol and water. The viscosity of the nanoscale copper ink is about
3000–4000 cp. The fluidity is about 10–15 mm/s. The pearl inkjet photo paper was
purchased from the IMACOLOR. Copper layer on the photo paper was printed by
applying a printability tester (IGT-F1) with flexographic plate or coated by a wire rod.
150 N of printing pressure and 0.3 m/s of printing speed were applied. The coated
copper layer was analyzed by the laser scanning confocal microscope. The experiment
used 3 M tape to conduct the adhesion testing of the copper pattern. 3 M tape method
is suitable to test adhesion of ink and substrate. It is widely used in ink adhesion
detection in flexographic printing and other printing processes. It is a standard test
method. The specific operation method is as follows: (1) Use a knife to cut the top of
the sample, and the grid is a square of 1 mm � 1 mm to complete the cutting of the ink
film layer. (2) Stick the tape on the surface of the photopaper and keep it for 2–5 min.
(3) Strip the tape quickly at an angle of 60°. (4) Observe the peeling results (Table 1).

3 Results and Discussion

According to the introduction of the manufacturer and visual observation, the feature of
the pearl photo paper is clear texture, crystalline and sparkling. Combined with the
CLSM characterization in Fig. 1, it can find that the pearl photo paper was coated with
a thin film. The thin layer on the surface can prevent the ink from penetrating and
spreading into the paper. The surface smoothness of the pearl photo paper is relatively
low. There are large fluctuations on the surface. The paper is firm enough to avoid
damage caused by mechanical forces during printing or coating process.
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It can be seen that the pearl photo paper has a low whiteness in Table 2. The
smoothness is also relatively low. The roughness measured by the air leakage method is
higher than that of the coated paper. It might due to the influence of the waterproof
layer and the coating layer of the pearl photo paper. However, the air leakage rate is
slow, which affects the experimentally measured data. Therefore, the pearl photo paper
has better printability than the ordinary coated paper from this experiment.

By comparing the printed ink layer at different thicknesses, it can be found that
when the printed copper layer is thin, the topography of the photo paper can still be
seen; when the copper layer is thick, the original topography of the photo paper cannot
be seen. In printing applications, we should prefer the thick printed ink layers in order

Table 1. Adhesion level judgment

Adhesion
level

Peeling effect

5B The cutting edge is very smooth and there is no shedding in the square
4B There is fine powder falling off at the intersection of the cutting lines, and the

affected surface is less than 5%
3B At the edges and intersections of the cut lines, fine powder falls off, and the

affected mesh is between 5 and 15%
2B In the edges and squares of the cutting line, there are flakes falling off, and the

affected grid is between 15 and 35%
1B At the edge of the cutting line, the strip coating peels off and the entire square

falls off, and the affected grid is between 35 and 65%
0B More serious layer shedding than 1B

Fig. 1. Surface topography of the pearl photo paper
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to ensure the integrity. Therefore, it could ensure the electrical conductivity and sta-
bility of the conductive lines.

It can be seen from Fig. 2 that the edge of the printed area is smooth and the ink
layer is thick. It is indicated that flexographic printing can form a regular track on the
pearl photo paper. There is a good printing performance between the nanoscale copper
ink and the pearl photo paper. Moreover, it is possible to prepare a regular electrical
circuit in future applications (Table 3).

Table 2. Performance characterization of the pearl inkjet photo paper

Paper performance Pearl inkjet photo paper 128 g coated paper (comparative)

Whiteness 106.0 143.5
Smoothness 6.55 270 (first surface)

255.6 (second surface)
Roughness 9.35 1.77

(a) is the edge of the thick ink layer; (b) is the solid area of the printed photo paper; (c) is the
edge of the thin ink layer; (d) is the solid area of the printed photo paper

(a) (b)

(c) (d)

Fig. 2. CLSM characterization of the nanoscale copper inks on the pearl photo paper
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It has been observed that, in this experiment, the adhesion of the nanoscale copper
ink to the pearl area is approximately 1B. According to the relevant experiments, we

can find that the adhesion of the dried ink layer is poor. It might cause undesirable
phenomena such as smudging after printing. In the further research, it is necessary to
improve the adhesion of the nanoscale copper ink (Fig. 3).

In the drying test, the flexographic nanoscale copper ink exhibited a slow drying
speed and formed a thick film layer. The printed ink layer was not completely dried
even after ten minutes. After a long time, the ink layer is substantially dried because the
ink is oxidized and dried. Then, an external force is applied to the ink layer by a doctor
blade. Under the action of external force, the ink film is separated from the photo paper,
and only a small amount of ink layer remains (Fig. 4).

4 Conclusions

The printability of the flexographic nanoscale copper ink on the pearl inkjet photo
paper is good, although there is a long drying time. The surface topography of the pearl
photo paper was analyzed. The adhesion between the printed ink layer and photo paper

Table 3. Adhesion level judgment table

Ink type Thickness
(lm)

Nano-copper flexographic ink 47.36 38.20

(a) before the testing (b) after the testing

Fig. 3. Adhesion test of the flexographic nanoscale copper ink on the pearl photo paper
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is poor. The pearl photo paper can absorb the solvent in the nanoscale copper ink well.
The nanoscale copper ink can form a uniform conductive layer on the surface of the
photopaper. Generally, the pearl photo paper has the potential to become a suitable
electronic device substrate. It will be significant to the development of flexible elec-
tronic devices.
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Abstract. The technology of additive manufacturing, represented by 3D
printing, has changed traditional manufacturing, and it can also be applied to
platemaking for flexographic printing in principle. The purpose of paper is to
study the feasibility of platemaking for flexographic printing by Stereo
Lithography Apparatus 3D printing technology. We designed and completed the
experiment to detect the line width error and line edge straightness of the results
of Stereo Lithography Apparatus 3D printing technology. The detection results
are compared with the results of flexographic platemaking in the mainstream
market. The results confirm that the Stereo Lithography Apparatus 3D printing
technology can be applied to platemaking for flexographic printing, and provide
the basis for the flexographic platemaking using the technology of additive
manufacturing.

Keywords: Flexographic printing forme � SLA 3D printing � Line width � Line
edge straightness

1 Introduction

At present, there are several flexographic platemaking technologies, such as film
imaging technology, laser direct imaging technology (CDI, Cyrel Digital Imager
technology), and flexographic direct engraving technology [1], and the former two
technologies are the current mainstream technologies. All these technologies are
reducing material process. The technology of additive manufacturing, represented by
3D printing, can be applied to platemaking for flexographic printing in principle [2].

Several patents have been issued, and several methods and equipment for flexo-
graphic platemaking by 3D printing have been made public [3–5]. They all use 3DP
(Three Dimension Printing) technology, which sprays the material onto the substrate
with nozzles, and then solidifies the plate. In these technologies, blockage of spray
nozzles, cross-linking and solidification under illumination or heating at 80–200 °C
after each spraying may lead to uncertainty in the quality of platemaking results. The
Stereo Lithography Apparatus (SLA) 3D printing technology selected in this paper can
avoid the above problems and help to form a stable flexographic platemaking process
based on augmented material manufacturing technology. This paper designed an
experiment to analyze the feasibility of using SLA 3D printing equipment to complete
flexographic platemaking.
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2 Detecting Elements and Detecting Methods

Printing elements mainly include images, graphics, and text, and they are dots, lines
and areas in the plates. Lines and areas make up most of the graphics and text, and they
are the most common page elements in print products, which are easy to be rendered
with the current SLA 3D printing equipment. This paper mainly aims at lines, and
determines the imaging quality of SLA 3D printing technology.

The detection process is to digitize the 3D print molding results to obtain digital
images, and the image processing technology is used to detect the data of the molding
results.

2.1 Line Width

The line width is defined as the average width of the line along the direction per-
pendicular to the centerline of the line, which is the width from the edge threshold of
one side to the edge threshold of the other side of the line, where edge threshold is
defined as 60% of the reflection coefficient [6].

When calculating the line width, first convert the pixel value of the digital image to
the brightness value and calculate the reflection coefficient. Then connect the points
where the reflection coefficient is equal to 60% to form the threshold contour line. At
last, each position perpendicular to the centerline of the line has two points with
reflectance equal to 60%, denoted A60i, B60i. If the number of the measurement point is
n, the formula for the line width is:

W ¼ 1
n

Xn
i¼1

A60i � B60ij j ð1Þ

2.2 Line Edge Straightness

The edge of the line may be geometrically distorted from its ideal position, showing a
zigzag or wavy shape, deviates from the smooth edge of the ideal straight line shape.
This paper evaluate the line edge straightness with the line edge raggedness according
to ISO 13660 standard. The line edge raggedness is defined as the standard deviation of
the remainder formed after fitting to the edge threshold [6].

When the raggedness value is determined, as in the measurement of line width, the
threshold contour line is formed first. Then all the points that constitute the threshold
contour line are fitted to the line by the least squares method. The distance between the
point on each threshold contour line and the fitted line is the remaining part after fitting
[7]. Finally, the Line edge raggedness can be obtained by calculating the standard
deviation of the remaining parts. Set n, m for the number of measurement points which
is on both sides of the line. Since the measurement points on both sides of the line are
generally symmetrically distributed, i.e., n = m. The formula for the line edge
raggedness is:
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r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

D60i � D60ð Þ2
2n� 1

s
ð2Þ

where D60 is the average distance of all 60% reflection coefficient measurement points
to the fitted straight line. D60i is the distance from the 60% reflection coefficient
measurement point to the fitted straight line at contour position number i. D60i should
be calculated from both sides of the line to the center, and the values are all positive.

Line width and line edge raggedness measurement principle shown in Fig. 1.

3 Experimental Design

Use Adobe Illustrator software to create horizontal lines and vertical lines of different
thicknesses, and use the mainstream technology of the market to make flexographic
printing forme for comparison. Using an image digitizing device, the forme was
captured as a digital image with 600 dpi accuracy [8]. The image was processed
according to the algorithm described above, and the line width and line edge
raggedness data were calculated and were used as comparison benchmarks.

Convert the two-dimensional line data to a three-dimensional model and use a SLA
3D printing device to output the simulation forme. The 3D printing equipment used in
the experiment was laser-scanned with an accuracy of 0.001 mm and a spot diameter of
0.1 mm. Considering that the spot size of the existing SLA 3D printing equipment is
larger than the precision requirements of platemaking, the minimum line width is set to
0.4 mm on the test plate. The line width and line edge raggedness data were analyzed
and calculated using the above method, and compared with the flexographic printing
forme data, the feasibility of using an additive manufacturing technique to complete the
flexographic platemaking was evaluated.

Fig. 1. Line width and line edge raggedness measurement principle
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4 Result Analysis

4.1 Line Width

The 3D printing results are processed by the image processing described above, the
measured line width data is shown in Table 1, in which the line width and line width
errors are the average of the horizontal and vertical lines of the 3D printing result.
Previous measurements show that the average linewidth error of flexographic forme
made by mainstream technology is 0.01 mm, and the standard deviation of linewidth is
0.01. Comparing the average error of the 3D printing line width with the data of
flexographic printing forme, it can be seen that the line width errors of the two are
basically the same.

Figure 2 shows the line widths of the horizontal and vertical lines of the 3D
printing results. As can be seen from the figure, there is no significant difference in the
line widths between the horizontal line and the vertical line. This shows that the SLA

Table 1. Data of line width (unit mm)

Ideal line width Molding line width Line width error

0.40 0.47 0.07
0.50 0.53 0.03
0.60 0.61 0.01
0.70 0.68 −0.02
0.80 0.77 −0.03
0.90 0.87 −0.03
1.00 0.96 −0.04
1.10 1.08 −0.02
1.20 1.17 −0.03
Average of Line width error −0.01
Standard deviation of line width error 0.03

Fig. 2. Line width of 3D printing molding
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3D printing has no obvious directionality, and the molding results will not be signif-
icantly different due to the difference in the direction of the graphics.

As can be seen from the Table 1, in the 9 lines on the simulation forme, except for
the line width error of the ideal line width of 0.4 mm, the line width errors of other
lines are relatively small, and they are distributed in a relatively small range. Table 1
shows that the standard deviation of the line width error is 0.03, which is not much
different from the flexographic printing forme data of 0.01. This also shows that it is
feasible and convenient to reduce the error of molding line width through the lin-
earization correction of the output device.

4.2 Line Straightness

As described above, the line straightness of the SLA 3D printing results is evaluated by
the line edge raggedness. The edge raggedness data obtained by image processing,
analysis and calculation is shown in Table 2, in which the line edge raggedness is the
average of the horizontal and vertical lines of the 3D printing result. Previous mea-
surements show that the average of edge raggedness of flexographic forme made by
mainstream technology is 1.10, and the standard deviation of edge raggedness is 0.20.
It can be known that the line edge raggedness of the 3D printing result is relatively
close to that of the flexographic printing forme, indicating that the line straightness
formed by the two technologies is approximately the same. The line edge raggedness of
the 3D printing result is slightly larger than that of the flexographic printing forme, and
the reason for this result is that the laser spot diameter of the SLA 3D printing device
used in the experiment is large.

In Table 2, most of the line edge raggedness remains around 1.5, that is, the line
edge raggedness does not have a direct relationship with the line width. If the laser light
spot of a SLA 3D printing device is reduced and the 3D printing accuracy is improved,
the line edge raggedness obtained should be smaller and closer to the data of flexo-
graphic printing forme.

Table 2. Data of line edge raggedness

Ideal line width (unit: mm) Molding line edge raggedness

0.40 1.58
0.50 1.48
0.60 0.99
0.70 1.65
0.80 1.53
0.90 1.37
1.00 1.13
1.10 1.97
1.20 1.44
Average of edge raggedness 1.46
Standard deviation of edge raggedness 0.27
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Figure 3 shows the line edge raggedness of the horizontal and vertical lines of the
3D printing results. It can be seen from the figure that there is no obvious regularity in
the line edge raggedness of the horizontal line and the vertical line. This also shows that
the 3D printing has no obvious directionality, and the 3D printing results will not be
significantly different because of the different direction of the picture.

5 Conclusions

Based on the above experimental results, the following conclusions can be drawn:

(1) In terms of line width and line edge straightness, the results of SLA 3D printing are
roughly equivalent to those of mainstream flexographic platemaking technology in
the market. It can be concluded that it is feasible to use a SLA 3D printing
technology to complete the preparation of a flexographic printing forme.

(2) SLA 3D printing has no obvious directionality, and the 3D printing results will not
be significantly different when directions of the graphics are different.

(3) There is no direct relationship not only between the line width error and the line
width, but also between the line edge straightness and the line width of SLA 3D
printing results, which facilitates the linearization correction in the process of
making a forme model and outputting a forme.

(4) The laser spot diameter of existing SLA 3D printing equipment on the market
cannot meet the needs of high-precision flexographic platemaking. If an additive
manufacturing technology is used to complete the preparation of the flexographic
printing forme, the equipment must be reformed.

This paper mainly studies the line quality of the printing forme produced by SLA
3D printing technology, further research on the quality of image dots, text and areas of
the printing forme produced by SLA 3D printing technology will be conducted later.

Fig. 3. Line edge raggedness of the 3D printing molding
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Abstract. With the increasing demand for green printing and environmental
protection, the application of flexographic printing is ever-growing. The purpose
of this paper is to study the possibility of the standardization for the quality of
flexographic platemaking, and provide basic data and reference for the
platemaking process control related standard. Experiments on back exposure
control and analysis of printing forme quality through four mainly used brand
plates with two different thickness were conducted, the relationships between
the relief height and the back exposure time, and the related imaging quality of
flexographic printing forme, including small dots, fine lines, small characters,
tone reproduction were studied. The results show that it is possible to specify a
set of standardized imaging quality indexes for flexographic printing forme to
control platemaking process which are suitable for diverse platemaking tech-
nology and plates.

Keywords: Flexographic printing forme � Platemaking � Process control �
Forme quality � Standardization

1 Introduction

Flexographic printing is known as the most environment friendly printing process
because of the use of water-based ink, which increased rapidly in label printing, food
packaging printing, cosmetic printing and other environmental protection demanding
industries [1]. Platemaking is an important part of the flexographic printing process,
and now there are diverse brands and models of plate and different platemaking
equipment involved in the process of flexographic platemaking. The quality control of
the flexographic platemaking is the key to the print quality [2].

In recent years, the flexographic platemaking technology has made great progress
in print quality, production efficiency and sustainability with the development of flat
top screen and solid area screening technology [3]. However, there is still lack of
relevant standards for flexographic platemaking process control in China.

Through the study of the relationship between the back exposure time of the
flexographic platemaking process and the relief height and the imaging quality of the
printing forme, the paper aims to find out the possible specifications for the quality of
flexographic forme, and provide the basic data and reference for the platemaking
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process control related standard, and further to promote the standardization work for
flexographic industry.

2 Experiment Preparation and Process

2.1 Selection of Plates and Platemaking Equipment

Four brand plates including Flint, DuPont, Kodak and Huaguang, which are commonly
used in the domestic flexographic printing industry, were used in the experiment. Two
models of each brand were selected, with the thickness of 1.70 and 1.14 mm. The
plates are named as FAH114D, FAH170D, DPU45, DPU67, NXH114, NXH170,
DR114LS, DR170LS.

The following equipment are used in the experiment.

(1) Laser imaging system: ESKO CDI Spark4260 and Kodak Flexcel NX
(2) Back and main exposure system: Dupont Cyrel 3000EC
(3) Washout processor: Dupont Cyrel 3000PS
(4) Drying oven: EVO 5D Oven
(5) Post processor: Sinwa2000
(6) Laminator: Kodak Flexcel NX Wide laminator.

2.2 Test Target Preparation

In order to carry out the experimental research, the test target was prepared on the basis
of the quality control experience in the actual production. The size of the test target is
30.5 cm * 26 cm, which contains the following test contents.

(1) Independent lines: consisting of two sets of positive lines and reverse lines, with
the line width from 0.05 to 0.3 mm and a step length of 0.01 mm.

(2) Text: contains Chinese and English characters, positive and reverse, the font size
varies from 2 to 12 pt with the step of 1 pt, and the Chinese font is Song style and
English font is Times New Roman.

(3) Independent dots: the diameters of dots differ from 0.1 to 0.8 mm, with the step of
0.1 mm.

(4) Tone graduation scale: the tone value varies from 0.5 to 100%, and the color patch
size is 1 cm * 1 cm. There are four groups, each has different screen ruling of 110,
133, 150 and 175 lpi respectively, as shown in Fig. 1.

2.3 Platemaking Process and Related Parameter Settings

There are a little difference between Kodak plates and the other brand plates in the
platemaking process, which is mainly reflected in the imaging and lamination process,
the platemaking based on Kodak plate has one more process step of film-laminating
than other brand plates, and the other steps are the same.

In order to find out the influence of back exposure time on relief height and imaging
quality of the printing forme, the experiment kept the platemaking process parameters
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except the back exposure time as constant as possible, and set the main exposure time,
washout time, drying time and other control parameters based on the experience of
actual production in the platemaking factory.

The main exposure time for DuPont, Flint, and Huaguang plates was 720 s, and the
light finishing time was 4 min; the main exposure time for Kodak 1.14 mm plates and
1.70 mm plates was 1700 and 900 s separately, and the light finishing time for Kodak
plates was 8 min. All plates were dried at 60 °C and the drying time was 3 h, and the
post-processing time was 6 min. The washout solution rinsing speeds vary slightly with
plate thickness, the speed for plates of 1.14 mm thickness and 1.70 mm thickness was
190 and 180 mm/min respectively.

Meanwhile, considering the influence of ambient temperature on back exposure is
obvious [4], the platemaking ambient temperature of the experiment was maintained at
20–25 °C.

3 Experimental Data and Analysis

The back exposure experiments were carried out on the plates of different thickness and
different brands. Each platemaking step during the experiment was sampled and the
production time of each step was recorded, and the relief height, fine lines, independent
dots, text and tone reproduction effects were measured and analyzed.

3.1 Relationship Between Back Exposure Time and Relief Height

The main purpose of back exposure is to determine the thickness of the plate base and
the relief height of the printing forme [5]. The back exposure experiments were per-
formed for each plate at a different time. Figure 2 shows the relief heights resulting
from each platemaking process and their corresponding back exposure times.

According to Fig. 2, we can see that the shorter the back exposure time, the higher
the relief height of the printing forme for the same plate. Though back exposure time is
the same, the relief height obtained from different brands is different, and the relief
height obtained from the same brand with different thickness is also significantly
different.

Fig. 1. Graduation scale
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During the experiment, it was also found that the back exposure time required to
obtain a certain relief height for the same plate still varied slightly with the room
temperature condition, etc.

The experimental results show that the back exposure time required to obtain a
flexographic printing forme with a certain relief height is not only related to the
thickness of the plate, but also related to the brand and model of the plate, and the
ambient temperature, etc. For the plates of the same thickness, the back exposure time
for the different brand plates is quite different so as to obtain the same relief height.
Therefore, for the standardization of the platemaking process, it is impossible to give
definite back exposure time specification.

3.2 Analysis of Imaging Quality of Printing Formes

The positive and reverse lines, independent dots, and Chinese and English characters in
the formes obtained by the experiment were measured by a magnifying glass with a
scale of 50 times and a microscope with analysis software. It can be found that:

(1) If the relief height is controlled reasonably, the lines with 0.08 mm width are well
reproduced in all formes, and the line edges are straight, but the finer lines may
bend (see Fig. 3); the 2 pt English characters and 3 pt Chinese characters of are
also well reproduced in all formes, but the 2 pt positive Chinese characters may
appear missed strokes or strokes are not straight due to the process parameter used
in the experiment, as shown in Fig. 4.

(2) If the relief height is too high, it will lead to the phenomenon that the edge of
graphics of the printing forme is not washed cleanly, and the fine lines are bent or
the small positive characters are smeared (see Fig. 5). When the relief height is too
low, it will cause the small reverse characters to be smeared.

Fig. 2. Relief height and its corresponding back exposure time
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Fig. 3. Bending in fine line

Fig. 4. Missed stroke in Chinese character

Fig. 5. Pasting of Chinese characters
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(3) If the relief height was controlled in the appropriate range, the 0.1 mm independent
dots were well reproduced for most formes, but if the relief height was too high, it
will result in the smallest 0.1 mm independent dot cannot be reproduced. The
experiment also found that the 0.1 mm independent dots on the forme obtained
from one of four brands of plate with a thickness of 1.7 mm cannot not presented
regardless of the reasonable relief height (see Fig. 6), and the minimum diameter of
the independent dot can only reach 0.2 mm, which may be related to the hardness
of the plate itself, and its quality may be improved by adjust other process
parameters.

(4) If the relief height is reasonable, 1–95% tone values can be well reproduced with
the screen ruling of 175 lpi or 150 lpi, and the tone reproduction range on most
printing formes can also reach 1–98% under the condition of 150 lpi screen ruling,
but several printing formes can only reproduce the gradation range of 1–90% when
screen ruling reaches 175 lpi whenever the relief height is reasonable or not, it may
be due to the other process control parameters which are not the most appropriate.
At the same time, if the relief height is too high or too low, the halftone screen
reproduction ability of the printing forme will be reduced. It was also found that the
formes made by plates except the NXH series were not able to reproduce the
halftone screen of 0.5% tone value, see Fig. 7.

The above experimental results show that the relief height of the flexographic
printing forme directly affects its imaging quality. Too high relief height may cause the
loss of fine dots in the printing forme, reducing the range of tonal reproduction and the
maximum screen ruling that can be achieved. Therefore, in the platemaking process,
the relief height should be well controlled.

Fig. 6. Independent dot failed to reproduce
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4 Conclusions

In this paper, the influence of the back exposure time on the relief height of the 1.14
and 1.70 mm plates were studied by using flexographic plates with four mainstream
brands as the experimental materials, and the imaging quality of the formes was
measured and analyzed through various test elements. The process control parameters
such as the back exposure time of the flexographic platemaking is related to the
platemaking process technology, the plate brand and model. Therefore, a process
control related standard cannot specify the definite and unified back exposure time and
main exposure time of process parameters.

Fig. 7. Tone reproduction range on forms (above: 175 lpi, below: 150 lpi)

Study on the Influence of Back Exposure on the Quality … 541



The plates with the same thickness, regardless of its brand and model, can obtain
effective relief height as long as the platemaking process control is correct and rea-
sonable, and enabling small dots, fine lines, and small characters to be imaged and
reproduced with high quality. Therefore, It is possible to specify the reasonable range
of relief height and the clear requirements on the reproducible minimum independent
dot, the finest line, the smallest characters and tonal reproduction range for flexographic
platemaking process control effectively, and develop a standard that is applicable to the
process control and quality requirements of flexographic platemaking.

For the flexographic plate with a thickness of 1.14 and 1.7 mm involved in this
experimental study, the finest width of positive line and reverse line of the printing
forme should be not less than 0.08 mm, and the English characters and Chinese
characters of the smallest font should not be less than 2 and 3 pt respectively, and the
minimum diameter of independent dots should not be less than 0.2 mm. When the
screen ruling is 150 lpi, the range of tone values that the flexographic printing forme
can reproduce should reach 1–98%. Moreover, it is also possible to further refine these
imaging quality requirement of the two thickness formes.

This paper mainly focuses on the study of the relief height and the imaging quality
of the printing forme influenced by back exposure time, and the influence of the main
exposure time and other factors on the imaging quality needs to be researched through
further experiments. Furthermore, the study of relief height can be further deepened to
obtain the exact control range of the effective relief height. In addition, this paper only
studied two thicknesses of the plates, and the process control and imaging quality
requirements of the plates with other thickness need to be studied by corresponding test
experiments.
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Abstract. Based on different types of printing materials, the paper discusses the
influence on solid density with microcell technology in flexographic printing.
A kind of testing chart, which consisted of two kinds of solid fields, is designed.
The one is un-screened solid area; others are special using four kinds of
screening methods, which are MG25, MG34, MG45, and MCWSI, called
microcell technology. Then, using different laser energy to expose the testing
chart on DuPont plate and printing based on different types of printing materials.
Through software, called Image-quality and X-rite 528 spectrophotometer, the
evenness and density between un-screened solid area and special solid filed with
screened can be analyzed. The experiment shows that solid screening with
Microcell technology can not only solve the density deficiency, but also can
improve the evenness of the color block used PE as printing material in the
flexographic printing. In addition, with the coated paper as the printing material,
the effect of solid screening is not very different as that un-screened solid area.

Keywords: Solid screening � Flexographic printing � Microcell technology �
Solid density

1 Introduction

As the pronoun of environmental protection printing, People pay much more attention
on flexographic printing. Looking back upon the development process of flexography,
the appearance of laser plate making technology has contributed to a leap forward in
the quality of flexography, which also makes it possible to catch up with the quality of
offset and intaglio printing. However, some problems can not be solved in the actual
production process, such as the tone merging, the problem of gradient, and the dura-
bility of highlight dots [1, 2], white pin-pole appeared in solid area and so on. Most of
these problems are directly or indirectly related to the flexographic plate. In particular,
the flexographic printing’s ability to transfer ink in the field is often challenged by the
packaging industry.

Especially in Soft packaging field, the ability transferring ink to the solid area,
which has a low density, have been challenged for a long time, comparing to gravure
printing. In addition, the characters, lines and the edge of the solid area can easily have
obvious ink expansion phenomenon as the graphic and text part on the flexographic
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plate is higher than the non-graphic part, which has also become a major obstacle to the
quality of the flexographic printing.

The concept of microcell technology is to add microcell on the top of the dot or
solid area, using the ductility of ink to make the solid area look more uniformity. The
theoretical research showed that the microcell technology could better solve phe-
nomenon of non-uniform, which used PE film as substrate in flexographic printing [3],
but there are few tests for the value of solid density increasing. It requires further
discussion about how the results appear under different substrate, such as PE film,
coated paper and whether microcell technology is available in flexographic printing or
not. This paper designed a kind of testing chart, which consisted of two kinds of solid
areas. The one is un-screened solid area; others are special using four kinds of
screening methods, which are MG25, MG34, MG45, and MCWSI, called microcell
technology. Then, using different laser energy to expose the testing chart on DuPont
plate and printing based on different types of printing materials (PE film, coated paper).
At last, through printing test, exploring the influence of microcell technology on the
solid density based on different substrates in flexographic printing.

2 Detection Factors of Flexographic Plate

The MG45 dot shape has four empty pixels between each two dots, and each five pixels
as a unit, regularly arranged in a horizontal and vertical direction. The MG34 dot shape
has three empty pixels between each two dots, and every four pixels as a unit, regularly
arranged in a horizontal and vertical direction. The MG25 dot shape has three empty
pixels between each two dots, and every five pixels as a unit, regularly arranged in
vertical direction. MCWSI dot shape has three empty pixels between each two dots in
horizontal directions, regularly arranged in horizontal direction. Four kinds of Micro-
cell used screened in solid area are shown in Fig. 1.

In the process of designing the original, four kinds of solid screening above-
mentioned and the un-screened solid arranged in line, as shown in Fig. 2. In the process
of plate making, different laser booster values (from 150 to 285, step length of 15; the
higher the value, the greater the instantaneous laser energy) are used to engrave the
mask film on the plate. The plate is exposed to harden the printing graphics parts and
then the un-hardened resin are removed after rinsing, thus the relief layer on plate is

Fig. 1. Four kinds of Microcell form left to right are MG45, MG34, MG25, and MCWS
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formed. Then the plate is mounted on the press for printing after drying. The
ZiQuan PE film and the ZiXing 90gsm paper coated on both sides are used for
Monochrome printing (Cyan). Plate with the mask after Laser engraving under different
laser boost value is shown in Fig. 3. Monochrome printing (cyan) using 90gsm coated
Paper, which is printed under Test conditions of the printing in Table 1, is shown in
Fig. 4.

Fig. 2. Digital test manuscript of solid screening

Fig. 3. Plate with the mask after Laser engraving under different laser boost value
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Table 1. Test conditions of the printing

Projects Main test conditions Brand and state

Press Flexographic press (full color), Speed
200 m/min

TAIYO stf-340-4f+1C
+1D

Plate Thickness 1.14 mm, width 250 mm, perimeter
254 mm, 150 line/inch

DuPont Flexography

Inks UV alcohol-based ink (cyan) Bright
Carriers PE film, Coated paper (90gsm) ZiQuan blown film,

ZiXing coated paper
Anilox roll 800 line/inch, 60°, hexagon cell BCM2.1
Double sided
tape

Scapa 43240 Neutrality

Sampling
requirements

Using cyan ink to print, Simple speed 40 m/min, Ink viscosity is 25S, Same
pressure, sampling under the same anilox roll

Fig. 4. Monochrome printing (cyan) using 90gsm coated Paper
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3 Test Conditions of the Printing

In order to test the results, the printing conditions are shown in Table 1.

4 Analysis and Evaluation of Measurement Results

4.1 Measuring Instruments and Software

Currently, people often widely use density meter, spectrophotometer to measure and
evaluate the quality of objects [4, 5]. According to the ISO13660, the measuring
instrument should meet the following requirements. First, the pixel of the image
capture device should be described by 8-bit depth. second, the resolution is more than
600DPI; In this paper, we use EPSON GTX970 scanner as image capture device,
which have properties mentioned above. The software called Image-quality which can
be used to measure and evaluate the quality of testing graph. Before used scanner to get
digital marks by Image-quality software, we should do space calibration and density
calibration for the scanner first [6–8].

4.2 Analysis of Measurement Results

In order to test the result, the density value should be measured at the same time using
X-rite 528 spectrophotometer. Considering the measurement error of X-rite 528
spectrophotometer, each group of data should be measured for five times and get the
average value, the result is shown in Fig. 5. The horizontal axis of the chart is solid
density and the vertical axis is laser booster value.

Objective evaluation: According to Fig. 5a, it can be seen that the density value of
the solid screening is not constant when PE is adopted as the carrier for printing. When
the laser boost value is greater than 225, the density values of the four kinds of solid
screening methods are all higher than that of the un-screened solid area, and present
good regularity. The density value of the four kinds of solid screening methods is
fluctuated when the laser boost value is less than 225. When the laser booster value is
less than 180, the solid density values of MG45 and MCWSI are abnormal. It can be
seen from Fig. 5b that the density value of only MCWSI method is slightly higher than
that of un-screened solid area. Moreover, the density of other methods, MG25, MG45
and MG34, is close to or below that of the un-screened area. In addition, with the same
exposure parameters and screening modes, the effect of the solid screening and value of
solid density for coated paper are better than that of PE film.

Subjective evaluation: Since the value of density for solid screening is fluctuated
when the laser booster value is less than 225, so the anomaly is removed and the value
of the laser boost that is greater than 225 can be adopted. The test sample is collected
by Image-quality software to judge the uniformity of the solid density. The results are
shown in Tables 2 and 3. According to Tables 2 and 3, with PE film as the substrate,
the method of solid screening in a certain laser boost value can effectively avoid the
deficiency and unevenness of solid area in flexographic printing, and can improve the

Research on the Solid Screening with Microcell Technology … 547



value of solid density. With the coated paper as the substrate, the effect of solid
screening is the same as that un-screened solid area.

(b) Coated paper

(a) PE film

Fig. 5. Solid density for samples under different laser boost value

Table 2. The comparison of solid screening on the PE film

The kinds of
Microcell
technology

MG25 MG45 MG34 MCWSI Un-
screened
solid

Visual
evaluation

White
spots
weaken,
no twill,
solid area
uniformity

Non
White
spots, no
twill,
Solid area
uniformity

White
spots,
slight twill,
uneven-
ness in the
solid area

Non White
spots, no
twill,
uniformity in
the solid area
is better

White
spots,
twill,
uneven-
ness in
the solid
area

Comprehensive
evaluation

Better Good Normal Great Worse
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5 Conclusions

The paper discusses that the Microcell technology, under different laser booster values
and substrates, can effectively improve the solid density and uniformity in the solid
area. It can be seen that the solid screening with PE as the substrate can effectively
improve the uniformity and value of solid density for the flexographic printing. With or
without Microcell technology, it is equivalent to the subjective and objective perfor-
mance using coated paper as the carrier, but from another point of view, not only it will
increase the investment of technology, but also the cost of production. There are some
limitations in this experiment. It need to be further verified when the inks and other
substrates are changed, Microcell technology whether or not can be used and the
duplication of plate making, at the same time, the pressrun of the printing plate in this
technology is stability or not.
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spots, no
twill, Solid
area
uniformity
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spots, no
twill, Solid
area
uniformity
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spots, no
twill, Solid
area
uniformity
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twill, Solid
area
uniformity
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evaluation

Good Good Good Good Good
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Abstract. In order to closely following the “Industry 4.0” strategy, and realized
the transformation and upgrading of the printing and packaging industry to
digital, automated and intelligent. Based on the deficiencies of the traditional
plate making process, The Luxin Tianyi printing Co. Ltd established the intel-
ligent plate-making process through technology exploration, and abandoned the
traditional plate-making process. This paper described the new process detailed
in combination with the flow diagram of the plate making procession. Through
the comparison between the old and new processes, the great value of the new
plate making process was appeared. The author also shared how to build the
standardized, automated plate making process based on the ESKO software
platform, and the technical difficulties in establishing the process.

Keywords: Automation Engine (AE) � Web center � SOP � ERP

1 Traditional Plate Making Procession

1.1 Traditional Plate Making Process

The traditional plate making procession included the following steps. Firstly, the
sample was designed according to the customer’s requirements. Secondly the sample
was approved by the customers. After the final confirmation, the printing plate was
produced by the plate making machine [1].

1.2 Problems About the Traditional Plate Making Procession

The major problems of the traditional plate making process were list. The customer
cannot accurately expressed his intention through the traditional communication way
which by the telephone call or the email. Maybe because of understanding differences,
mistakes were made and it was not easy to trace back afterwards. The approval cycle of
customers was long.

ERP, office software, design software, production software, output software and
color management software were the commonly used in printing production [2]. In fact
each process used different application software during the produce process. All
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software worked independently rather than together, causing the files conversion error
or color chromatic aberration problems [3].

Each process of the traditional plate making process was manually operated with
poor precision. For example, the producer made an imposition, manually placed the
imposition position and manually rotated the imposition file [4].

During the proofreading process, it was difficult for the naked eye to notice subtle
changes in the file, resulting in quality hazards.

2 Introduction of ESKO Software

In order to solve the problems in the traditional plate making procession, ESKO’s box
packaging software suits were introduced to Lu Xin Tianyi printing Co. Ltd. The
software suits mainly including ArtiosCAD, DeskPack, PackEdge, Plato, Automation
Engine (AE), WebCenter, Imaging Engine, FlexProof E and Color Engine.

3 Two Important Working Platforms

3.1 AE Was the Core Working Platform for Procession Operation

AE serves as the core platform of any scale pre-press production operation, which can
increase the efficiency of the operation. AE serves enabled unparalleled workflow
automation with rock-solid quality control. The characteristic of AE was highly scal-
ability and extensive business system integration. According to the AE serves stan-
dards, contributed to reducing error and cost during the printing process.

3.2 WebCenter Is an Internet-Based Communication Platform

WebCenter is a powerful and user-friendly web-based platform. It manages packaging
preproduction specification, approval and project life cycle for brands and converters
alike [5]. Customers can log in to the WebCenter network communication platform to
approve the designed documents, and automatically track the progress of the project
through PC, iPhone and other tools. After completing customer approval, the system
can automatically create an approval report as an archive. A network platform built on
a database, which can retrieve and check the contents of approvals at any time, and
bring convenience to companies and customers. The network platform was established
based on the database can retrieve the approval at any time, bringing convenience to the
customers.

3.3 Intelligent Plate-Making Workflow

The intelligent plate-making workflow was showed in the Fig. 1.
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3.4 Instructions of the Intelligent Plate Flow Chart Operation

The whole workflow started with the plate-making process, and the output of the CTP
plate, CIP3, and the large-sheet inspection file. AE has always been the core platform
for automated workflows. The customers were automatically reviewing the cloud
platform as a supplement. A main line of the full set of processes was automatically
executed without excessive manual intervention. The following described the process
in detail.

3.4.1 Release a Single-Phased
Firstly, according to the customer’s printing requirements, a production schedule was
issued by the printing company. There are two main working routes.

Route 1 (main), the plate-making information was transmitted to the AE folder as
an XML file. A standard workflow was created by AE. The printing procession
parameters and the working file directory was created according to the standard
workflow by AE.

Route 2 (Auxiliary): according to the information of the plate, the single-mold
structure file (ARD file) and the imposition structure file (MFG file) were created by
ArtoCAD. These structure files not only can be called by the AE but also can be used
for making the die-cutting plate.

3.4.2 Stage of Production
The Single Station file (Normalized PDF) was created by DeskPack that under the
Illustrator, and then the Single Station file was imported into the AE. In the AE work,
the customer manuscript was compared with the produced single-mode file. After
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Fig. 1. Intelligent plate-making workflow
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confirming, the production staff uploads the WebCenter through the workflow and
waiting for the customer to review and confirm.

3.4.3 Stage of Customer Review
The customer received the information that need to be reviewed and confirmed by the
e-mail sent by WebCenter, and accessed the web server using an account through a
web browser of a computer or smartphone. On the WebCenter cloud platform, cus-
tomers can review flat box images and virtual 3D display boxes.

When the customer needs to approve in stages, WebCenter automatically initiated
the next stage of approval work and completed the approval process. Clients can make
important instructions for approval documents on the WebCenter with annotation tools.
After the confirmation of the customer was completed, AE automatically created a
customer confirmation report to upload the WebCenter for customers to archive.

3.4.4 Stage of Make-up
In the imposition process, firstly, PDF optimization was performed on single-mode
files. Secondly, the trapping process was performed on the files through the Easy
Process Trapping module. Finally, the imposition structure file (MFG file) and impo-
sition information were automatically transferred for automatic imposition process
(Fig. 2).

3.4.5 Stage of Output Proofing
The RIP (rasterization) process of the layout file was performed by the Imaging Engine
according to the preset output parameters. After the RIP was completed, the layout
proof was automatically performed to ensure the consistency of the proof publishing
data. Digital simulation samples processed by Color Management can be automatically
output to track color samples during printing. Color Engine played a crucial role in this
process.

3.4.6 Stage of Layout Proofing
The main job was to check if there was an error in the large version of the proof. If the
job has an old version, the process will automatically retrieve the previous version of
the file into the current work, easy to proofread the comparison of the old and new
documents. In this way, the efficiency of proofreading was improved.

Fig. 2. Flow chart of imposition
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3.4.7 Stage of Output CTP
During the production process of the plate, the AE automation output process was
started. The one bit tiff file was produced and exported to the CTP device. The CIP3
data was produced and exported to the printer server. The large inspection files was
produced and exported to the sheet inspection equipment for the quality control of the
printing process. In addition, the plate making process report can be automatically
generated to form a product file.

3.5 Necessary Auxiliary Workflow

3.5.1 Management of File Version
AE intelligent workflow can automatically managed the version of working files. For
example, if the current circulation version of the file was the C version, then the B
version file needed to be archived separately, and the A version file needed to be
deleted automatically.

3.5.2 Create a Register Plate
AE can automatically create positioning plates to meet specific process needs. For
example: partial glazing, local UV, bronzing, electronic supervision code, etc. need to
be transparent positioning film for precise positioning.

3.5.3 Create Ink-Absorbing Area
During the imposition process, we can complete the production of the ink-absorbing
area according to the process requirements. The ink-absorbing area was mainly used to
make up for a small amount of ink on the individual swatches of the layout, and it was
easy to pile up ink during printing. In order to solve this problem, an ink-absorbing area
was added in the imposition space. Increasing the ink-absorbing area also prevents
ghosting (a vague pattern in the absence of graphics).

3.6 There Is a Big Difference Between the New Automated Process
and the Traditional Process

It was mainly a new process of smart operation, with logical judgment ability, intel-
ligent selection ability, involved a wide production phase, data processing capabilities
and other powerful (Table 1).

4 Implementation Project

4.1 Project Team Established

In the process of establishing an automated standard process, a project working group
was established composed of technical personnel, related departments, and customer
personnel. The project working group mainly focused on the overall planning, tech-
nology development, training, standardization and implementation of all process flows.
The customers mainly cooperated with the implementation of the website.
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4.2 Establish a Standardized System

4.2.1 SOP (Standard Operating Procedure)
The responsibility of each job was defined and the detailed description of the job was
made. The formulation of the SOP was a part of the ISO9001 document, which can
avoid the loss of technology due to the flow of technicians. Operators can master
advanced and reasonable operating techniques after short-term training.

4.2.2 Document Coding Rules
The formulation method of each company may result in different coding due to dif-
ferent classifications. Take Russell Tianyi as an example to illustrate: The plate number
code 18A-05-066. 18 Represents 2018, A represents business area, 05 represents May
of this year, 066 represents the 66th work order of this month. Product Code: Rea-
sonable coding of the company’s products; Material code: Code of customer’s product.

4.2.3 Put Higher and Stricter Requirements on Operating Specifications
File naming must be standardized and illegal characters cannot appear. The file storage
location must be stored as specified, otherwise the system may not find the file. Nor-
malized PDF was the standard usage file and so on.

Table 1. Comparison between the new automated process and the traditional workflow

New automated process Traditional workflow

Stage of
automated
work

Implementing the process flow Digital proofing, RIP
output only

Database
docking

AE, WebCenter, External database Single database

Database
backup and
recovery

Regular automatic backup, one-click recovery Manual backup, manual
recovery

Work file
backup and
restore

Automatic backup, intelligent management, one-
click recovery

Manual backup, manual
recovery

Smart Property Smart Marks, Dynamic Barcodes, SmartNames
(Database Query, String Extract System Value,
Script, Xpath Query etc.) Workflow Modules,
Workflow Controls, File Type Conversion,
Workflow Embedded, Error Handling, Sendmail
etc.

Few Smart Property

Work
efficiency

High work efficiency, greatly reduce product
production cycle

Low efficiency and long
production cycle

Work quality Few errors and errors are controllable Unpredictable errors, no
good preventive measures
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4.3 Steps to Establish an Intelligent Workflow

4.3.1 Demand
The traditional work flow was combined, and the best flow structure chart was
designed. Technical Difficulties: The process must be logically reasoned and the flow
diagrams simple and smooth.

4.3.2 Master Process Module Functions
Familiar with the function of working modules in the process, especially the input data
type and output data type of each module.

4.3.3 Design Flow
Create an actual workflow based on the process workflow diagram. Technical diffi-
culties: designing reasonable intelligent variables, a wide variety of intelligent vari-
ables, you must master the effectiveness of each variable, in particular, use XML
language, Script language.

4.3.4 Process Error Correction Capability Design
When there was an error or warning in the process running, there must be corre-
sponding error handling capability. The process can notify the process user of the cause
of the error and the corrective action so that the process will not restart similarly
without similar errors.

4.3.5 Process Test
The running test process was to make sure that there were no obvious errors. After the
new design process was put on the line, it was necessary to track it regularly, and find
that it was unreasonable or the operation was not smooth.

4.3.6 Data Backup
Make a backup of the database file, and if there was an abnormal situation, there must
be an emergency plan to avoid affecting the production progress.

5 Set Up Problems Encountered in the Intelligent Process

5.1 AE with ERP Database

The backup of the database file was made, and if there was an abnormal situation, there
must be an emergency plan to avoid affecting the production progress.

5.2 Maximize the Development and Use of Software Features

How to deeply tap the potential function of the software to achieve the maximum
utilization of the software, and to use the software’s maximum use value was a problem
of software attributes.
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5.3 Easy Operation of the Process Was an Important Manifestation
of the Practicality of ESKO

Design the intelligent processes, and ordinary employees can get on the job with simple
training. For the ease of use of the process, the design process must be carefully
logically considered, taking into account all aspects of the process.

6 Generated Benefits

Through the implementation of automated standard process, the product delivery cycle
was shortened, the product quality was improved, the human loss was reduced, the
work efficiency was improved, the labor intensity of the worker was reduced, and the
customer was provided without increasing the production cost.

7 Conclusion

ESKO software was a powerful prepress process management software. If you can
achieve the maximum value of the application, you need to continuously explore,
research, deep excavation, clever combination, flexible use, you can produce greater
fission capabilities.
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Abstract. In this article, the concept of context-aware is integrated into the
design of decision agents. This makes intelligent printing system can intelli-
gently and quickly configure all kinds of manufacturing resources based on
different printed product features. Firstly, this paper introduces the current sit-
uation of the application of context-aware technology, and the corresponding
context information is classified in the printing process. Then, the general
framework of decision agent in intelligent situation printing system is given. The
function of each component is introduced in detail. Finally, a particular step of
that decision agent in preprocess context information is described. The system
can meet the needs of scenario printing.

Keywords: Context awareness � Decision agent � Intelligent situation printing
system

1 Introduction

As customer demand becomes increasingly varied, the demand for product cus-
tomization and pressure for the rapid introduction of new products are increasing [1].
Traditional manufacturing systems, such as dedicated and flexible systems, cannot
provide an adequate response at a reasonable cost and have significant shortcomings in
meeting these requirements [2]. In the production process, the intelligent application of
the printing industry has also become a new idea for many companies to explore.

In the intelligent control system, the context-aware decision module is set up,
according to the environment of the workshop and the specific state of the machine, the
“personalized decision” is made for different production jobs. In addition, you can also
use the JDF (Job Definition Format) and JMF (Job Messaging Format) to implement
the internal description of the Job sheet and the information exchange between the
parts. JDF standard is based on XML to describe the production control information
and management information about the full cycle of printed manufacturing statements,
and to track and control the printing operation using the JMF standard.
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2 Application of Context Awareness

Context can be used to characterize the properties of an entity. Literature [3] defines
context as any information that can be used to describe an entity environment. Context
awareness in intelligent spaces makes decisions and automatically provides appropriate
responses or services by automatically perceiving and computing context changes [4].

Context awareness is widely used as a recommendation system or human-computer
interaction study in computer science. It is developed from a number of computing
scenarios [5]. At present, the application of context-aware in intelligent space focuses
on recommendations, queries, decisions, etc. For example, literature [6] establishes the
model of intelligent controller using relevant contextual information in the intelligent
space, and provides solutions for solving the uncertain factors in space. Literature [7]
classifies the contextual information in the intelligent space and introduces the func-
tions of each component in the model in detail.

3 Establishment of Situational Awareness Decision Agent

It is necessary to classify that contextual information before establishing a context
aware decision agent model. According to the context information obtained from the
classification, a corresponding context-aware strategy is established and a decision base
is formed. The context-aware decision library is the core of the situational awareness
decision Agent.

The description of situation information in printing production is mainly divided
into three aspects: materials, equipment and environment. As shown in Fig. 1, the
materials means all material information concerning the printing of the production
process, such as base material, printing ink, etc. The equipment should contain the
relevant operation of the machine and relevant parameter information. The environ-
ment mainly refers to the temperature and humidity information of the workshop
during printing. In addition to basic classification as shown in Fig. 1, it should also
include printing eligibility, such as paper moisture content, viscosity, etc. JDF’s
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Fig. 1. Classification of context information
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description of job and job production is a JDF tree structure, and the logical unit is the
JDF node [8]. When describing with JDF, these resources can correspond to the child
elements of the resource pool element in the JDF document as input resources, which
are fully described according to the definition specification of resources in JDF [9]. For
related attributes that are not involved in the JDF standard, a user-defined private data
can be used for the description.

3.1 Framework of Situational Awareness Decision Agent

Decision agents include context manager, scenario manager, decision manager, oper-
ational variant library, and communication module. The internal structure of Agent is
shown in Fig. 2. Context manager is used to uniformly manage context information. It
can obtain context information through sensors or other means such as calling historical
data to form a situational snapshot. The set of situational snapshots in the context
manager is A ¼ Pn

i¼1

Pm
j¼1 \si; vj [ , in which si refers to a situational factor, and vj

refers to the value of the situational element. All kinds of information are stored in
internal documents, agenda and log manager. The scenario manager is used to store the
context protocol, which defines the standard situation when the operation is performed.
The scenario model is C ¼ Pn

1 Si and Si ¼
Pn

i¼1

Pm
j¼1 \si; vj [ : in which, C refers

to all possible events in the workshop; Si is the situational factor related to the event; vj
represents the value of an environmental element. Decision manager is a decision
library used for storing relevant context-aware policies. Context-aware strategy is a
specific measure to adjust the acquired context elements. A context-aware strategy
contains corresponding real-time situations and operational variants. The operational
variant library is used to store the relevant content of the action. Operational variant
refers to the changes that should be made when a situation element does not meet
production requirements. Communication module realizes communication with other
agents. In the system, scene manager, decision manager, operating variable library
should have some extension function. For example, users can add or remove awareness
policies in the background.

The decision-making process includes data extraction, event formation, scenario
snapshot establishment, scenario authenticity decision, decision chain generation, call
operation variables, and output decision. Taking the printing workshop as an example,
the order information is analyzed and extracted to form events. Then context managers
get context information related to the event. This information includes machine state,
material state, and other order-related information. Based on the obtained context
information, the situation snapshot s ¼ a; vh ija 2 A; v 2 Dom að Þf g; where A repre-
sents the set of situational factors related to the printing operation. The a represents one
of the situational factors; v is the value of the situation element. The scenario manager
determines the authenticity of the scenario snapshot. The result is represented by a
Boolean function, F b1; b2; . . .; bnð Þ; bi 2 0; 1f g; 0 indicates that the result of the situ-
ation is unqualified, whereas 1 is qualified. Finally, the relevant context-aware strategy
in the decision manager is called according to the judgment result. The context-aware
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strategy include the corresponding operation variation, which is the relevant adjustments
that should be made if the current situation is not suitable for printing. The operation
variant library performs the corresponding operation variation and finally sends the
decision information to other agents via the communication module.

JDF can be used to describe event related information during the decision process.
Includes basic information, relevant process requirements, and production-related
resource parameters. At the same time, JMF can not only complete the communication
between various components in the agent, but also complete the communication
between the decision agent and other agents. Query can be used to obtain news status,
material usage, etc. Decision information can be sent to the appropriate execution agent
in the form of command information.

4 Conclusions

In this paper, context awareness is integrated into the design of decision agent to obtain
a printing system that can rapidly configure manufacturing resources according to
different order requirements. The general framework of context-aware decision broker
is given. The function and decision process of each component are described in detail.
The application of context-aware decision will greatly improve the intellectualization
and reconfiguration of the printing system. In addition, we will further integrate the
context-aware decision and the design of the printing reconfigurable system to com-
plete the construction of the whole intelligent context reconfigurable printing system.

Acknowledgements. This work was supported in part by NSF of the Science and Technology
Department of Shaanxi Province under Grant Nos. 2016JM5068, NSF of the Key Laboratory of
Shaanxi Provincial Department of Education under Grant Nos. 15JS075 and Shaanxi Province
green smart printing and packaging collaborative innovation center.
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Abstract. According to the basic principle of variable data printing and the
common production methods of variable data printing, an innovative technical
solution for network service platform based on XML technology to realize
multi-data format file creation of variable data printing jobs is proposed.
The XML format input file is synchronously converted into a PPML format and
a PDF format output file by the XML parsing technology DOM4J and the
formatting object processor XML-FO. Tencent cloud platform, J2EE develop-
ment platform to build B/S network architecture and SSM integration frame-
work, MySQL database for data storage and management is used to design and
implement cloud-based online variable data print job production system.

Keywords: Variable data printing � PPML � System design

1 Introduction

Under the premise of the continuous development of the personalized service market,
the variable data printing customized according to customer needs has become the main
development trend of the printing industry in the future. As a new digital printing
mode, variable data printing can meet the needs of customers in small batches and
personalized printing. It also enables zero inventory and instant printing, effectively
reducing the storage costs of printing companies.

With the wide application of variable data printing, in order to meet the needs of
customers, many printers have developed application software of variable data printing.
Kloosterman et al. proposed a method for creating the template required for variable
data printing by analyzing the variable print job files used to produce relevant
parameters [1]. Gimenez et al. developed a variable data printing engine based on
PPML/T [2]. Many experts and scholars at home and abroad have proposed different
solutions and ideas for the above problems [3–5].
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2 Establishment of Variable Data Print Job Production
System

2.1 PPML Introduction

PPML is a kind of XML-based personalized printing markup language, which is one of
the applications of XML in the printing field [6]. As a Meta language, PPML itself does
not describe page content, but uses various “object units” to describe the structure,
pages, and content of printed materials. PPML uses a hierarchical and structured
approach to describe the information in the print. <PPML> contains all resource
information for the job as the highest hierarchy. This element can only appear as the
root element of the PPML data set. Second, it is divided into document hierarchy
<DOCUMENT SET> (or <JOB>), document <DOCUMENT>, page <PAGE>, and
tag <MARK>.

2.2 Variable Data Printing Process

Variable data printing means that each adjacent printed page can contain unique
information to produce an unrestricted, unique and targeted personalized product. The
most popular production method at present is using the layout design software to create
a fixed page template content, using the database to store variable data information, and
then combining the two parts of the content and outputting them together on a digital
press [7].

The variable data print job file format conversion process is shown in Fig. 1. The
conversion process for implementing multi-format output of a single format file can be
divided into two parts: conversion from an XML format file to a PPML format file and
conversion from an XML format file to a PDF format file.

Database
Field

XML
Format file

Fixed template data 
 PDF format

Variable text data 
FO file

Variable text data 
PDF file

Variable image data 
Image format

FO format file

PPML format file

PDF format file

Fig. 1. Manufacture workflow of variable data printing jobs
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2.3 Modeling of Variable Data Printing System

In this system, it is roughly divided into two categories of users: ordinary users and
administrators. Through the research and analysis of the variable data printing process,
the system function modules are divided into two parts: the front-end module for
ordinary users and the background module for system administrators.

The function of the system foreground include: registration, login, shopping cart,
photographer’s page, my account and help center and other modules.

System background functions include: personnel management, product manage-
ment, order management, and website content management modules.

Combined with the database design principles and the actual needs of the system, a
database table structure with less redundancy and a reasonable structure is created. So
we use MySQL as a database system. The system uses HTML and CSS technology to
complete the writing and style design of static pages [8]. Use MyEclipse2016 as a
development tool based on the SSM integration framework. Among them, the SSM
framework is composed of three open source frameworks: Spring, SpringMVC, and
MyBatis.

3 Implementation of Online Variable Data Printing
Production System Based on Cloud Platform

According to the analysis of the production of variable data printing jobs, the product
production module of the platform is divided into four sub-modules: registration login,
product selection, variable data printing product production, product ordering. This
chapter will briefly show the implementation of several modules in the system.

3.1 Variable Data Printing Product Production Function

After the user enters the product details page, click the button on the page to enter the
product creation page. The system automatically creates a corresponding number of
blank templates based on the number of pages selected by the user. The template can be
reused and a preview of the page can be viewed. A question about whether the
information is complete before the last save. The user can view the work in the order
module under the personal account section. The production interface of the album
product is shown in Fig. 2. Click on the template selected on the left and the blank
template on the right is replaced, as shown in the Fig. 1 in the figure. The user
automatically opens the local file by clicking the sample photo on the template, selects
the uploaded photo, and completes the input of the image information, as shown by the
number 2 in the figure.

3.2 Background Product Management Functions

There is a product series management module and a list of product series is displayed
the page when the administrator enters the background management system. A new
series can be added and the page will jump to the series add interface. When adding a
series, you need to enter the product number, name, price, and select the product type.
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After the save operation, the product series is added successfully. When you delete a
series, all the template information under the series will be deleted.

4 Conclusions

In this paper, XML data format conversion technology is used to realize the production
of multiple data format files for variable data printing operations. The cloud platform
online photo album production system is designed by analyzing customer needs and
finally realizes the functions of single format input and multi-format output. The use of
new technology for variable data printing makes personalized printing more convenient
and user experience more comfortable. Since the focus of this topic is on making
variable data print jobs and converting between different formats, other minor features
of the site are not fully implemented. The system will be further upgraded and
maintained in the future.
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Shaanxi Provincial Department of Education under Grant Nos. 15JS075 and Shaanxi Province
green smart printing and packaging collaborative innovation center.

References

1. Kloosterman, D., & Donahue, T. F. (2003). Variable data printing dynamic imposition
template: US, US20030189726[P].

2. Gimenez, G., & Chiarabini, L. (2004). A PPML/T based variable data printing engine. In Nip
& Digital Fabrication Conference (pp. 347–350(4)).

Fig. 2. Website of photo album making

Design of Online Variable Data Printing Jobs Production System … 567



3. Dyson, P. E. (2002). Variable-data printing adopts PPML and the web. Seybold Report on
Publishing Systems.

4. Drennan, B. (1997). Variable-data printing comes of age: Capabilities & market demand
converge. Seybold Report on Publishing Systems.

5. Liu, Z., Zhu, M., & Mao, Z. (2009). Research on variable data printing for cross-media digital
publishing. In International Conference on Computer Sciences and Convergence Information
Technology (pp. 723–727). IEEE.

6. Wang, P. (2012). Variable data printing file analyzing and screening technology base on
PPML. Zhejiang University of Technology.

7. Mao, Z. (2011). The construction and realization of web service platform of variable date
printing. Nanjing Forestry University.

8. Bao-Wen, W. U. (2012). CSS style sheet implementation in several common page layout
structures. Journal of Wenshan University.

568 R. Luo et al.



Gravable Printing Plate Surface Defect
Intelligent Detection Method

Yechi Pang(&), Zhuangzhi Ye, and Zhijie Li

Beijing Key Laboratory of New Technology of Packaging and Printing, China
Academy of Printing Technology, Beijing, China

pangyechi@keyin.cn

Abstract. The author visited many gravure printing plate-making enterprises in
China and found that in the fierce market competition environment, enterprises
have gradually changed their approaches to improving their competitiveness.
They used to upgrade their competitiveness by purchasing high-value automa-
tion equipment and other heavy assets, and they gradually changed to purchase
or upgrade enterprise operation management system software and improve
employees’ abilities. The core competitiveness has been improved by improving
the soft power of knowledge structure, or by continuously optimizing the
technology and carrying out the “equipment substitution program”. In such a
case, the development and productization of “gravity plate surface defect
intelligent detection system” has attracted the attention of many gravure printing
companies domestically and overseas, and has great market prospects. The
detection system is divided into five modules, namely the plate roller bearing
module, the plate roller wiping module, the scanning detection module, the
coding mark module, and the system control module. The plated roll is loaded
onto the inspection device, and every module are at the working state from the
initial state. The surface wipe module starts working, after which the scan
detection module starts the first scan. By software calculation, non-defects are
excluded from suspected defects, and true defects are confirmed. The coding
mark module marks the real defects, and after the detection and coding process
are finished, every module returns to the initial position. The plate roller is
removed from the inspection device to complete the inspection task.

Keywords: Gravure printing � Printing plates � Defects � Machine vision �
Testing

1 Defect Detection System

1.1 Gravure Plate Making [1]

Gravure printing process mainly refers to steel roller material selection, metal pro-
cessing, surface grinding, surface copper plating, grinding and polishing, electronic
engraving, chrome polishing, proofing, quality control, and hair plate. Equipment
automation has been achieved in all of the above operations. Among them, between the
multiple links, it is necessary to check the surface of plate roller for a number of flaws,
such as material damage, blisters, bubbles, scratches, and the like. It is found that it
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needs to be repaired after boring to ensure that the surface of the plate roll is clean and
free of defects, otherwise it will affect the quality of plate making.

The quality standard of the plate after copper plating is [2] no scratches, bumps,
ramps, sand holes, large traces of grinding lines, and the surface of the copper layer is
smooth, no oxidation, no corrosion points, fingerprints, twill, horizontal stripes, no
repair Traces, dents. At present, the defects are checked, mainly relying on manual
visual inspection. Generally, checking a plate roll of 1200 mm long and 300–400 mm
in diameter will cost for 3–5 min. There are dozens to hundreds of plate rolls in one
class to be inspected, and the labor intensity is very large. Due to human factors,
missing defects are inevitable. If there is flaw on the surface of the plate roll, when the
laser engraving plate roll, the engraving head will be damaged, causing dirty plate,
which will cause unnecessary economic loss and time loss due to rework, worse yet,
customers may be lost as a result. Therefore, the development of an automatic roll
detecting device capable of replacing manual rolls is an urgent need for gravure
printing companies.

1.2 System Composition

Based on the above-mentioned enterprise needs and in accordance with the direction of
the national 2025 strategy, China Institute of Printing Science and Technology resear-
ched the automated and intelligent methods for surface defect detection of gravure
plates, and developed an intelligent detection system for surface defects of gravure
plates, using smart devices. Instead of manual, the surface defects of the gravure plate
are detected. Among the many suspected defects, the non-defects are eliminated, and the
real defects are marked to facilitate the repair of the defects in the subsequent process.

The system is divided into a hardware mechanical part and a software control part.

1.2.1 Hardware Mechanical Part
It consists of a plate roller bearing module, a surface wiping module, a scanning
detection module, and a code marking module. See Fig. 1.

Plate Roller Bearing Module

The module is used for loading the gravure plate roller, and the other end is fixed, so
that it can rotate at a constant speed according to the required rotation speed, so as to
facilitate the detection of the surface of the plate roller and the marking of the crucible.
See Fig. 2.

Surface Wiping Module

Before the defect detection on the surface of the plate roller, the surface of the plate
roller is wiped at all times to remove dust, which lays a foundation for the elimination
of non-defects. See Fig. 3.
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Fig. 1. Schematic diagram of the hardware composition of the gravure roll surface defect
detection system

Fig. 2. Schematic diagram of the roll bearing module

Fig. 3. Schematic diagram of the roll surface wiping module
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Scanning Detection Module

The image is illuminated by an angle-adjustable linear source, and the surface of the
plate is scanned with a camera capture a complete image of the surface of the plate [3].
The normal plate roll surface should be smooth and free of any flaws, and the flaws
(i.e., defects) that appear are of shape and area, and circumference. According to the
threshold set by the software for the perimeter, area and shape of the defect, all defects
found on the image are judged. The threshold greater than or equal to the threshold is
defined as a suspect defect on the map, which is less than the threshold and can be
calibrated on the map. All suspected defects are laid out, which lays a foundation for
next step to eliminate non-defective interference, see Fig. 4.

Code Marking Module [4]

By identifying the suspected defects on the surface of the plate and eliminating the
defects, real defects are marked around the defect points on the surface of the plate by
coding, which is convenient for repairing the defects, see Fig. 5.

Fig. 4. Schematic diagram of the suspected scan detection module

Fig. 5. Schematic diagram of the code marking module
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1.2.2 Software Control Part
A software control part includes a plate roll loading operation control subsystem, an
image acquisition subsystem, a plate roll surface wiping control subsystem, a code
mark control subsystem, and the like.

Plate Roll Loading Operation Control Subsystem

a. By controlling the clamping motor of the left and right movable top cones, the plate
roller is clamped on the detecting device according to the length of the plate roller.

b. Through the control of the spindle rotating motor, the plate roller can be rotated at a
constant speed and the speed can be adjusted.

Image acquisition subsystem

a. According to the diameter of the plate roller, the distance between the scanning
detection module and the surface of the plate roller is adjusted by the control motor
to reach the set value.

b. According to the length of the plate roller, the motor is driven to translate the
detection module to the second working position, and the above work is repeated
until the end.

Plate Roll Surface Wiping Control Subsystem

a. According to the diameter of the plate roller, adjust the distance between the surface
wiping module and the surface of the plate roller by controlling the motor to reach
the set value.

b. Control the motor so that the wiping head contacts the surface of the plate roller
under a certain pressure and is wiped by the rotation of the plate roller.

c. According to the length of the plate roller, the surface wiping module is translated to
the second working position by motor drive, and the above work is repeated until
the end.

Coding Mark Control Subsystem

a. According to the diameter of the plate roller, adjust the distance between the print
head and the surface of the plate roller by controlling the motor to reach the set
value.

b. On the basis of the suspected defects detected by the scanning detection module, the
final confirmed defects are marked on the surface of the plate roll by non-defect
elimination algorithm and real defect confirmation algorithm.

1.3 Process Route

Load a copper plated roll having a surface roughness Ra between 0.04 and 0.08 onto
the detecting device, and adjust the working distance between the surface wiping
module, the scanning detecting module and the code marking module and the plate
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roller according to the diameter change of the plate roller. To the initial working state,
the surface wiping module starts to work. The scanning detection module starts the first
inspection. The scanning detection module starts the second detection. According to the
length of the plate roller, the surface wiping module and the scanning detection module
are moved to the second working position, and the above wiping and repeating are
repeated. The inspection work is calculated by software, and the non-defects are
eliminated in the suspected defects and the real defect code marking module is coded to
mark the real defects found in the first working position, and so on. After the defects of
each section of the plate roll are detected, the code mark module moves to the last
working segment, and after finishing the defect, all the work is completed. Each
module is restored to the initial position, and the plate roller is removed from the
detecting device to complete the detection.

2 Defect Confirmation Method

The system has developed a set of intelligent equipment using industrial controllers and
sensors, linear modules and control software to detect surface defects of gravure plates.
The core of the technology is to accurately eliminate non-defects among all the sus-
pected defects detected, achieving a defect recognition rate of 100% and a non-defect
elimination rate of approximately 100%.

2.1 Non-defective Elimination Method

This method mainly excludes debris that can be moved on the surface of the plate roll
such as dust and dust particles. The technical solution is as follows.

2.1.1 First Defect Scan
The first scan of the surface of the plate is performed, and the suspected defect
information (the defect has a certain shape) is collected, and record the coordinates of
the suspected defects.

2.1.2 Second Defect Scan
While scanning the defect, the plate surface wiping module always wipes the scanned
area on the surface of the plate roll to displace the non-defects. At the same time, start
the second scan, and the coordinates of the suspected defects are recorded again.

2.1.3 Exclude Non-defects
Compared the suspected defect detected at the second scan with the suspected defect at
the first in the same coordinate origin, and the abscissa displacement DX and the
ordinate displacement DY are obtained. The abscissa displacement is set as first
threshold (1�A� 10 ppi) and the ordinate displacement as second threshold
(1�B� 100 ppi).

If DX �A or DY �B, then the suspected defect is confirmed as a non-defect.
If DX < A and DY < B, then the suspected defect is confirmed as a suspected

defect. And record the coordinate position.
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2.2 Method of Confirming the True Defect

On the basis of the first suspected defects, the suspected defects are successively judged
by the gray value, the area, and the circumference and the real defects are finally
defined. The flowchart of the judgment method is shown in Fig. 6.

2.2.1 Determine Whether It Is a Suspected Defect by the Gray Value X
for the Second Time
Scan the surface of the plate roll, use the gray value to distinguish the pixel level of the
scanned images, and set a gray limit value X (20�X� 200).

If the gray value of the suspected defect �X, then it is considered as a suspected
defect.

2.2.2 Through the Area S for the Third Time to Determine Whether It Is
a Suspected Defect
Calculate the suspected defect for the second time, calculate the area for the graph with
a certain area of suspected defect, and set an area limit value S (1� S� 5 ppi2).

If the area of suspected defects � S, then it was confirmed to be a suspected defect.

Fig. 6. Flow chart of the method for judging the true defect
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2.2.3 Through the Perimeter C to Finally Determine Whether It Is a Real
Defect
For the third suspected defect that has been confirmed to be recalculated, the perimeter
is calculated for the graph of the suspected defect having a certain area. Set a perimeter
limit C (10�C� 60 ppi).

If the area of suspected defect �C, then confirm that it is a real defects.
The coordinates corresponding to all the real defects after confirmation are statis-

tically listed for the use of the code marking module.

2.3 Intelligent Classification of Defects

The detection system uses a deep learning algorithm to achieve intelligent classification
of defects [5].

2.3.1 Accumulate Scan Files and Build Training Samples
The defects in the image are intercepted, and then manually classified according to the
characteristics of the defects to establish a basic database of training images. According
to the characteristics of the image data, the CNN neural network model is constructed,
and the pre-stored training database is imported into the model for training. The project
passed the defect system test, and obtained more than 8000 defect samples as the basic
data, which were manually divided into 8 categories, then removed the data that is
difficult to classify and eliminated too much data of some single-class data, and finally
selected 4866 data as the data. Basic data. See Figs. 7, 8, 9, 10, 11, 12, 13 and 14 for a
list of 8 typical defect images.

2.3.2 Form Test Data Based on the Test Information
Among the 15,694 samples stored and intercepted in the factory late roll detection, 268
data were selected as experimental test samples, and 8 types of manual classification
were also performed. The training data and test data information table are shown in
Table 1.

As can be seen from Table 1, some experimental test data is too small, which will
directly affect the classification conclusion.

Fig. 7. Traces
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2.3.3 Defect Intelligent Classification Based on Deep Learning [6]
Load the experimental test data into the trained model and predict the defect classifi-
cation. See Table 2 for the test results.

Through the intelligent classification of defects, it can provide guidance for the
production status of the enterprise. For example, in a period of time, certain types of

Fig. 8. Scratches

Fig. 9. Sand holes

Fig. 10. Water drops

Fig. 11. Water stain

Fig. 12. Thread mark
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Fig. 13. Trailing

Fig. 14. Smudge

Table 1. Training data and test data information

No. Defect type Training data Percentage (%) Test data Percentage (%)

1 Traces 1356 27.87 46 16.08
2 Scratches 84 1.73 9 3.15
3 Sand holes 392 8.06 68 23.78
4 Water drops 1540 31.65 54 18.88
5 Water stain 353 7.25 17 5.94
6 Thread mark 127 2.61 1 0.35
7 Trailing 75 1.54 2 0.70
8 Smudge 939 19.30 89 31.12

Total 4866 286

Table 2. Defect classification

Manual
classification

Test conclusion
Traces Thread

mark
Scratches Sand

holes
Trailing Smudge Water

stain
Water
drops

Traces 45 0 0 0 0 2 0 0
Thread mar 0 1 0 0 0 5 0 0
Scratches 0 0 3 1 1 2 7 1
Sand holes 0 0 1 37 1 3 0 5
Trailing 0 0 1 6 0 1 0 0
Smudge 0 0 0 1 0 63 5 2
Water stain 1 0 4 8 0 6 4 0
Water drops 0 0 0 15 0 7 1 46
Single
precision

97.8% 100.0% 33.3% 54.4% 0.0% 70.8% 23.5% 85.2%

Total precision 69.58%
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defects appear frequently, indicating that some problems occur in the early production
process. This needs to be rectified. This information help to improve the scientific and
intelligent management of factory production.

2.3.4 Problems
Data fluctuations change, in the process of detection, as time goes by, new types of
defects continue to appear, and some defects will not appear for a long time. If the
number of classifications is increased, the classification accuracy will be reduced. The
specific classification direction needs to further accumulate data for statistics.

The data is not balanced. When training, the amount of data in each category is
inconsistent, this will affect the accuracy of training. Some defects have a particularly
low frequency, requiring long-term accumulation of data.

There are various reasons for the occurrence of defects. In the later stage, there may
be no statistics on the types of defects in the early stage, which may affect the pre-
diction accuracy.
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Abstract. According to the performance degradation problem of feature
extraction from higher-order statistics in the Alpha stable distribution noise, a
new feature extraction method of rolling bearings under Alpha Stable Noise
Conditions is proposed. Firstly, the non-stationary vibration signal of rolling
bearings is decomposed into several product functions by Local Mean
Decomposition (LMD) to realize signal stability. Then, the distribution prop-
erties of product functions in time domain is discussed by the comparison of
heavy tails and characteristic exponent estimation. Fractional lower order p-
function optimization is achieved by the calculation of the distance ratio based
on K-means algorithms. Finally, faulty feature dataset is created by the optimal
FLOS and lower dimensional mapping matrix to accurately and intuitively
describe various faulty bearings. Since the Alpha stable noise is effectively
suppressed, the presented method has shown nicer performance than the tradi-
tional methods in bearing experiments. Inking roller’s bearings are described
precisely by fractional lower order feature extraction.

Keywords: Alpha stable distribution � Fractional lower order statistics �
Co-variation � Feature extraction

1 Introduction

The existing feature extraction methods of vibration signals are built on second order or
higher order statistics to realize signal filtering and decomposition, assuming that the
noise is yielding a Gaussian distribution [1]. However, those statistics are not existed
under Alpha stable distribution noise conditions [2, 3]. Based on this finite statistics,
features of time domain, frequency domain and time-frequency domain would show
degradation performance of state description [4–7]. In order to process the bearing
vibration signals under Alpha stable noise conditions effectively, a new feature
extraction method in fractional lower order is proposed in this paper.
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2 Time-Domain Distribution Characteristics Analysis

LMD decomposes an arbitrary detection signal xðtÞ into a series of components PFiðtÞ
and remainders uiðtÞ [8, 9]. However, when the noise is impulsive and modeled as a
non-Gaussian a process, variance, second order and higher order statistical character-
istics of PF1ðtÞ are infinite. That may reduce the accuracy and reliability of above
statistics for the description of equipment states.

xðtÞ ¼
X

PFiðtÞþ uiðtÞ ð1Þ

Suppose SKF6205-2RS bearing faulty database is X ¼ fA;M : ng, where fault
types M 2 fB;C;Dg and fault sizes n 2 fa; b; cg. The faulty samples are grouped in
Table 1.

The most striking characteristic of the Alpha stable distributed signals is more peak
pulses in time domain and thicker algebraic tails of probability density PDF. Figure 1
is the heavier tails of signal components PF1ðtÞ. Then, the mean values of characteristic
exponents a [10] of PF components are shown in Table 2.

Table 1. Grouped faulty samples

No. Groups Description

1 X ¼ M : n M ¼ B;C;D; n ¼ ajf g Three fault types in fault size a
2 X ¼ M : n M ¼ B;C;D; n ¼ bjf g Three fault types in fault size b
3 X ¼ M : n M ¼ B;C;D; n ¼ cjf g Three fault types in fault size c
4 X ¼ M : n M ¼ B; n ¼ a; b; cjf g Rolling fault in different fault sizes
5 X ¼ M : n M ¼ C; n ¼ a; b; cjf g Inner race fault in different fault sizes
6 X ¼ M : n M ¼ D; n ¼ a; b; cjf g Outer race fault in different fault sizes

Fig. 1. PDF curves comparison of PF1 of faulty bearings and Gaussian signals with the same
parameters except a
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It is proved from Fig. 1 and Table 2: (1) there is no doubt that the alpha distributed
noise is existed in the vibration signals under both normal and faulty conditions.
(2) When the noise is impulsive and modeled as a non-Gaussian process, PF compo-
nents are failed to describe the vibration signals accurately, which has been a major
drawback to the use of LMD.

Therefore, using fractional lower order features is more adaptive than the con-
ventional second-order and higher-order statistical moments to describe the signal
components, avoiding the conventional hypothesis errors effectively.

3 Fractional Lower Order Characteristics of Bearing
Vibration Signals

This new method constructs the feature matrix of the optimal FLOS and lower
dimensional mapping matrix to effectively suppress the impulsive noise and accurately
describe the equipment operational condition. The algorithm flow is shown in Fig. 2.

3.1 Optimal FLOS

The formula of fractional lower order statistics (FLOS) is [11]:

E Xj jp½ � ¼ Cðp; aÞcp=a; 0\p\a
1; p� a

�
ð2Þ

where Cðp; aÞ ¼ 2pþ 1Cðpþ 1
2 ÞCð�p=aÞ

a
ffiffi
p

p
Cð�p=2Þ and Cð�Þ is Gamma function.

This paper introduces an optimization algorithm of optimal value popt. First, we
calculate FLOS with different p values as the eigenvalue of each sample, described as
Ei;j
p . Then, the best clustering center ðx1; x2; . . .xJÞ of each state type is obtained by K-

Table 2. Mean values of bearing samples (SKF6205-2RS)

Samples A B : a B : b B : c C : a C : b C : c D : a D : b D : c

Mean values 1.897 1.997 1.619 1.968 1.522 1.536 1.433 1.170 1.990 1.008

Signal detection

A series of 
product functions

Fractional
lower order p-

function

The  optimal 
FLOS

LMD

Low
dimensional

mapping matrix

LE

Fractional
lower order 

feature datasetHigh
dimensional
covariation

Distance
 ratio

Fig. 2. A fractional lower order features extraction method
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means clustering algorithm. Finally, we could calculate the distance between Ei;j
p and

ðx1; x2; . . .xJÞ in order to obtain the class separation distance Db and intra-class distance
Di of each sample. At last, the optimal order popt of FLOS could be selected by the
mean distance ratio of �Db=�Di.

3.2 Lower Dimensional Mapping Matrix of Co-variation

According to the infinite variance of Alpha stable signals, Miller put forward the
concept of co-variation in 1978. For random variables X and Y of simultaneous dis-
tribution, the co-variation of variables X and Y is given by formula (3), with charac-
teristic exponents 1\@� 2 and dispersion coefficient cy.

X; Y½ �a ¼
EðXY\p�1[ Þ

Eð Yj jpÞ cy; 1� p\@ ð3Þ

For the high dimensional covariant matrix, Laplacian Eigenmaps algorithm is used
to carry out lower dimensional mapping matrix. Finally, realize the optimal embedding
of high dimensional manifolds in the mapping theory.

4 Feature Accuracy Comparisons

In Sect. 4, we analyze the characteristics of multi-dimensional features and the frac-
tional lower order features proposed in this paper. The range of parameter p is deter-
mined according to the minimum value of characteristic exponents @. Taking the
variation of p as 0.1 and calculating the ratio value of Db

�
Di.

As shown in Table 3, the maximum ratio is 319.68 when the value is p ¼ 0:1.
Calculate the co-variation matrixes of component PF1ðtÞ and co-variation matrices
CN�N . Making CN�N to be the input matrix, we construct the Laplace characteristic
matrix to enhance the faulty components in each type of samples. Thus, we could
obtain the lower dimensional mapping matrix MCN�2 of each type of samples.

The characteristic 3D matrix FCN�3 of bearing integrates MCN�2 and Ep matrices.
Draw scattered plots with this 3D feature of matrix as the x, y and z coordinate.
Figure 3 is the comparisons with the mapping features in Ref. [6], which was obtained
from 23 dimensional features (Table 4).

Table 3. Ratio of different faulty sets

p 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ratio 319.68 288.63 85.61 253.99 195.63 126.25 205.08
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(a) Mapping matrix from 23 dimensional features of 1-6 faulty sets

(b) Fractional lower order features of 1-6 faulty sets

Fig. 3. 3D scattered plots comparisons
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5 Conclusions

(1) The Alpha distributed noise exists in the vibration signals under both normal and
faulty conditions.

(2) When the noise is impulsive and modeled as a non-Gaussian a process, LMD
algorithm does not process the vibration signals effectively for impulsive noise
still exists in PF components.

(3) The improved performance is clearly demonstrated both theoretically and
experimentally. In the comparisons with traditional methods, fractional lower
order features make the classification accuracy of bearings in servile states up to
97.00%, providing a certain theoretical basis for the intelligent diagnosis of the
whole machine.
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Abstract. The operational characteristic of offset press is studied to provide the
theoretical basis for the design and manipulation of the offset press. The theo-
retical model between blanket cylinder and impression cylinder is built based on
elastic hydrodynamic lubrication (EHL) theory. Then numerical calculation
method is applied to solve the theoretical model. Results: The universal char-
acteristic curve of the offset press is obtained, which demonstrates the changed
rule of the thickness of the ink film under the common influence of the printing
load and the printing speed. And the rule is significant to the design and
manipulation on the offset press. When the printing load of the offset press is
limited to a specific range, the offset press has the best maneuverability. This
means that the thickness of the ink film is less sensitive to the change of printing
speed.

Keywords: Offset press � Operational characteristics � EHL � Universal
characteristics

1 Introduction

The offset printing is currently the most widely used and leads printing method in the
printing field. In the global printing market, the offset printing method occupies 65–
70% of market share [1]. Figure 1 shows a schematic diagram of the offset printing
press. In offset printing, the graphic-text part and the blank part on the plate are almost
on the same plane. Offset printing plate utilizes the principle of “oil-water mutual
exclusion” to form the layout. The image area is oily and hydrophobic, and the blank
area is hydrophilic and lip phobic. The thin plate is wrapped and installed on the plate
cylinder, and the blanket cylinder is covered with a printed rubber blanket. In printing,
the dampening unit transfers the fountain solution to the printing plate first, makes the
blank region form ink repellent film. Then the inking unit passes the ink to the plate,
and the region of graphic and text captures the ink, thus forming the printing sheet
plate. The plate cylinder passes the ink to the blanket cylinder through the cylinder
contact. When the paper passes between the blanket cylinder and the impression
cylinder, the ink is transferred to the surface of the paper from the blanket cylinder
under the contact pressure between the two cylinders [2].
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Although the offset press is considered as highly automated device, it must be
operated by an experienced operator. When the equipment is printing, the operator
needs to constantly extract the printed products, observe the printing quality and adjust
the ink supply. In particular, when the printing speed is changed, the offset press cannot
change the amount of ink automatically. It is necessary to observe and adjust the input
of the ink constantly by the operator until a relatively stable state is reached. Such
operation mode not only produces a lot of waste products, increases cost, but also
affects printing efficiency. Although several leading printing equipment manufacturers
have made some progress in the “speed tracking curve”, they used the experimental
fitting method to obtain the relationship of the ink amount and the equipment speed in a
type of the offset press [3]. This method is indeed a similar approach because of not
involving accurate model. As far as “speed tracking curve”, there are still some severe
drawbacks, such as poor precision and still need manual intervention.

At present, there are two kinds of research methods for the mechanism of roll
printing: one is facing to ink system. They use graph theory to simulate the ink flow
distribution, ink transfer, ink route optimization and other problems. However, the
exact theoretical contact model is not involved [4]. Another method is to study the dry
contact problem of two rollers. The contact mechanics model does not involve fluid
ink. For example, Wang and Knothe used a numerical algorithm to analyze the stress
distribution of two viscoelastic roller contacts [5]. Elsharkawy proposed a numerical
algorithm for dry contact of two viscoelastic rollers [6]. Some scholars have also
studied the roll contact problem of roller with viscoelastic surface cladding. Brant and
Kalker demonstrated the use of theoretical calculation and experimental analysis to

Plate cylinder

Blanket
 cylinder

Impression 
cylinder

Dampening unit

Inking unit

Paper

Printed image

Fig. 1. Schematic diagram of offset press
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study the dry contact problem of two rollers [7]. Goryacbeva and Sadeghi have studied
the problem of rolling contact and sliding contact between an elastic roller and an
elastic plane bonded with viscoelastic rubber [8].

The first method does not incorporate the precise theoretical contact model, so it
cannot consider the key factors such as contact pressure, material properties, material
deformation, and ink flow splitting position. The second method does not get the
mechanical behavior of ink because of no ink considered in the contact model.
Therefore, the ink transfer mechanism of offset press is still in the stage of qualitative
description at present, and the precise model of roller rolling contact is not established,
and the accurate prediction of the amount of ink on the printed material cannot be
made.

The thickness of the printing ink layer is one of the core objectives for the printing
machine control. There are many factors affecting the thickness of the printing ink layer
such as printing load (printing pressure), printing speed, ink property, and ambient
temperature. However, the ink property can be determined by choice of specific ink,
and the stable environmental temperature can also be achieved by a workshop with
central air conditioning. From the view of the equipment, the printing load and printing
speed are more important factors for they are routine control action of operators. The
change law of ink thickness under the common influence of the printing load and the
printing speed has been a puzzle to machine study and machine operation.

Based on the elasto-hydrodynamic lubrication theory (EHL), the rolling contact
model of offset press is set up in this paper. The operating characteristics of offset press
are studied by numerical calculation, and the changed law of ink thickness under the
common influence of printing load and printing speed is obtained.

2 Theoretical Analysis

Elasto-hydrodynamic lubrication theory is an important field of tribology research. The
object of EHL is classified into two types: line contact and point contact. Most of the
research objects of EHL are heavy load lubrication such as the tooth surface of the gear,
the rolling body of the rolling bearing, and the high strength contact of the cam. With
the development of this theory, low load lubrication between high elastic contacts is
studied, which is called soft elasto-hydrodynamic lubrication (SEHL).

The contact form of offset printing ink transfer belongs to linear contact in rolling
form. The rotation of cylinders in the offset press is driven by gears. But the rotary
movement of ink rollers is transmitted by friction. As the adhesion of the ink is high, it
can be considered as a rolling form on the whole. As an example of the offset press for
sheet size 570 � 840 mm, the length of the ink rollers and cylinders of the offset press
is about 1000 mm, and the contact width is usually 2–5 mm, so the contact length is
2–3 orders of magnitude higher than the contact width, which is a typical line contact.
In the printing ink transfer process of offset press, the ink is attached to the ink roller,
the ink is passed through the rolling contact area between the two ink rollers, the ink
roller and the plate cylinder, the plate cylinder and the blanket cylinder or the blanket
cylinder and impression cylinder, and the two contact surfaces are separated from the
ink, so it belongs to the EHL research category.
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The solution result of EHL theory is the lubrication film thickness and pressure
distribution in the lubrication contact area. The solution means of EHL is to equip the
contact object as an equivalent elastic cylinder and an equivalent rigid plane.

On the basis of hypothesis conditions, Reynolds equation, deformation equation,
load equation, film thickness equations and so on are established. Then the intensity of
pressure is calculated according to the assumed deformation function. And the defor-
mation is calculated after the intensity of pressure is obtained. Then the intensity of
pressure is calculated according to the modified deformation function. So the thickness
distribution of the film is obtained until the satisfactory precision is obtained.

There are many researches on EHL, which are of some reference value to the ink
transfer mechanism of the offset press. Ge Peiqi gave the line contact Reynolds
equation under the four parameter non Newtonian rheological model, and used the
multi-grid method to get the complete numerical solution on the isotherm contact of
EHL [9]. Mongkol studied the transient contact analysis of non-Newtonian lubricants
in parallel rolling of two rollers [10]. Stakenborg and others analyzed the contact
pressure of the radial lip seal and the lubricating oil, the deformation of the radial lip
seal and the thickness of the oil film when the radial lip seal is in contact with the shaft
[11, 12].

3 Theoretical Modeling

On the basis of elasto-hydrodynamic lubrication theory, the roller contact model of ink
transfer is established based on the roller contact between the blanket cylinder and the
impression cylinder. The necessary idealization assumption is made assuming that the
ink is Newton fluid, only making laminar movement and no turbulent flow; in an
isothermal condition (ink’s temperature is working environment temperature). The
Reynolds equation of the contact model is established as follows

d
dx

qh3

g
� dp
dx

� �
¼ 12U

d qhð Þ
dx

; ð1Þ

where p represents ink film pressure, h represents ink film thickness, x is the coordinate
of contact area, η represents fluid viscosity, q represents fluid density, U is constant
[13].

The load balance equation of the contact model is established as follows

w ¼
Zxout
xin

pdx; ð2Þ

where xin and xout are the horizontal ordinate of the inlet and outlet position of the ink
flow in the rolling contact area respectively.

The ink film thickness equation is set up as follows
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h ¼ h0 þ x2

2R
� 2
pE0

Zxout
�1

p xð Þln x� sð Þ2ds; ð3Þ

where h0 is the initial clearance of the two cylinders, R is the equivalent radius of the
cylinder, and the E0 is the equivalent elastic modulus of the cylinder [14].

Under the condition of isothermal condition, the ink density equation is as follows

q
q0

¼ 1þ Ap
1þBp

; ð4Þ

where q0 is the environment density, A and B both are constants.
The ink viscosity equation was established as follows

g ¼ g0 exp ln g0 þ 9:67ð Þ 1þ 5:1� 10�9p
� �Z�1
h in o

ð5Þ

where g0 is environmental viscosity, and z is pressure-viscosity coefficient [15].

4 Numerical Calculations and Analysis

The offset press for sheet size 570 � 840 mm is selected as example to demonstrate.
The viscosity value of offset ink at room temperature is taken as the calculation
parameter, which is 35 Pa s [16], and the change of printing speed is set in the range of
(0–6) m/s, and the change of printing unit length load is set in the range of
(0–6) � 104 N/m. All the relevant calculation parameters are shown in Table 1.

In the process of solving the equations, the equations are written into dimensionless
form, and then the multi-grid method is used to discretize the models and solve them
numerically. The 3D view of outlet ink thickness of the offset press is shown in Fig. 2,

Table 1. Calculation parameters

Parameter name Value

Radius of blanket cylinder R1 = 0.15 m
Radius of impression cylinder R2 = 0.15 m
Elastic modulus/Poisson’s ratio of rubber blanket E1 = 1.8 � 106 Pa/l1 = 0.47
Elastic modulus/Poisson’s ratio of impression cylinder E2 = 7.5 � 1010 Pa/l2 = 0.3
Temperature T = 293.15 K (20 °C)
Ink viscosity at room temperature η0 = 35 Pa s
Pressure-viscosity coefficient a = 2.2 � 10−8 m2/N
Unit length load w = (0–6) � 104 N/m
Printing speed (roller rotation speed) v = (0–6) m/s
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that is, the curved surface of ink thickness under the common influence of printing load
and printing speed.

In order to facilitate to analyze the problem, we get the universal characteristic
curve of the offset press by changing the exhibition form of the data. The contour map
of ink film thickness at the outlet of contact region is shown in Fig. 3: the printing
speed is used as the horizontal coordinate; the printing unit length load is used as the
ordinate.
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Fig. 2. 3D view of outlet ink thickness under the printing load and printing speed

Printing speed U(m/s) Inking system

U
ni

t l
en

gt
h 

lo
ad 

W
N

/m

Fig. 3. Contour map of ink film thickness at the outlet of contact region
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Figure 3 shows that the thickness of the outlet ink under the combined action of
load and speed is a series of turning arcs. It is self-evident that the ideal offset printing
ink thickness curve is a straight line with a smaller slope or a slowly changing curve. In
order to control the ink layer thickness of the offset press effectively, the printing load
must be limited to a certain range (the ideal load range), such as the area in the
rectangle frame marked in red color in Fig. 3. If the printing pressure is in the ideal load
range, the thickness variation of ink layer is relatively small when the printing speed
changes. If the printing pressure is out of the ideal load range, the thickness variation of
ink layer will be severer and less controlled when the printing speed is changed. Under
the same working conditions, the influence of the lower load on the ink layer thickness
is more intense than that of the higher load, and the manipulation is poor. This is the
inspiration from the universal characteristic curve of offset presses.

5 Conclusions

Based on the elasto-hydrodynamic lubrication theory, the ink transfer rolling model of
the offset press is established. The changed law of the thickness of the ink layer under
the common influence of load and speed is studied by numerical calculation. Moreover
the universal characteristic curve of the offset press is obtained, and the offset press
puzzle that have been solved theoretically.

The results show that the thickness of the outlet ink under the common influence of
printing load and printing speed is a series of arc lines. For the specific kind offset
press, as long as the ideal load range is determined, the thickness of the printing ink
layer is less sensitive to the change of printing speed, so the difficulty of equipment
operation will become easier. The manipulation effectiveness of offset press can also be
greatly improved.
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Abstract. In order to better understand the development and application of
functional packaging materials, four types of functional packaging materials
(high barrier packaging materials, anti-static packaging materials, antimicrobial
packaging materials, nano packaging materials) were selected for the study. The
results showed that the research and development of functional packaging
materials had been relatively mature, and some excellent materials had been put
into use, but there were still some problems to be solved, such as safety prob-
lems, environmental problems, industrial production, etc.

Keywords: Functional packaging material � Summarize

1 Introduction

Functional packaging materials refer to materials that can meet certain functions of the
packaged items. For example, packaging materials with high barrier properties can
effectively separate the gas exchange between the packaged goods and the environment
so as to achieve the function of protecting products. Antistatic packaging can protect
electronic products from static damage. Antimicrobial packaging can inhibit the growth
of bacteria and fungi inside the packaging, thus ensuring the quality of products. Nano
packaging material is new technology that combines nanotechnology with packaging
materials, especially in fruits and vegetables preservation. In this paper, the research
status of the above functional packaging materials is reviewed, and the latest research
and application progress at home and abroad in this field are introduced, and the
development trend of functional packaging materials is prospected.

2 Development and Application of Functional Packaging
Materials and Technology

2.1 High Barrier Packing Materials

Barrier properties are important properties of packaging materials. The stability of the
packaging environment can be maintained by the barrier property of the material, so
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that the shelf-life of the product can be extended. In particular, food and medicine have
higher requirements on barrier properties of packaging materials [1, 2]. At present, the
polymer materials with better barrier properties are polyvinylidene chloride, ethylene
vinyl alcohol copolymer, polyamide and polyester. Such materials are simple in
preparation process and low in economic costs, but polymers are difficult to degrade
and cause some environmental pollution [3, 4]. With the continuous development of
barrier packaging materials, new technologies and materials with better properties are
emerging. It includes composite material, inorganic material filling and blends, MFC
composites and steamed materials.

Yang and others prepared the ethylene/vinyl alcohol copolymer/graphene com-
posite by solution blending. The oxygen permeability of the material was 0.5% of the
single EVOH film [5]. Liu Xiwei used the solution polymerization method to prepare
the vinylidene chloride-methyl acrylate copolymer. The vapor permeation rate of the
film was 5.42 g/(m2 � 24 h) [6]. Cabedo L. prepared EVOH-kaolin nanocomposites by
melting blend method. The results showed that when the clay content was less than
8 wt%, the heat insulation and oxygen resistance properties are improved [7]. The
cellulose/BN nanocomposite films has certain barrier properties to the acid and alkali
substances such as dilute hydrochloric acid and sodium hydroxide. With the increase of
BN nano filler, its barrier ability to acid and alkali is enhanced, its minimum oxygen
permeability is 0.5 Lit/cm2/min, and has a good barrier property to oxygen [8]. 20–
50 nm thick alumina or silicon oxide film was prepared by plasma assisted atomic layer
deposition as a barrier layer. The vapor permeability of the material can reach 10 to
5 g/(m2 D), but the deposition rate of the high barrier film by ALD was slow and the
cost is high [9].

2.2 Anti-static Packaging Materials

The electrostatic protection packaging has the functions of low electrification rate,
electrostatic shielding, proper resistivity and charge decay besides the general pack-
aging function. It is possible to avoid the electrostatic discharge of the electrified object
or the human body causing the product to damage [10]. Antistatic packaging is mainly
used in the packaging of electrostatic sensitive products, such as electrical products,
photoelectric products, optical and electronic integration products, missiles, ammuni-
tion, explosive and so on [11]. Antistatic packaging materials can be divided into
antistatic agent treatment type, surface modified antistatic packaging material, con-
ductive material filling type, structure conductive polymer and nano antistatic pack-
aging material [12]. Antistatic agent treatment is the most commonly used method to
improve the antistatic properties of polymer materials [13]. At present, many domestic
scientific research institutions have made significant progress in developing polymer
permanent antistatic agents by using polymer alloying technology [14].

Jiang Shangjie found that all the strength properties of the coated antistatic cor-
rugated board are better than the printed corrugated board [15]. Radiation is used to
irradiate methacrylic acid or acrylic acid and then grafted onto polypropylene or
polyethylene can significantly improve the antistatic properties of these materials [12].
The nano Fe3O4/cellulose composite packaging film was prepared by situ co precipi-
tation method. The film has good antistatic properties, and its antistatic performance is
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more stable in low humidity environment [16]. Carbon black and polyethylene resin are
mixed to made high surface antistatic polyethylene film by three layers coextrusion
blowing process and corona treatment. It can be applied to the packaging of electronic,
chemical and military products sensitive to electrostatic and electromagnetic radiation
[17, 18]. Graphene based composite prepared by Wang Zhenting can meet the
requirements of antistatic electricity and improve the tensile strength of matrix material
[19]. Dong Qingfeng gets PLA/PBAT/CNTs-COOH composites by melting blend,
which can effectively lift the impact strength and reduce the surface resistivity, and can
be used for antistatic packaging for electrostatic sensitive products [20].

2.3 Antimicrobial Packaging Materials

Antimicrobial packaging is a packaging technology that can preserve commodity for a
long time by adding antibacterial agents to the internal or surface of the packaging
material or using antibacterial polymer materials to kill or inhibit the bacteria and
pathogenic bacteria in packaging [21]. The use of antibacterial agents is the key
material for antimicrobial packaging. Its main types include inorganic antibacterial
agents, organic antibacterial agents, and natural antimicrobial agents [22]. The ways to
realize the food antimicrobial packaging can be divided into 5 types: the volatile
antibacterial package, the packing material directly adding the antibacterial agent, the
coated or adsorbed antibacterial package, the chemical bond type antibacterial package,
and the packaging material with antibacterial effects.

Ethanol gas generator is a very mature antibacterial materia, it can inhibit the
growth of microorganisms such as mould and prevent the food hardening by inhibiting
the evaporation of water and aging of starch [23]. The antimicrobial packaging film of
thymus oil can inhibit the respiration, microbial growth and polyphenol oxidase
activity of fresh cut lettuce [24]. The antibacterial membrane of thymol/polylactic acid
was prepared by the solution blending method. It was found that the bacteriostat with a
mass fraction of 7% had a good inhibitory effect on Staphylococcus aureus, Escherichia
coli and Candida albicans [25]. Chemical modification of sodium alginate could
increase the entrapment rate of active substances to a certain extent, and increase the
stability time of bacteriostasis [26]. Kuang Hengfeng and others have found that the
particle size, morphology, dispersion, activation and addition of nano ZnO have a great
influence on the antibacterial effect in different packaging substrate systems [27].
UZ. M. and others prepared single and three layers of cellulose acetate antibacterial
film containing potassium sorbate by dry phase inversion technique [28].

2.4 Nano Packaging Materials

Nano packaging material is a new material that improves the performance of packaging
materials through nanotechnology, and makes it a new material with nanostructures,
nanoscale and special functions (antibacterial, low oxygen permeability, low moisture
permeability and carbon dioxide barrier). It has broad application prospects in food
industry, especially for fruits and vegetables. According to the packaging requirements
of different foods, there are a variety of nanomaterials used for food packaging, such as
nano Ag/PE, nano TiO2/PP, nanomontmorillonite powder/PA and so on. Their
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physical, chemical and biological properties have been greatly improved [29]. These
excellent properties of nanoscale packaging materials make new materials, such as
nanoscale antibacterial materials, fresh-keeping materials and barrier materials, have
been greatly developed in the field of food packaging [30].

By studying the film with nano TiO2, it found that the film can effectively inhibit
the growth of Escherichia coli and Staphylococcus aureus [31, 32]. Yao Yaming used
1-MCP treatment combined with nanoscale packaging to keep fresh and storage of
flammulina velutipes. The results showed that the fresh-keeping effect of 1-MCP
treatment combined with nanoscale packaging was the best [33]. A polythene pack-
aging film containing nano Ag, nano TiO2 and attapulgite was prepared by Yang
Wenjian. The results showed that the nano packaging materials could effectively
improve the storage quality of Agaricusbisporus [34]. Yin Xiaoting used ultrasonic
cleaning and nano packaging technology to preserve fresh cut lettuce. The results
showed that ultrasonic treatment combined with nano packaging had the best effect on
the fresh-keeping of lettuce [35]. Qie Bingyu found that nanoscale cellulose as an
enhanced component of degradable packaging materials can improve the mechanical
properties and barrier properties of the composites and give special functions to the
materials [36].

3 Prospect of Functional Packaging Materials

In recent years, people pay more attention to the safety performance of packaging. How
to ensure the safety performance of product packaging has become a hot spot of
research. It can not only guarantee the good performance of packaging materials, but
also ensure the safety performance of materials. Secondly, the environmental perfor-
mance of functional packaging materials is another research hotspot. For example,
some technologies are used to solve the problem of material degradation, recycling and
reuse. Thirdly, the development and production of new functional packaging materials
lack the corresponding national standards or industry standards, so the performance of
materials cannot be a unified measurement rule, which is also a problem to be solved in
the future.
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Abstract. In order to prolong the shelf life of Nanguo pears at room temper-
ature (25 °C), we made two types of functionally integrated modified atmo-
sphere packaging (MAP), OA and OB. OA integrated self-made high oxygen
permeable film (film O) and high moisture permeable film (film A). OB inte-
grated film O and another type of high moisture permeable film (film B). The
headspace components in the packaging, and vitamin C (VC) contents, titratable
acid (TA) contents and market value of Nanguo pears were monitored during the
storage to evaluate the two types of MAP. Results show that OA and OB can
effectively reduce the nutrient loss of Nanguo pears during storage, thus
maintaining their good commercial value. OA and OB respectively extended the
shelf life of Nanguo pears at room temperature from less than 8 days to less than
12 days and more than 14 days.

Keywords: Nanguo pears � Headspace � Titratable acid � Vitamin C �
Commercial value

1 Introduction

Nanguo pears are specialty of Liaonan. They are known as the king of pears and rich in
a variety of amino acids necessary for the human body and have a high nutritional
value. Nanguo pears are perishable after ripening, and their shelf life are only 2–3 days
at room temperature [1]. Therefore, Nanguo pears are generally picked during the stage
of green mature to extend their shelf life. The effect of low temperature storage is good,
but the cost is high, and it may cause cold damage to Nanguo pears and reduce their
market value. Although 1-methylcyclopropene (1-MCP) can delay the ripening of
Nanguo pears, the treatment will reduce the aroma of Nanguo pears [2]. Atmosphere
storage is an economical and effective preservation method. It can reduce the activity of
catalase and polyphenol oxidase in Nanguo pears and the browning index of the fruit
[3]. So it has been widely used in the preservation of Nanguo pears.

The functions of film used in conventional MAP are relatively simple, and it is
technically difficult to simultaneously achieve high oxygen permeability and high
moisture permeability on a kind of film. In order to solve this problem, two types of
MAP integrating high-oxygen permeability and high-moisture permeability functions
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were made. Our work is purpose to provide new ideas and technical references for the
preservation of Nanguo pears and other fruits at room temperature.

2 Materials and Methods

2.1 Preparation of Modified Atmosphere Packaging and Nanguo Pears

We used a kind of high oxygen permeability film (film O) and two kinds of high
moisture permeability film (film A and film B). O film is a kind of polyethylene
modified film, its manufacturing process is referred to the patent of CN102863685A
[4]. A film and B film are polypropylene modified film, and their manufacturing
process is referred to the patent of CN104017243A [5]. The choice of film material and
the determination of its dimensions were based on our previous research [6]. Three
sides of the two pieces of the film (O and A, O and B) were bonded by hot melt
adhesive to make bags (mark as OA, OB). The film parameters are shown in Table 1.

Nanguo pears of a mature degree of 70–80% were purchased from the Xinfadi fruit
market in Beijing, without any chemical treatment. Nanguo pears were selected
according to the same weight and appearance criteria. These pears were divided into
three groups, OA, OB and control group (unpackaged). Each bag of the OA and OB
group contains 6 Nanguo pears (0.5 kg) groups, and 6 Nanguo pears were randomly
selected from the control group.

2.2 Measurement of the Headspace Component of the Packaging
and Nutrient Analysis

CO2 and O2 concentrations in the headspace of each packaging were tested using an
O2/CO2 handheld gas analyzer (Check Point). The determination of TA content was
based on the method of Sivakumar and Korsten [7]. The VC content of pears was
determined according to the method given by Li et al. [8].

2.3 Commercial Value Evaluation and Data Processing and Analysis

The commercial value of Nanguo pears fruit was evaluated by examining its exterior
and taste. This evaluation was conducted by 10 trained people, adopting a 10-point

Table 1. Film parameters of OA and OB

Packaging Film
material

OTR
[mL/(m2 day atm)]

WVTR
[g/(m2 day)]

Size (m) Area
(m2)

OA O 1.2 � 105 <5 0.30 � 0.20 0.06
A <5 60 0.30 � 0.20 0.06

OB O 1.2 � 105 <5 0.30 � 0.20 0.06
B 1000 100 0.30 � 0.20 0.06
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evaluation method. The evaluation criteria are shown in Table 2. When the score is less
than 5 points, it can be considered that the shelf life of Nanguo pears is reached.

Using SPSS9.0 for experimental data analysis and drawing with Origin 8.5.

3 Results and Discussion

3.1 Changes in Composition of the Headspace

Nanguo pears belong to climacteric fruit, their respiratory intensity will suddenly rise
during the maturation process and then enter the aging stage. In order to meet the needs
of Nanguo pear’s breathing, we used a piece of high oxygen permeability film, film O,
to provide sufficient oxygen in the packaging. It can be seen from Fig. 1a, the oxygen
content in the packaging had been maintained at more than 20%, which avoided the
anaerobic respiration of Nanguo pears and the production of any toxic effects. We used
two kinds of high moisture permeable films, film A and B, to eliminate the water vapor
produced by Nanguo pears in a timely manner. No water vapor condensation occurred
in the packaging during the entire experiment, which verified the rationality of the
packaging design. It can be seen from Fig. 1a that the OA group reached the peak of
respiration on the 7th day, while the OB reached the peak of respiration on the 9th day.
The result shows that the OB can delay the maturation of Nanguo pears. This is
because the moisture permeability of the A film was lower than that of the B film,
resulting in the excessive relative humidity in the OA. The position of the CO2 con-
centration peak in Fig. 1b corresponds exactly to the position of the respiratory peak in
Fig. 1a. Thus validating the previous inference.

3.2 Loss of Nutrients

Titratable acid is an important nutrient in Nanguo pears, and it is also an important
factor affecting Nanguo pears’s flavor. From Fig. 2a, it can be seen that the total acidity
of the three groups of Nanguo pears showed a downward trend during the storage
period. The total acid reduction in the OA and OB groups was significantly lower than
in the control group. The TA content of the control group decreased to 0.284% on the

Table 2. Commercial value evaluation standards of Nanguo pears

Score Exterior quality Taste

8 < X � 10 Peels don’t shrink, the color is
bright yellow

The flesh is delicate, sour and sweet,
without softening

6 < X � 8 Peels don’t shrink, the color of
bright yellow fade

The flesh is delicate, sour and sweet,
without softening

5 < X � 6 Peels shrink slightly, turn black The flesh soften slightly and its
sweetness is reduced

X � 5 Peels shrink obviously, individual
rot

The flesh is obviously soft and its
sweetness is very light
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sixth day, which was only 51% of the initial value. However, the TA content of the OA
and OB groups were always higher than this value throughout the storage period. This
is because the higher relative humidity environment in the two sets of packaging, which
weakened the transpiration of Nanguo pears. It reduced the metabolism of the acid
substances.

Vitamin C is the essential nutrient needed by the human body, and it protects cell
tissue from damage and delays spoilage. Our test found that VC content in Nanguo
pears was relatively small, and the initial test value was 1.45 mg/100 g. It can be seen
from the Fig. 2b that the decrease in the content of the control group during storage
was significantly higher than that of OA and OB. On the one hand, the oxygen
concentration in the atmosphere of the control group was higher, their respiratory
intensity was higher. On the other hand, Nanguo pears in the control group matured

Fig. 1. a Changes of O2 concentration in the headspace of packaging. b Changes of CO2

concentration in the headspace of packaging

Fig. 2. a Changes of titratable acid content in Nanguo pears. b Changes of VC content in
Nanguo pears
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faster than the OA and OB groups. These resulted in a higher oxidation rate of VC in
the control group than in the OA and OB groups.

3.3 Commercial Value

From Fig. 3, it can be seen that the commercial score of the control group during the
storage period was significantly lower than that of the OA and OB groups. Its com-
mercial score was less than 5 on the 8th day, indicating that the shelf life was less than
8 days. The OA group had a commercial score of less than 5 on the 12th day, indicating
that the shelf life of the OA group was less than 12 days. The overall score of the OB
group on the 14th day was still higher than 5, indicating that its shelf life was more than
14 days. Compared with the control group, the Nanguo pears in the OA and OB groups
showed less change in appearance and less nutrient loss, which resulted in a higher
commercial value score.

4 Conclusions

In order to adjust the oxygen and humidity inside the MAP at the same time, this
experiment proposes two kinds of functional integrated MAP design. The high oxygen
permeable film provides the packaging with sufficient oxygen. The high moisture
permeable films, A and B, promptly eliminated the water vapor generated by Nanguo
pear’s respiration. Compared with the control group, both modified atmosphere
packaging designs can significantly reduce the loss of VC contents, TA contents and
commercial value of Nanguo pears during the storage period. OA and OB respectively
extended the shelf life of Nanguo pears from less than 8 days to less than 12 days and
more than 14 days at room temperature. This integrated modified atmosphere pack-
aging can also be further expanded to add other functions. Compared with the tradi-
tional MAP using single film, it has more features and better flexibility.

Fig. 3. Changes of commercial value score of Nanguo pears during storage
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Abstract. In order to study the preservation effect of chitosan coating on Zigui
navel orange at room temperature (20 ± 5 °C), the coating solution was pre-
pared by using chitosan as film-forming agent and citric acid and glacial acetic
acid as solvents. The existing wax coating solution was used as the control. The
experimental navel oranges were coated on the surface by impregnation method
and stored at room temperature (20 ± 5 °C) for 35 days. Changes of physical,
chemical and sensory quality indexes were determined periodically during
storage time. The results were compared and analyzed. The experimental results
showed that the coating effect of citric acid as the solvent is better than that of
glacial acetic acid and the control treatments. In addition, the quality of navel
oranges in 1.5%w/v citric acid treatment was the best in the three different
concentrations treatments. After 35 days, the decay rate, total soluble solid and
vitamin C content were detected in this treatment. The results suggested that
1.5% w/v citric acid had better potential in prolonging the shelf-life of Zigui
navel orange.

Keywords: Chitosan coating � Packaging navel orange � Postharvest quality

1 Introduction

Lane Late navel orange, which is a late maturing bud sport of Washington navel
orange, was successfully bred in Australia in 1950, and was introduced into Zigui of
China from New South Wales of Australia in 1990s. Zigui County, located in the Three
Gorges valley area of the Yangtze River, warm and humid climate, plentiful rainfall
and fertile soil, has made navel oranges grown in this area with special quality of
succulent crisp, bright orange-red and rich flavor [1]. However, it is vulnerable to mold
because it is harvested in rainy and humid season [2, 3]. Some chemical antimicrobial
and fungicides, such as imidazole has been applied in postharvest preservation of navel
orange [4]. But, these synthetic chemical compounds have been used under limited
circumstances because of their possible toxicity and potential risk to human health.

Chitosan, one of the most abundant amino polysaccharides in nature, is the product
of chemical deacetylation of the chitin found in arthropod exoskeletons. It has been
generally used in food, cosmetics, medicine, and health care fields for its good
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biocompatibility, biodegradability and antimicrobial activity [5–7]. The antibacterial
properties of chitosan coating on fruits have been reported in previous researches [8, 9].
The antifungal activity of chitosan on Penicillium italicum in ‘Newhall’ navel orange
fruits was studied by Liu [10].

In this study, the chitosan coating solution was prepared and used for navel orange
preservation. The preservation effect was studied during storage time at room tem-
perature (20 ± 5 °C), and existing wax coating solution was served as the control
group. In addition, comparison researches of two different solvents and three different
concentrations were carried out by testing.

2 Materials and Methods

2.1 Materials

Fresh navel oranges (Lane late) were harvested from a local base in Zigui, Yichang,
China, and transported to the laboratory in 8 h. navel oranges of uniform size and color
that were free from visual defects and mechanical damage were selected for this
experiment.

Commercial food grade chitosan with deacetylation degree of 90% was purchased
from Regal Biological Technology Development Co., Ltd. (Shanghai, China). Citrus
fruit wax 402D was acquired from Licheng Biological Technology Co., Ltd. (Yichang,
China).Citric acid, glacial acetic acid, oxalic acid, ascorbic acid and sodium bicar-
bonate were all purchased from Sinopharm Chemical Reagent Co, Ltd (Shanghai,
China). 2, 6-dichlorophenolindophenol sodium was obtained from MP Biomedicals,
LLC (California, USA).

2.2 Treatments

Five treatments of navel oranges were prepared. Citric acid were used as solvent with
1.0, 1.5 and 2.0% w/v chitosan coating as solute (CA-1.0%CS, CA-1.5%CS, CA-2.0%
CS), glacial acetic acid were used as solvent with 1.5% w/v chitosan coating as solute
(AA-1.5%CS), and the existing wax coating solution, Citrus fruit wax 402D, was used
as the control (CK). The navel oranges were naturally air dried for about 10 h after
coating process and moved into PE bags with forearmed holes when the stable dry
coating was formed, and stored in a ventilated place without sunshine at ambient
temperature (20 ± 5 °C). There were 25 orange samples for each treatment, 10 sam-
ples for weight loss and decay rate, and 15 samples for other indexes. The experiments
were carried out every 7 day, and the total test time was 35 days. The original data after
harvest were obtained, and three replicates were made.

2.3 Methods

2.3.1 Weight Loss
The weight loss rates of the treatments were calculated according to the formula as
follows:
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ML tð Þ% ¼ M0 �Mt

M0
� 100% ð1Þ

where ML(t)% is the percent of mass loss when the time is t, M0 is the sample mass
when the test started andMt is the sample mass when the time was t. The sample weight
was measured by a digital balance (PTF A600, Fuzhou, China).

2.3.2 Decay Rate
We weighed the good fruit and calculated the weight percentage of decayed fruit.
Decay rate was calculated by using the following formula:

D tð Þ% ¼ M0 �Mg

M0
� 100% ð2Þ

where D(t)% is the decay rate at time t, andM0 represents the initial sample mass. Mg is
the good sample mass at time t.

2.3.3 Total Soluble Solids
Total soluble solids (TSS) were measured in the juice obtained from three oranges
using a handheld refractometer (LH-T32, Luheng Biological Technology Co. Ltd.,
Hangzhou, China) at room temperature.

2.3.4 Titratable Acidity
Titratable acidities (TA) were measured by acid-base neutralization titration method
according to the Chinese national standard GB/T 12456-2008 and expressed as the
percentage content of citric acid.

2.3.5 Vitamin C
The Vitamin C content was determined by reference to China’s national standard GB
5009.86-2016. The juice sample was diluted 10 times with 2% (w/v) oxalic acid
solution, and the diluted samples were titrated with 2,6-dichlorophenolindophenol
sodium. A 2% (w/v) oxalic acid solution was used as blank titration.

2.3.6 Sensory Evaluation
Sensory evaluation was conducted by a nine-member panel with specific training on
completing the tests. All panelists were evaluated using a scoring system with three
factors (color, odor and flavor) of navel oranges at 7-, 14-, 21-, 28-, and 35-day. Prior to
the whole sensory evaluation, all estimators were given sorted oranges of varying
degree of quality from three aspects. All raters executed “difference from control”
discrimination sensory test for degree of color, odor and flavor on a scoring scale of 0–
9, 0 means “no difference” and 9 expresses “extremely different” from the initial fresh
sample.
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2.3.7 Statistical Analysis
Statistical analyses were carried out to determine whether significant differences
(P < 0.05) existed among physical, chemical and sensory quality indexes. The mean
differences were determined by analysis of variance (ANOVA) and Duncan’s multiple-
range test, with the option of homogeneous groups, using SPSS 13.0 statistics software
(IBM, Armonk, NY, USA).

3 Results and Discussion

3.1 Weight Loss and Decay Rate

The water content of the fruit lost and the weight decreased gradually with storage time
because of the respiration metabolism and transpiration of fruits after harvesting [11].
The change of weight loss rate of navel oranges during the storage time is shown in
Fig. 1. Form Fig. 1, we can see that five treatments showed similar changing trends,
namely the weight loss rate increased gradually with storage time and jumped abruptly
on the 21st day. The weight loss rate of CK treatment achieved 8.88% while other
treatments were below 8% after 21 days, although there still have commercial value,
but the tastes of navel orange had changed. On the 35th day, the weight loss rate of CK
treatment has reached 13.6% while 11.79% for CA-1.0%CS treatment, 12.72% for CA-
2.0%CS treatment and 11.13% for AA-1.5%CS treatment, respectively. The lowest
weight loss rate, the CA-1.5%CS treatment, is 10.26%. These results indicated that
edible chitosan coating was benefit for the water keeping of navel orange after har-
vesting and the CA-1.5%CS treatment was the best.

Citrus fruits such as navel orange are susceptible to infection by Penicillium ita-
licum and Penicillium digitatum after the harvest [4]. The fruits which infected by

Fig. 1. Change of weight loss rate with storage time
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mould would turn soft, brown, watery-like and shrinking sunken circular spots would
appear on the surface of the fruits until they decay. These all would affect the com-
mercial value of navel oranges vastly. Change of decay rate of navel oranges in storage
period is shown in Fig. 2. As shown in Fig. 2, the apparent decay occurred in all the
experience treatments on the 14th day. The decay rate of CA-1.0%CS treatment was
the largest and no longer increase after the 14th day. The decay rates of CK treatment
and CA-2.0%CS treatment increased on the 28th day, while, the decay rates of AA-
1.5%CS treatment and CA-1.5%CS treatment kept the same. Until the 35th day, the
decay rate of CK treatment reached 32.24% while that of AA-1.5%CS treatment and
CA-1.5%CS treatment were 10.6 and 9.12%, respectively. These results indicated that
AA-1.5%CS treatment and CA-1.5%CS treatment inhibited the breed of Penicillium
italicum and Penicillium digitatum on the navel oranges.

3.2 Total Soluble Solids

Total soluble solids (TSS) content reflects the percentage of soluble sugars in fruit
tissue and is one of the most important indexes to evaluate preservation quality of navel
oranges [12, 13]. From Fig. 3, on the 7th day, the TSS values of all the treatments
distinctly decreased compared with the initial value, and these behaviors are due to
sugars decomposition reactions. The TSS values of all the treatments arrived relatively
highest value at the 21st day, it is caused by the various reasons, on one hand, the water
loss could cause the increase of soluble sugar concentration, and on the other hand, the
degradation of polysaccharides to monosaccharide would lead to increasing soluble
sugar content. But in the later period of storage, as the fruit turned soft, the respiratory
material has been further consumed and the TSS value decreased steadily. The TSS
value of CA-1.5%CS treatment changed steadily, while the value of CK treatment
dropped sharply, which indicated that the fruits of this treatment were deteriorated.

Fig. 2. Change of decay rate with storage time

Effects of Edible Chitosan Coating on Postharvest Quality … 613



In the later period, the TSS values of CA-1.0%CS, CA-2.0%CS and AA-1.5%CS
treatments maintained high levels because of more water loss.

3.3 Titratable Acidity

Titratable acidity (TA) content can reflect the flavor and taste of fruit. The content of
titratable acidity, which would be preferentially consumed as respiration substrate,
showed a general downward trend during the respiratory process [14]. The change of
TA values of navel oranges during storage time is shown in Fig. 4. As shown in Fig. 4,
in the early storage period, TA values of all five treatments decreased clearly. In the
later storage period, TA values of all treatments increased gradually due to the gen-
eration of organic acid with sugar decomposition. In the experiment, the TA value of
CK treatment started to increase at the 7th day, while that of CA-1.0%CS treatment and
CA-2.0%CS treatment at the 14th day and AA-1.5%CS treatment and CA-1.5%CS
treatment at the 21st day. These suggested that the respiration of the fruits of CK
treatment was more active than other treatments, while the respiration of the fruits of
AA-1.5%CS treatment and CA-1.5%CS treatment were inhibited (P < 0.05). The TA
value of the fruits of CA-1.5%CS treatment did not experience significant change
during the whole storage period, at the 35th day, the TA value still kept at 5.10 g/kg,
and CA-1.5%CS treatment is good for keeping the postharvest quality of navel
oranges.

Fig. 3. Change of total soluble solids content with storage time
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3.4 Vitamin C

Vitamin C is one of the main nutrient substances of navel orange. As shown in Fig. 5,
the Vc content of all the treatments represents the overall trend of fluctuations during
the storage time at room temperature. The fluctuant changes of Vc content during
storage period are determined by many factors, for one thing, respiration depletion
would lead to the decrease of Vc content, for the other, water loss in turn cause the
increase of relative concentration and Vc content in fruit tissue [15]. At the early
storage period, the Vc content of all the treatments increased owing to the maturity of
the fruits. At the middle and late storage period, with the exhaustion of sugar and acid
and accelerating respiration because of dehydration, the Vc content decreased

Fig. 4. Change of titratable acidity with storage time

Fig. 5. Change of vitamin C content with storage time
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persistently. For the obvious inhibitory effect on respiration of AA-1.5%CS treatment
and CA-1.5%CS treatment, the Vc content of these two treatments showed obvious
upward trend and the value stayed at a higher level at the late period. These were
because that the increase of Vc content for the water loss was more than the decrease of
it for the respiration consumption. This result indicated that the treatments of AA-1.5%
CS and CA-1.5%CS had a certain effect on maintaining the nutritional components of
the fruits.

3.5 Sensory Evaluation

Sensory quality is an important index to evaluate the commercial value of navel orange.
The scores of sensory quality evaluations are shown in Table 1. With the extension of
storage time, the score of three sensory quality evaluations all increased. At the 14th
day of storage, the navel oranges of all the treatments kept the characteristics of bright
color and rich aroma. At the 21st day, the score of the sensory quality evaluations of
navel orange of CK treatment were more than 3 and the brightness of the color
decreased obviously (P < 0.05), but for the odor and flavor, there was no significant
difference between the fruits of CK treatment and other treatments (P > 0.05). At the
28th day, the sensory evaluation scores of CK treatment increased obviously and were
significantly higher than the treatments coated by edible chitosan (P < 0.05), the scores
of CA-2.0%CS and AA-1.5%CS treatments were less than the CK treatment and the
scores of CA-1.0%CS and CA-1.5%CS were the lest. At the 35th day, the color, odor
and flavor scores of CA-1.5%CS were the best, but at that time, the flavor of the fruits
of CK treatment was very weak and the color began to darken and there was hardly
odor from the fruits. Need of special note is that the score of AA-1.5%CS treatment
was higher after 35 days because of the residual of acetic acid, this result is consistent
with some previous researches by Tunc et al. [16].

4 Conclusion

Navel orange is vulnerable to mold after harvest because it becomes mature in rainy
and humid season. Chitosan coating was used for navel orange preservation in this
work. Through the experimental results, the preservation effect of the fruits coated by
chitosan coating solution of citric acid as the solvent is better than that of glacial acetic
acid and the existing wax. The acetic acid remained on the surface of the fruits partly
affected the sensory quality of navel orange. When the citric acid was used as solvent,
the best concentration was 1.5%w/v, when the concentration was too low, the antiseptic
effect was not ideal, and when the concentration was too high, the microspores on the
surface of the fruits would be blocked and aerobic respiration of the fruits could be
inhibited. After 35 days, the good fruit rate, total soluble solids and vitamin C content
of the navel oranges of CA-1.5%CS treatment can be obtained, at the same time, the
water loss rate is less and the sensory qualities maintain good. The general results
confirmed that CA-1.5%CS treatment can inhibit the respiration and the reproduction
of mould, and is benefit for the storage of navel orange and prolong its shelf life.
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Abstract. The purpose of the research is to study the thermal insulation
properties of NaCl, KCl, propanetriol, C2H5OH and saccharose, which are as the
non-toxic primary energy storage agent. In order to obtain the optimum pro-
portion, the rising and cooling curve is tested to find which can preserve heat for
longer time. Finally, it obtains the results that the proportion of 6% saccha-
rose + 6% propanetriol + 6% C2H5OH is cooling faster and rising slower, and
the stable performance make it suitable for fruit and vegetable storage coolant.
Further more, the effect of cooling and keeping fresh fruits and vegetables is
more outstanding in the way of interval placing in the incubator.

Keywords: Insulation packaging � Cold storage agent � Energy storage agent

1 Introduction

Since the end of the twentieth century, our country has been lead in the world of total
fruit and vegetable production. At the same time, however, the loss rate of harvested
fruits and vegetables in the storage and transportation process is up to about 28% just
because of the backward cold chain transportation system and the slow development of
fruits and vegetables [1].

Temperature has a great impact on the quality of the product. Some products are
sensitive to temperature changes, such as food, medicine, etc. The function of thermal
insulation package is to maintain the temperature range required for the product and
effectively extend the preservation time of the product. Cold storage agent is the first
choice for the cold chain logistics development. Storage technology will become the
main mode of refrigeration in the future [2].

Gao Kai’s research on the development of storage agent shows that saccharose and
propanetriol cool down rapidly, fluctuate little and more stable, so it is suitable for the
main energy storage agent material used as the coolant for fruits and vegetables. One
investigator points out that different placement methods of the storage agent in the
packaging have different effects on the temperature distribution [3, 4].
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2 Experiment

2.1 Materials and Equipment

NaCl, C2H5OH, Propanetriol, Yongda chemical reagent Co., Ltd. KCl, Saccharose,
Comio chemical reagent Co., Ltd. Deep freezer, BCD-235TGZM(E), Meidi refriger-
ator Co., Ltd. Probe thermometer, -50- +300 °C, Odyssey technology co., Ltd. Elec-
tronic balance, 0–200 g, Youke instrument Co., Ltd. Heat sealing machine, Fengquan
packing Machinery Co., Ltd. Colorimeter. CR-400, Rongdong trading co, Ltd.

2.2 Single Main Energy Storage Agent

Firstly, do cooling test. Five main energy storage agents, including NaCl, KCl, pro-
panetriol, C2H5OH and saccharose were prepared into different concentration solutions
at room temperature according to a certain concentration gradient (4, 6, 8, 10, 12, 14,
16%). Each solution 40 ml was put into the test tube, and then placed the tube con-
taining the solution in the freezer with a set temperature of −16 °C. The temperature
was measured every 40 min [5].

Then, do elevated temperature test. After the measurement of the cooling stage, the
solution was moved into a freezer with a pre-set temperature of −5 °C to raise the
reagent temperature to the appropriate temperature for the preservation of fruits and
vegetables, after a few hours, the solution was placed at room temperature to measure
the warming process of the reagent with a probe thermometer. This process was
measured every ten minutes.

2.3 Two-Component Reagent

Firstly, did cooling test. After comparing and analyzing the cooling and warming data
of different concentration solutions of a single reagent, this experiment preliminarily
selected 6%, 8% saccharose and propanetriol, and 6%, 8% NaCl and KCl as the
compound object.

When the two reagents were mixed, the mixture was prepared at 1:1. The 40 ml
solution was taken and put into the test tube and put into the same low-temperature
environment, and the experiment was measured every 40 min.

Then did elevated temperature test, the experimental operation of the mixed
solution was same as that of the single main energy storage agent.

2.4 Three-Component Reagent

Through the analysis and comparison of the experimental data of single reagent and
three-component reagent, 6%, 8% saccharose, propanetriol and C2H5OH were mixed at
1:1:1. Each tube was filled with 45 ml solution, and the temperature changes of cooling
and warming were measured.
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2.5 Packing of Refrigerant

The mixture of saccharose, propanetriol and C2H5OH was selected for packing, and the
coolant was filled with PE bags, with 300 ml mixed solution in each bag, and sealed
with a small heat sealing machine.

At room temperature, the prepared cold storage agent and fresh fruit were placed in
PS incubator at 1:4 mass ratio, that is, 300 g cold storage agent and 1200 g little tomato
were placed in each incubator. The cold storage agent was arranged in five ways:
diagonal mode, side mode, interval mode, top and bottom mode, stereoscopic center
mode, as well as a blank control heat preservation box, a total of six groups of
experiments [6] (Fig. 1).

2.6 Chromaticity and Weight Loss Rate

Three small sized tomatoes were selected in the incubator with different placement
mode, and then placed them in the incubator with appropriate distance. Lab value and
weight of the sample are detected every day.

3 Experimental Data Analysis

3.1 Temperature Variation of Single Main Energy Storage Agent

3.1.1 Cooling Test Result
We can see from Fig. 2a, the temperature of NaCl begins to show obvious difference
between 40 and 80 min. The cooling rate of 14 and 16% of the solution is the fastest,
but the range of cooling became slower in the last period.

From Fig. 2b we can see that the temperature of 14%, 16% KCl reaches 6 °C at
40 min, which is obviously lower than that of other concentrations. However, the
temperature of 4, 6, 8% KCl has rebounded during at 40–80 min.

From Fig. 2c, it can be seen that there is no smooth cooling curve between different
concentrations of C2H5OH before 80 min. The cooling trend slowed after 80 min, with

Fig. 1. Placement mode of cold storage agent
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16% of ethanol solution cooling faster than other concentrations. It can be seen that the
concentration has a certain effect on the temperature change.

It can be seen from Fig. 2d that the cooling trend of 14%, 16% saccharose is faster.
As can be seen from Fig. 2e, the cooling curves of various concentrations of

propanetriol overlap with each other between 160 and 240 min. Therefore, the dif-
ference of concentration of propanetriol has little effect on temperature change.

3.1.2 Elevated Temperature Test Result
From Fig. 3a we can see that the temperature fluctuations of 4 and 6% sodium chloride
solutions between 0 and 10 min were not significant, and the temperature of both
solutions is lower than that of other NaCl until 50 min.

It can be seen from Fig. 3b that the temperature of 4%, 6% KCl is obviously lower
when the temperature is between −5 and 10 °C, while the other concentration of KCl
shows a steady warming trend and more and more slowly.

It can be seen from Fig. 3c that the temperature rise rate of 4%, 6% C2H5OH is very
slow at the beginning 30 min, and then increases steadily, but the temperature is lower
than that of other concentration.

Fig. 2. Cooling curve of single main energy storage agent
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From Fig. 3d, it can be seen that the temperature rise of 16% saccharose is the
fastest and 6% saccharose rises slowly after 30 min.

It can be seen from Fig. 3e that the warming curves of 4, 6, 8, 10% propanetriol are
almost overlap in the first 20 min, but 4%, 6% propanetriol remain at a low temperature
after 20 min.

Combined with the above experimental results, we can know that the cooling rate
and warming rate of NaCl, KCl are both relatively faster, it can’t store cold longer.
However, the temperature fluctuation of saccharose and propanetriol is relatively small,
and the temperature is more stable. Therefore, saccharose and propanetriol are selected
as the materials of the main energy storage agent.

3.2 Temperature Variation of Two-Component Reagent

3.2.1 Cooling Test Result
It can be seen from Fig. 4 that the cooling curves of the four kinds of mixed solutions
are stable, but 6% saccharose + 6% propanetriol and 6% saccharose + 6% C2H5OH

Fig. 3. Elevated temperature curve of single main energy storage agent
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have a large cooling range and good stability. The cooling range of 8% saccha-
rose + 6% CH3CH2OH and 8% saccharose + 8% propanetriol mixed solution have
relatively larger cooling rage.

3.2.2 Elevated Temperature Test Result
It can be seen from Fig. 5 that the temperature curves of various compound solutions
overlap basically in the first 100 min, but only 6% saccharose + 6% propanetriol, 6%
saccharose + 6% C2H5OH, 8% saccharose + 6% C2H5OH, 8% saccharose + 8%
propanetriol have long time of low temperature, which is more suitable to be the main
energy storage agent.

From Figs. 2, 3, 4 and 5 we can see, two-component reagent is cooling down faster
and rising up slower than single main energy storage agent.

3.3 Temperature Variation of Three-Component Reagent

From Fig. 6 and 7, it can be seen that the 6% saccharose + 6% propanetriol + 6%
C2H5OH compound solution is lower in temperature during the temperature reduction

Fig. 4. Cooling curve of two-component reagent

Fig. 5. Elevated temperature curve of two-component reagent
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stage, maintaining at a low temperature during the warming phase. Finally, this
experiment is used as the main energy storage agent for making the cold storage agent.

From Figs. 4, 5, 6 and 7 we can see, three-component reagent is cooling down
faster and rising up slower than two-component reagent.

3.4 Chromatic Aberration Analysis

It can be seen from Fig. 8a that the value of Da in all space placement modes shows a
trend of first increasing and then decreasing, that is to say, it tends to red first and then
to green. This is because fresh fruits enter a mature period, accompanied by the ripe
holy fruits will become more bright red, when reached physiological maturity with the
loss of moisture gradually decay, resulting in a dim color. According to the diagram,

Fig. 6. Cooling curve of three-component reagent

Fig. 7. Elevated temperature curve of three-component reagent
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the fluctuation of the curve of the interval and the top and bottom mode is relatively
small, which shows that the effect of keeping fresh is more outstanding.

It can be seen from Fig. 8b that the maximum variation of the diagonal Db value is
not suitable for the storage of cold storage; the trend of the curve of the first three days
is relatively gentle and the change is not significant. In the following three days, the
change of Db value in the interval mode is the least.

3.5 Weightlessness Rate

As we can see from Fig. 9, the fruit lost water gradually in each mode, and it was most
obvious that the weight lost in the blank mode. The curves shows that the weight-
lessness rate is the least when the cold storage agent is placed at interval mode, and the
effect of keeping fresh at interval mode is the best.

Fig. 8. Value of Da and Db

Fig. 9. Weightlessness curve
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4 Conclusions

NaCl, KCl, propanetriol, C2H5OH and saccharose, five kinds of salt are selected as the
main energy storage agents in this experiment. By studying the temperature variation of
the five main energy storage agents in the process of cooling and warming, it is found
that the change rule of saccharose, propanetriol, C2H5OH and anhydrous ethanol
solution is suitable for as the main energy storage of fruit and vegetable storage agent.

a. The cold storage agent prepared by the mixture of 6% propanetriol, C2H5OH and
saccharose at 1:1:1 has the advantages of fast cooling, slow warming and good
stability.

b. The space mode of the cold storage agent has a certain influence on the quality of
fruits and vegetables in the heat PS box. The results of color and weight loss
showed that the best storage effect of fruits and vegetables is the mode of interval.
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Abstract. With the rapid development of science and technology, alcohol
packaging anti-counterfeiting technology tends to diversify. Because AR
(Augmented Reality) technology has the characteristics of real-time interaction
and pattern recognition, this paper puts forward an alcohol packaging anti-
counterfeiting system based on AR technology. The whole frame structure,
interface conception, function realization, user experience and information
feedback of the system are designed. The interface design and function devel-
opment of the system APP are carried out by using HTML5 tools, and the model
identification, verification and video playback are realized by AR development
tools. This system has cross-platform and good compatibility and can be used in
both Android and IOS systems. The experimental results show that the system
has excellent recognition performance and anti-counterfeiting performance, and
the user can understand the commodity information in all directions in the
process of identification.

Keywords: Augmented reality � Pattern recognition � Security system �
3D model � Verification code

1 Introduction

People’s anti-counterfeiting consciousness is more and more intense on the 21st cen-
tury. The shortcomings of the traditional anti-counterfeiting methods begin to show up
and the incidents of counterfeit products emerge one after another, which has caused
double losses to businesses in terms of both economy and reputation. Therefore, people
begin to apply new information technology to anti-counterfeiting. It can play a crucial
role in improving the security and traceability of products, which brings good news to
businesses and consumers [1]. The solution of alcohol anti-counterfeiting system based
on AR technology makes the product more three-dimensional, vivid and omni-
directional presentation, and truly realizes the information tracing and commodity anti-
counterfeiting in the circulation process of alcohol and other articles [2].
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2 Overview of AR

2.1 Introduction to AR

AR is an interactive experience of a real-world environment whereby the objects that
reside in the real-world are “augmented” by computer-generated. The formation of
interactive three-dimensional image screen gives users a more real experience and
feelings [3]. AR technology includes multimedia, 3D modeling, real-time video display
and control, multi-sensor fusion, real-time tracking and registration, scene fusion and
other new technologies and methods.

2.2 Basic Principle of AR Used in Alcohol Anti-counterfeiting

Through the alcohol anti-counterfeiting system solution based on AR technology, the
information acquisition and processing of production and circulation are completed. An
alcohol anti-counterfeiting information system was established with reasonable man-
agement flow, extensible function, random information code and automatic identifi-
cation of data. The real realization of alcohol and other goods in the circulation of
goods in the process of anti-counterfeiting and information tracing, so as to bring
immeasurable value to the management of enterprises and product credibility [4, 5].

3 Development of Alcohol Packaging Anti-counterfeiting
System Based on AR Technology

3.1 Overall Design Framework and Model

The recognition graphic is extracted by the camera scanning, and the identification
graphic is transmitted to the background server to match the stored graphic. If the
matching is successful, the mobile terminal displays the times of the bottle scanned and
send the verification code by the background server. If the matching fails, the bottle
alcohol is reminded to be a fake alcohol. A verification code is input on the display
interface of the mobile terminal to display an opening animation of the bottle; after
exiting the display interface, the background server automatically deletes the verifi-
cation code. As shown in the following Fig. 1.

3.2 System Structure

1. Mobile terminal with camera and special APP: mainly responsible for running
special APP. Extracting and pattern recognition of images scanned by camera. And
transmit the extracted and recognized information to the back-end server [6].

2. Box recognition graphics: mainly responsible for the mobile terminal image
extraction and pattern recognition provide material [7].

3. Background server: mainly responsible for storing the relevant identification
information of the identified image prepared in advance. Then it will receive and
match the information transmitted by the mobile terminal.

630 W. Yang et al.



3.3 Research and Development of APP with HTML5

3.3.1 Development of HTML5 APP
With the diversification of mobile devices, the process of mobile applications com-
patible with each device become more complicated. HTML5, which can span multiple
platforms is a good choice for developers.

3.3.2 Main Module of APP

1. Home page: The home page is the core window of the app. In order to improve the
user experience, the preloading technology is used in the portal page (index.html)
[8, 9]. As shown in the following Fig. 2.

Fig. 1. Overall design framework

Fig. 2. Home page
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2. Verification interface: It mainly includes initial anti-counterfeiting verification,
secondary anti-counterfeiting verification and ultimate anti-counterfeiting verifica-
tion. The ultimate anti-counterfeiting verification interface is shown in the following
Fig. 3.

3. AR package: The AR package is the most important implementation component of

the system. It can perform pattern recognition based on the recognition pictures
provided in advance, and add animation, video, audio, etc. to the augmented reality
[10, 11]. Video interface is shown in the following Fig. 4.

3.4 System Implementation Flow

The alcohol packaging anti-counterfeiting system based on AR technology mainly runs
on the mobile terminal based on Android system. Research and development of the
corresponding APP based on HTML5. The main functions of the implementation
process as follows:

1. Initial anti-counterfeiting verification of alcohol by scanning the box. As shown in
the following Fig. 5 [12].

2. Secondary anti-counterfeiting verification of alcohol by scanning the bottle. As
shown in the following Fig. 6.

3. Ultimate anti-counterfeiting verification of alcohol by matching verification code.
As shown in the following Fig. 7.

Fig. 3. Verification interface
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Fig. 4. Video interface
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4 Conclusion

With the rapid development of AR technology, it will become a way of anti-
counterfeiting. Alcohol anti-counterfeiting platform system is mainly used in the
alcohol industry with high economic benefits. The AR technology is applied to alcohol
anti-counterfeiting system which has cross-platform and good compatibility. It can be
applied to both Android and iOS systems. The experimental results show that the
system has good identification performance, anti-counterfeiting performance, and the
user can know the information of the commodity in the process of identification.
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Abstract. This paper analyzes the static compression performance of the
cushion material which is composed of EPE and honeycomb paperboard. The
cushioning coefficient and the stress-strain curve are investigated under different
thickness of EPE and different honeycomb paperboard and in the way of
overlapping. The results show that the way of overlapping does affect the
cushioning performance of the material composed of EPE and honeycomb
cardboard. In usual case, the cushioning performance appears to be better when
the cardboard is placed below. No linear relationship is found between the
thickness of honeycomb cardboard and the cushioning performance. When
ε = 55.200%, EPE thickness can’t affect the cushioning performance of the
material. Under other shape changes, the thickness of EPE is not in a linear
relationship with the cushioning performance of the material.

Keywords: Finite element method � Honeycomb paperboard stress

1 Introduction

Packed products are susceptible to be affected by mechanical shock and vibration
during the transportation. When improperly packed, the products can be easily dam-
aged, resulting in huge loss for the customers. Under mechanical effect, cushion
packaging materials can absorb the energy resulting from the shock so as to effectively
protect the commodities from any damage [1–3]. Therefore, to reduce the damage on
commodities during transportation and handling, cushion materials such as EPE and
honeycomb cardboard are now widely used. But they differ from each other in respect
of cushion effect mechanism and performance. For instance, the cushion performance
of honeycomb cardboard is mainly displayed in the compression fracture stages of
honeycomb core structure, namely elastic-plastic stage and collapse stage. At this time,
the yield platform is quite long and cushion coefficient remains low so that the impact-
induced energy can be better absorbed. EPE is a kind of foam-rich polyethylene
products made of low-density polyethylene (LDPE) through extruding processing. As
all the auxiliary materials added form some independent and fine bubble structures in
the polyethylene, EPE features light weight, high elasticity, and better absorbing effect
on the low load. That accounts for why this material is more suitable to be used as an
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anti-vibration material. Nevertheless, it is usually hard to predict about It is unpre-
dictable what kind of shock or vibration is received during transportation. The
buffering area of a single cushion material is always limited [4–7]. To better apply the
cushion materials, improve the cushion package design, and bring down the economic
loss caused by vibration and shock during circulation, this paper tests the stress-strain
of serial cushion system composed of EPE and honeycomb cardboard, drafts the static
cushion coefficient-strain curves, and analyzes the effect of overlapping method as well
as the thicknesses of honeycomb cardboard and EPE thickness on the cushion per-
formance of serial cushion system.

2 Experiment

2.1 Sample

The density of EPE is 18.869 kg/m3. The size of EPE is 100 mm�100 mm and the
thickness is 20, 40 and 50 mm respectively. The thickness of honeycomb board is 15,
20 and 25 mm respectively. The density of honeycomb board’s face paper is 250 g/m2.
The density of honeycomb board’s inside paper is 170 g/m2. The density of core paper
is 170 g/m2. The size of honeycomb board is 100 mm � 100 mm. All the experi-
mental samples were pretreated according to GB4857.2. The environmental conditions
are as follows: temperature in 23 °C, relative humidity of 55%, and treated for more
than 24 h.

2.2 Equipment

Microcomputer control electronic universal testing machine is used.

2.3 Method

(1) EPE and honeycomb cardboard are combined in a certain form, which is shown in
Fig. 1.

(2) The static compression test was based on GB/T 8168-2008 Static Compression
Test Method for Packaging Buffer Material [8]. The compression speed of
12 mm/min is used. Finally, the stress-strain curve is recorded.

(3) Applying the data to calculate the static cushion coefficient, draw the static buffer
coefficient—strain curve.

EPE

Fig. 1. Combination picture of EPE and honeycomb paperboard
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3 Results and Analysis

3.1 Effect of the Way of Overlapping on the Cushioning Performance
of the Material

The honeycomb cardboard and EPE were kept being 20 and 30 mm, respectively, but
their overlapping order was changed to accept a Static compression test. Finally the
stress-strain curves are gained, which are shown in Fig. 2.

It can be discovered from Fig. 2 that during the compression, no matter how EPE
and honeycomb cardboard are overlapped, the compression process can be roughly
divided into linear elastic stage, yield stage, and densification stage. In the first stage,
two curves almost coincide with each other, differing only in the yielding point. When
e = 48.000% and honeycomb cardboard is below, the yielding point is lower. It means
that the cushioning effect of this way of overlapping proves to be better.

According to the measured data, the cushion coefficient can be calculated by
Eq. (1) [9, 10]. The cushioning coefficient-strain curve can be obtained, as shown in
Fig. 3.

C ¼ r
R �

0 rd�
ð1Þ

It can be discovered from Fig. 3 that when e = 50.060%, two ways of overlapping
acquire the minimum cushioning coefficient at the same time. When the cardboard is
below, the minimum buffer coefficient is 2.570. And when the cardboard is below, the
minimum buffer coefficient is 2.660. This testifies that the cushioning effect of the

Fig. 2. The stress-strain curve of the material composed of EPE with thickness of 30 mm and
honeycomb cardboard with thickness of 20 mm

638 X. Song et al.



material composed of EPE and honeycomb cardboard is best when the cardboard is
below. Two curves coincide with each other when 38.080% � e � 47.080%, which
means their cushioning performance are same at this time. When 47.080% � e and
e � 38.080%, the serial structure with cardboard placed below has a good cushioning
performance. When the honeycomb cardboard is placed below, the yielding point is
lower. It means the cushioning effect is better for this way of overlapping.

3.2 Effect of Honeycomb Cardboard’s Thickness on the Cushioning
Performance of the Material

The thickness of EPE is 30 mm, but the thickness of honeycomb cardboard take
respectively 15, 20 and 25 mm in this experiment. Finally the stress-strain curves are
gained, which are shown in Fig. 4.

It can be discovered from Fig. 4 that the shape of the three curves is basically the
same. However, there is a certain difference in the yield value. In the figure, the yield
value is 15.829, 29.906 and 30.716 when the honeycomb cardboard thickness is 15, 20
and 25 mm, respectively. When the thickness of the honeycomb cardboard is 15 mm,
the yield value is lowest. It means the cushioning effect of the material is best. The
yield value rises gradually with thickening cardboard. It means the more rigid the serial
system is, the lower its cushioning effect will be.

After some computation, the cushioning coefficient-strain curve is formed as shown
in Fig. 5.

It can be discovered from Fig. 5 that during the whole compression process, when
the cardboard thickness is 20 mm, its curve is below other curves, indicating that
regardless of the strain, the buffer coefficient is the smallest. At this time, the absorbed
energy is the highest, and the buffering effect is the best.

Fig. 3. Static cushioning coefficient-strain curve of the material composed of EPE with
thickness of 30 mm and honeycomb cardboard with thickness of 20 mm
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Fig. 4. Stress-strain curve of the material composed of EPE with thickness of 30 mm and
honeycomb cardboard with different thickness

Fig. 5. Static cushioning coefficient-strain curve of the material composed of with thickness of
30 mm and honeycomb cardboard with different thickness
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3.3 Effect of EPE’s Thickness on the Cushioning Performance
of the Material

The thickness of honeycomb cardboard is 20 mm, but the thickness of EPE take
respectively 20, 40 and 50 mm in this experiment. Finally the stress-strain curves are
gained, which are shown in Fig. 6.

It can be discovered from Fig. 6 that when the EPE thickness changes, the resulting
curves display almost same patterns and differ only in the yielding point. The yield
value is 17.280, 15.611 and 27.671 when the EPE thickness is 20, 40 and 50 mm,
respectively. The lowest yield value and best cushioning performance appear when the
thickness of EPE is 40 mm. The yield value and the thickness of EPE are in a non-
linear relationship.

The experimental data were computed and processed. Finally the cushioning
coefficient-strain curve is formed as shown in Fig. 7.

It can be discovered from Fig. 7 that three curves reach the lowest point at the same
time when e = 55.200%, proving that they have the same cushioning coefficient and
performance. This also indicates with rising EPE thickness, the cushioning perfor-
mance of the material is not in a positive proportion to the thickness of EPE. When
e � 55.200%, the material composed of 20 mm-thick EPE and honeycomb cardboard
and 50 mm-thick EPE and honeycomb cardboard have almost coinciding cushioning
curves. They have lower cushioning coefficient and better cushioning performance than
the material composed of 40 mm-thick EPE and honeycomb cardboard. When
55.200% < e � 68.460%, the three curves almost coincide, which means they have
equivalent cushioning coefficient and performance. When 68.460% < e � 74.450%,

Fig. 6. Stress-strain curve of the material composed of EPE with different thickness and
honeycomb cardboard with thickness of 20 mm
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the material composed of 50 mm-thick EPE and honeycomb cardboard reveals the
lowest cushioning coefficient and best cushioning performance. When e � 74.450%,
the material made up of 40 mm-thick EPE and honeycomb cardboard have the lowest
cushioning coefficient and best cushioning performance.

4 Conclusions

Comparing the results, the conclusion can be obtained:

• The way of overlapping does affect the cushioning performance of the material
composed EPE and honeycomb cardboard. In usual case, the cushioning perfor-
mance appears to be better when the cardboard is placed below.

• No linear relationship is found between the thickness of honeycomb cardboard and
the cushioning performance.

• When e = 55.200%, EPE thickness can’t affect the cushioning performance of the
material. Under other shape changes, the thickness of EPE is not in a linear rela-
tionship with the cushioning performance of the material.
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Institute of Graphic Communication (Eb201701, Ed201804), the National Natural Science
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Fig. 7. Static cushioning coefficient-strain curve of the material composed of EPE with different
thickness and honeycomb cardboard with thickness of 20 mm
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Mengting Li, Guorong Cao(&), and Lizheng Zhang

School of Printing and Packaging Engineering, Beijing Institute of Graphic
Communication, Beijing, China
caoguorong@bigc.edu.cn

Abstract. To study the folding carton production process of an enterprise in the
material consumption, energy consumption and environmental impacts which
provides a reference for improving the production process of folding carton and
reducing environmental pollution. Methods According to the input and output
data of the folding carton production process, using the rebalance life cycle
assessment software, the life cycle inventory of folding carton production pro-
cess was analyzed by the method of life cycle assessment. Results In the pro-
duction processes of folding carton, the greatest impact on the environment is
silk screen, followed by offset printing. The power consumption of offset
printing machine is large. At the same time, the ink amount of offset printing and
silk screen is consumed greatly which causes serious environmental pollution.
Conclusion The effect of the folding carton production process on the envi-
ronment is mainly from silk screen and offset printing, and the production
process of offset printing and silk screen needs to be improved.

Keywords: Folding carton life cycle � Inventory analysis environment effects

1 Introduction

In recent years, due to the widespread use of green materials and the increasing
awareness of environmental protection in enterprises, the environmental pollution
caused by packaging waste has been improved. However, environmental issues caused
by packaging production processes have attracted increasing attention [1].

At present, there are many studies on the environmental impact of packaging
production processes in China, such as Environmental Impact Estimation of Al-PE-Pa
Complex Package Using Life Cycle Assessment [2] and Case Study of Life Cycle
Assessment for Paper Packaging of Ceramic Table ware [3], etc. These studies lay a
foundation for the study of life cycle of packaging products. Applying LCA to the
packaging and printing industry can guide companies to minimize pollution emissions
and promote the coordinated development of the economy [4].

It includes four steps: the definition of target and scope, inventory analysis, life
cycle impact assessment and life cycle interpretation. In these steps, the inventory
analysis is the most important part which runs through the entire life cycle and provides
a general overview of all system-related inputs and outputs [5]. The paper takes the
folding carton as the research object and carries on the life cycle inventory analysis on

© Springer Nature Singapore Pte Ltd. 2019
P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_87

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_87&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_87&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_87&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_87


it using rebalance software, which provides the necessary data support for the opti-
mization of the folding carton craft. Rebalance is leading Internet LCA software in the
world that makes life cycle assessment more perfect.

2 Production Process of Plodding Carton

Flow chart of a folding carton production is shown in Fig. 1. The base paper enters the
slitting machine and cuts according to certain specifications. The finished paper will
enter the offset press to print graphic according to the requirement of the product. Then
gilding to get the semi-finished product 1. The semi-finished product 2 is obtained by
screen printing. The concave and convex mould is used to carry out concave convex
processing, and the semi-finished product 3 is obtained. The printed board is slotted
and impressed on the die cutting machine. Finally packing into storage.

3 Determination of Goals and Scope

This study analyzes the life cycle inventory of a folding carton production process and
quantifies the environmental impact of each process. Since the modeling method of
rebalance software is nested, each process is an independent unit. The product of the
previous process is used as the raw material of the next process. As far as each process
is concerned, the functional unit is the production of 1000 kg semi-finished product.
The final functional unit is the production of one folding carton. The system boundary
of folding carton is shown in Fig. 2. The system boundary is the entire production
process from the supply of zinc supplied paper to the finished of folding carton. Zinc
supplied paper, galvanized aluminum, screen printing inks and offset inks are raw
materials in the production process of folding carton. Water and electricity are inputs.
Waste solid, waste liquid and waste gas are outputs. Paper cutting, offset printing,
Bronzing, silk screen, Pressure bumps, die cutting, quality inspection and transporta-
tion are Production Processes of folding carton. Their production and transportation are
performed by other factories. So it considered without system boundaries. The pro-
duction process data of folding carton used in the paper was obtained by researching on
a folding carton production enterprise.

Cut 
paper

offset 
printing Bronzing 

quality 
inspection  

Die 
cutting

Pressure 
bumps 

Silk 
screen  

Fig. 1. Flow chart of folding carton production
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4 Inventory Analysis and Impact Assessment

According to the actual production survey of a folding carton company in Shenzhen,
the list of input and output data of folding carton is shown in Table 1. There are seven
production processes in the system boundary. Every process is considered as an
independent unit (Table 2).

Transportion

Bronzing film

Cut paper

Offset printing

Bronzing

Silk screen Pressure bumps

Die cutting

Quality inspection

Zinc sulfide paper Packing of tobacco plant

Electricity

Offset printing ink

Silk screen ink

Water

Waste 
solid

Waste
liquid

Waste 
gas 

Fig. 2. System boundary of life cycle assessment of folding carton

Table 1. Inventory of inputs and outputs for one folding carton production

Process Type List name Number Unit

Cut paper Product Semi-finished product after cutting
paper

1000 kg

Consumption Zinc sulfide paper 114.117 kg
Consumption Electrical energy 2.792 kWh
Discharge Waste paper 137.541 kg
Product Semi-finished product after offset

printing
1000 kg

Offset printing Consumption Semi-finished product after cutting
paper

992.404 kg

Consumption Offset printing ink 7.596 kg
Consumption Fountain solution 0.448 kg
Consumption UV water 0.149 kg
Consumption Propyl acetate 1.186 kg
Consumption CTP developer 0.215 kg
Consumption Water 50.784 kg
Consumption CTP plate 0.189 kg

(continued)
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Table 1. (continued)

Process Type List name Number Unit

Consumption PE protection film 0.718 kg
Consumption Electrical energy 192.026 kWh
Consumption Ethanol 4.151 kg
Discharge Waste paper 56.933 kg
Discharge Waste plastic 0.718 kg
Discharge Old metal 0.189 kg

Bronzing Product Semi-finished product after
bronzing

1000 kg

Consumption Paper tube 0.538 kg
Consumption PE protection film 0.683 kg
Consumption Electrified aluminum bronzing film 11.561 kg
Consumption Electrical energy 20.019 kWh
Consumption Semi-finished product after offset

printing
1000 kg

Discharge Industrial waste 11.561 kg
Discharge Waste plastic 0.683 kg
Discharge Waste paper 0.538 kg

Silk screen Product Semi-finished product after 1000 kg
Consumption Silk screen 39.701 kg
Consumption Semi-finished product after

Bronzing
960.297 kg

Consumption Ethyl acetate 0.673 kg
Consumption Water 162.882 kg
Consumption Electrical energy 94.287 kWh
Consumption PE protection film 0.765 kg
Discharge Waste plastic 0.765 kg
Discharge Waste water 163.555 kg

Pressure bumps
and die cutting

Product Semi-finished product after pressure
bumps and die cutting

1000 kg

Consumption PE protection film 0.663 kg
Consumption Electrical energy 15.736 kWh
Consumption Electric carving embossed version 0.102 kg
Consumption Semi-finished product after silk

screen
1000 kg

Discharge Old metal 0.102 kg
Discharge Waste plastic 0.663 kg

(continued)
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Table 2. Sensitivity analysis of GWP for one folding carton production

Process name List name Upstream data
type

GWP (kg CO2 eq)
(%)

Zinc supplied
paper

Base paper Background AP 24.47

Cut paper Zinc supplied paper Foreground UP 22.88
Zinc supplied
paper

Electricity Background AP 11.16

Zinc supplied
paper

PET film Background AP 8.34

Silk screen Screen printing ink Background AP 3.35
Folding carton Transportation Background AP 2.86
Offset printing Electricity Background AP 2.45
Zinc supplied
paper

Coating Foreground UP 2.34

Bronzing Anodized aluminum
foil

Foreground UP 2.18

Table 1. (continued)

Process Type List name Number Unit

Quality inspection Product Quality testing 1000 kg
Consumption Electrical energy 44.106 kWh
Consumption Beige gum 0.379 kg
Consumption Self-adhesive 0.102 kg
Consumption Semi-finished product after pressure

bumps and die cutting
1000 kg

Consumption Pitched kraft paper 0.337 kg
Consumption Big label 0.087 kg
Consumption PE protection film 0.241 kg
Consumption PE packing belt 1.259 kg
Consumption Stone kraft paper 40.087 kg
Discharge Waste paper 40.511 kg
Discharge Waste plastic 1.500 kg
Discharge Industrial waste 0.481 kg
Product Folding carton (after transportation) 1 Item(s)
Consumption Cardboard 0.0000007 kg

Transportation Consumption Angle boards 0.0000007 kg
Consumption Qualified carton 1 Item(s)
Consumption Paperboard 0.000018 kg
Consumption Carton transport 0.0062 t*km
Discharge Waste paper 0.000032 kg
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5 Results and Analysis

The results of the inventory analysis and impact assessment show that the main
environmental impact of the folding cartons production process is Climate change
(GWP), Primary energy demand (PED) and Resource depletion—water (WU). The
numerical value of GWP, PDE and WU are 0.253, 7.223 and 0.398. Taking the effect
of production processes of folding carton on climate change as an example. Figure 3
shows the effect of production processes of folding carton on climate change. It can be
seen from Fig. 3 that Silk screen, offset printing and transportation have a great impact
on climate change. Figure 4 shows the effect of inputs of screen printing on climate
change. Figure 5 shows the effect of inputs of offset printing on climate change.

Fig. 3. The effect of various processes of folding carton on climate change (GWP)

Fig. 4. The effect of screen printing materials on climate change
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The impact assessment results show that the folding carton production process
emits large amounts of greenhouse gases which cause global warming. The study
mainly optimizes the folding carton production process. It does not consider the
environmental impact brought by transport. In the production process of folding carton,
screen printing is the most influential factor in climate change, the next is offset
printing. Three conclusions have been drawn from the analysis that the environmental
impact of offset printing and screen printing materials.

Firstly, screen printing ink has a great influence on climate change. The next, offset
ink also has a certain impact on the global warming. Lastly, the offset printing con-
sumes a lot of electricity which means that a large amount of greenhouse gases are
emitted in Coal-fired power generation. Therefore, it is necessary to improve the choice
of printing ink and the power consumption of the offset printing station.

Figure 2 is the sensitivity analysis of GWP for one folding carton production。
There are material that the sensitivity more than 1%. Base paper has the greatest
potential for improvement, followed by PET film, screen printing ink, Coating and
anodized aluminum foil. These substances should be improved or replaced.

6 Conclusions and Suggestions

The study gives three suggestions to improve production proses of folding carton. First,
there is little room for improvement in material utilization rate and qualification rate of
each process. Therefore, it is important to take product design stage into consideration.
The specific measures are appropriately reduce the number of processes and the input
of major materials. We could convert end-of-pipe management into the green design of
folding carton. Second, Screen and offset printing ink have a great influence on climate
change. We should reduce the number of screen printing ink in the product design stage
so as to reduce the environmental pollution. Last, it is imperative to save electricity in
the offset printing stage. Strengthening the management of production processes can

Fig. 5. The effect of offset printing materials on climate change
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also reduce the environmental impact of folding carton manufacturing. The power
energy of the company is transported externally. Companies should rationally con-
figure printing equipment, especially motors and transmission devices.
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Abstract. Packages with handles are friendlier to workers than packages
without handles. The optimal handle can greatly improve the safety and
efficiency of manual material handling. This study aimed to assess the extent to
which the worker’s psychological and physiological stress was reduced by four
different handles in manual handling tasks. 12 participants performed two manual
tasks (load lifting (LIFT), carrying (CARRY)) using four handles (A, B, C, D),
and the heart rate (HR), maximum acceptable weight of load (MAWL), body
parts discomfort (BPD) and overall preference were recorded. In both tasks, there
was no significant difference in the amount of heart rate when using four boxes,
so was the BPD of wrist. The BPD of palm was significantly higher for the C than
others. In LIFT, the MAWL and overall preference rating of handle C was the
significant highest. In CARRY, the MAWL and overall preference rating of box
B was the significant highest. Therefore, we demonstrate that for load lifting,
handles on upper position were preferred. For carrying, handles on lower position
were preferred. Furthermore, a space for hands to easily grip the handle was very
important for enhancing the comfort. And the smoother and larger contact area
could decrease the palm discomfort.

Keywords: Ergonomic manual materials � Handling � Package express

1 Introduction

MMH is widely found in daily life and in some labor intensive industries including
express. The handle as a characteristic of an object is an important factor affecting
worker’s psychological and physiological load in MMH [1]. The musculoskeletal
disorders, especially the low back pain, caused by the MMH have troubled a lot of
workers and caused huge economic losses. The injuries have been the leading cause of
years lived with disability (YLDs), and increased disability-adjusted life years
(DALYs) in the world-wide [2]. Moreover the primary care (13%), inpatient services
(17%) and physical therapy (17%) were the main parts of the direct costs of economic
losses, in addition there were other indirect costs. The majority of indirect costs were
because of the lost work productivity. In Sweden, the total cost of LBP were 1860
million EUR in 2001, 84% was the indirect costs [3]. Although the development of
technology has substituted mechanism for human in many MMH tasks,the studies in
the United States and Brazil have shown that the prevalence of MSD and the number of
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people had some form of arthritis has increased and will become higher as the aged
tendency of population. In China, there was a lack of relevant statistics. However,we
believed that there were many express workers suffered from the MSD in such a huge
express industry relying on high-intensity manual work. Therefore, how to reduce the
worker’s physical load in MMH requires study.

Previous studies have indicated that handles helped workers make tasks easier and
safer [1]. Drury [4, 5] pointed out that handles’ diameter and texture, work habit of
workers could affect the working performance. Snook [6] reported that the workers’
MAWL of box with handles was 15% higher than the box without handles. And he
found that the position of handles could affect the workers’ physiological load. The
handles which have both horizontal and vertical stability are the best for workers. Jung
[7] studied the worker’s preference for different box sizes, handle positions, MMH
tasks. Wu [8] compared the both two person carrying task and single person carrying
task with handles and without handles. It showed that the both HR change and MAWL
were affected by whether there were handles.

2 Methods

2.1 Participants

Twelve college students (mean age = 20.12, SD = 1.26) without back or shoulder
pathologies volunteered to participate in this study, including seven males
(169.7 ± 5.3 cm, 63.3 ± 10.6 kg), five females (161 ± 4.4 cm, 46.2 ± 4.1 kg). They
were informed that experiment procedures, and trained to perform the experiment tasks
before the test began. Each volunteer got same payments after performing each
experiment.

2.2 Prototypes Development

In this study,the four prototypes were four corrugated express boxes of the same size
and different handles,numbered A, B, C, D. Prototype A was the box commonly used
in express delivery without handles as the blank control group. Prototype B’s handles
were new designed, and they were two indentations on the bottom of the both sides of
box. Its advantage is to provide space for hands when workers need to carry, lift and
move it from a flat. Prototype C was a box with improved handles which have 20°
oblique from the horizontal in order to relieve the ulnar deviation of workers’ hands
when they handle it. Prototype D was the box with existing handles which were
proposed by someone. There was a notch in the corner of the box that provides space
for the fingers, as Prototype B did.

The size of prototype box was 365 mm � 243 mm � 243 mm (L � W � H).
365 mm was the most people’s (50%) shoulder width of china, and 243 mm was
calculated by the best scale (1.5:1:1) for 0201 corrugated box. The size of the prototype
B handles was 72 mm � 82 mm � 20 mm, determined by most Chinese finger size,
length � width � thickness as Fig. 1 shows. Prototype D’s handle was a triangular
pyramid, each side of it was 55 mm. All boxes were made of BE five-layer corrugated
paper, and the bottom of box was sealed with glue, but the top wasn’t.
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2.3 Experimental Tasks

They were required to perform two modalities of handling tasks,LIFT and CARRY,
according to the simulation of actual delivery process. The LIFT was that participants
lifted load in the sagittal plane. The CARRY was that participants walked while
carrying a load. In each task,participants need to do two tests. One was fixed-weight
test that the participants operate in a fixed weight in order to measuring the amount of
heart rate change before and after the action and body parts discomfort (BPD), overall
preference. The other was change-weight test that the weight of load was continuously
adjusted until the maximum acceptable weight (MAWL) of the subject for a handle was
obtained. Every volunteer has a recovery period of 15 min after a task finished. There
are altogether 8(4 � 2) tasks for one volunteer.

In the LIFT, the participants lifted boxes from the ground to a 100 mm platform,
and then the volunteers lowered boxed to ground. One task included 48 times load
lifting, costing 8 min in a fixed frequency, 6 times per minute. After a participant
finished one task, he/she had 15 min to recover, and then started the next.

In the CARRY, The participants carried the boxes to go upstairs second floors,
5.94 m height, and then went downstairs. One task included two repetitions, lasting
above 5 min. The participant had been suggested the most appropriate posture and speed,
so the times they took was almost 5 min. After a participant finished the task, he/she had
15 min to recover, and then tested the next task. Then, the participant was asked to stand
35 cm away from the platform. The box was in front of him/her on ground.

Fig. 1. The four prototypes have the same size and the size of handles was according to people
hand size

654 Y. Xiao and H. Meng



The initial weight was 15 kg for female and 20 kg for male. At the break, the
participant has been asked if the load was too heavy. If the load was too light (over-
weight), increase (decrease) 1 kg for the next test, until the subject agreed that was the
weight that can be carried for a long time, and we record the value. After a participant
finished the task, he/she had 30 min to recover, and then tested the next prototype.

2.4 Data Recording

Before the experimental began, the participants have been informed about the content
of the experiment and its procedures and precautions to follow. And some physical
dates were collected. A pre-test was conducted to find out the weight range of load used
for the experiment.

2.4.1 Oxygen-Consumption
The HR could Heart rate can be used to estimate the oxygen consumption. In this
study, 6 kg was acceptable for both male and female to handle in a long time.

First, we putted the load into the boxes and sealed the top. Then, the participants
were asked to put on the heart rate Tester (PolarH10, Polar, Finland). Heart rate
(HR) was continuously recorded during the experimental. When participants were
seated and relaxed, before the task started, resting heart rate was recorded in a period
(30 s). Every participant completed the tasks as required. Work HR was the average
value calculated from the Heart rate at the three time points, which was 10 s before the
end of task, the end of the task, 10 s after the end of task. The change value, work HR
minus resting HR, characterized the energy consumption to complete tasks. Mea-
surements were performed under normal temperature and relative humidity conditions
(23 ± 1.2 °C and 55 ± 4%, respectively).

2.4.2 Mawl
The maximum acceptable weight of load (MAWL) was an indicator of physiological
load in MMH tasks [9]. At the beginning, the load was a bit overweight (15 kg for
female, 20 kg for male) so that some participants maybe couldn’t complete tasks. If the
participant couldn’t finish the task by standard or felt too tired after completed task, the
weight of load would be reduced by 1 kg each task. After a recovery time, the next
same process was conducted. The weight was adjusted constantly until the participant
agreed that weight was the maximum weight they can deal without any uncomfortable,
tired feeling and out of breath.

2.4.3 Subjective Assess
Body parts discomfort (BPD) [10] for palm and twist was recorded by questionnaire
after participants finished CARRY and LIFT. The pain feeling was divided from
0 = no feelings to 10 = extremely painful. And the overall preference for every pro-
totype was recorded by questionnaire considering the comfort, convenience or personal
reason, grading from 1 = hate to 10 = love.
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3 Results

Heart rate increment of four boxes was showed in Fig. 2. There was no statistical
difference between them in both LIFT and CARRY (Fig. 3).

In CARRY, The MAWL for B was the highest and was significantly (P < 0.05)
higher than A and D, followed by C, which had no significant relationship with others.
Otherwise, C has the significantly higher MAWL in LIFT, then the B significantly
higher than D, strongly higher than A (P = 0.069).

Subjects presented significant palm pain when using Prototype C, compared to
other types of boxes in both CARRY and LIFT. The other three boxes didn’t have
much difference. There was no significant difference between in wrist pain when the
subjects used the four boxes in both tasks as Fig. 4 shows. Prototype C didn’t have the
expected advantage of improving wrist comfort. In LIFT the most preferred box is
prototype B. however, in CARRY the most preferred is prototype C as Fig. 5 shows.

Fig. 2. Heart rate increment. In all picture, “*” means significantly (p < 0.05)

Fig. 3. Maximum acceptable weight of load in CARRY and LIFT
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4 Discussions

The present research aimed to evaluate the impact of four different handles on physi-
ological and psychological responses during common MMH tasks. We can found that
subjects preferred different handles in different tasks.

In LIFT, C was the most favorite handle corresponding to the largest MAWL.
These consequences were in accordance with HWA-S JUNG’s study that reported
upper handle for box has the lower total numbers of BPD than lower handle [7].
Comparing the four handles in this study, the order from the lowest to the highest
position at the beginning of the LIFT task is A, D, B, C. Most Participants (95%)

Fig. 4. Body part discomfort for palm and wrist in both tasks

Fig. 5. Overall preference rating for four prototypes
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unconsciously choose the self-squat technique posture to lift the prototypes. With knee
flexion angle fixed, the angle between the upper body and the ground decreased as the
handle position lower. The more Upper limb flexion, the higher the shear force applied
on L5-S1 vertebrae lumbar is [11]. Moreover,it is obvious that the prototype C has the
highest palm BPD because it has the smallest contact area with the palm. Cut corru-
gated cardboard’s cross section was consisted of five paper cross section, so sharp that
made obvious impressions on participants’ palm after completing the tasks. Other
prototypes contacted with hands by the surface paper, and the contact areas were larger
than C.

In CARRY, the prototype B has the highest MAWL and preference. In this study,
all the participants choose the same position to carry boxes, consistent with Philippe
Corbel’s study [12]. When participants carry the box they hold it close to the body with
waist forward. And they keep the elbow degree as large as possible. This gesture that
the subjects consciously choose can be combined with the lifting force to balance the
box gravity by increasing the friction between abdomen and box. The elbow angles
when they carry box was more than 90°. The more the angle is, the less the force the
upper limb need to apply [13]. The Boxes have upper position handles would block leg
activity. So the B is more preferred. The carry task includes picking up box from plat
and walking with box. The first stage affects the MAWL and whole preference like in
the lift task. In the second stage, participants hold the box for a lasting time, the
oppression for hand is more obvious than in lift task. So the BDP for palm is similar to
that in lift task. The heart rate change was not affected by boxes, different from the SP
Wu’s [8] conclusion. The test time may result in this difference.

5 Conclusions

After comparing the current handle, redesigned handles and new designed handle, we can
found that an appropriate handle could reduce physiological load and increased the
comfort for courier. The improvements for handle confirmed in this study are: (1) an upper
position for lift task, a lower position for carries task; (2) uncut palm contact surface; (3) a
space for hand to insert before tasks start. Future studies are required to confirm the
research findings through controlled experimental testing. Using the EMG to test the
related muscle activity to research how these handles affect the work performance.

Compliance with Ethical Standards. Funding: This study is funded by the “creative pack-
aging advertising base’s special research projects” of Hunan (No. 17JDXMB04) and Hunan
Province Education Department Ordinary University Teaching Reform Research Project
(No. [2017]452–276).
Conflict of Interest: The authors declare that they have no conflict of interest.
Ethical approval: All procedures performed in studies involving human participants were in
accordance with the ethical standards of the school of packaging and material engineering,
Hunan University of Technology and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.
Informed consent: Informed consent was obtained from all individual participants included in
the study.
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Abstract. Finite element analysis (FEA) provides valuable information for
buckling/stacking analyses of corrugated boxes. However, FEA requires time
consuming custom geometric analysis and specialized structural engineering
personnel with background in modeling of nonlinear anisotropic viscoelastic
material like paper products. This research studies a systematic approach by
which simple geometric and paper properties are input and buckling
strength/deformed box shapes are output. All the analyses will be conducted in a
FEA software (ABAQUS) including geometric modeling and auto-meshing,
material nonlinear anisotropic homogenization of corrugated board, and auto-
mated outputs. The systematic approach provides a rapid analyses tool for
non-specialized personnel to achieve accurate buckling/stacking analysis of
corrugated box.

Keywords: Corrugated board buckling strength � Auto-meshing algorithm �
Homogenization � Finite element modeling

1 Introduction

Corrugated boxes are widely used in food packaging, horticulture packaging, elec-
tronics packaging, daily necessities packaging and other industry packaging etc. [1, 2]
because of various attributes including low cost, high versatility, easy handling process,
and short recycle period etc. [3]. However, mechanical behavior of the corrugated
paperboard is complex due to its time dependent characteristics with reference to
manufacturing, moisture dependence, load, and temperature etc. [4, 5]. Thus, extensive
and time consuming analyses and experiments are needed to design corrugated boxes
against environmental impact and loadings such as compression during stacking,
vibration during transportation, impact, temperature and moisture effects etc. [6–10]
especially for expensive and/or fragile products like eggs, fruit, and electronics, etc.
However, most packaging outfits lack the expensive/complicated equipment for
extensive experiments and/or lack specialized personnel (e.g. structural engineers) for
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the analyses of the corrugated boxes. This leads to a lack of understanding and/or
analyses of corrugated boxes against environmental impact and loadings, and even-
tually leads to damage of the corrugated boxes during transportation, stacking, and
handling process etc. Thus, there is a great need for developing an easy and accurate
approach for non-specialized personnel/company to conduct the performance analyses
of the corrugated boxes.

This paper will first give a brief introduction of the traditional method being used
for analyses of corrugated boxes and then a new computational framework will be
introduced for providing efficient and accurate analyses of corrugated boxes with easy
interface.

2 Traditional Method for Analyzing Corrugated Boxes

Traditional methods for analyzing the strength and failure of corrugated boxes include
experiments, analytical models, and computational software. A thorough detailed
introduction of these methods was previously discussed by Frank [11].

Experiments are the most direct way to analyze corrugated boxes. They provide
strength, failure modes, and stress and strain information etc. of the corrugated boxes.
However, professional personnel with structural engineering expertise are needed to
analyze complexed geometry and complicated material properties of the paper in
addition to expensive equipment (such as Universal Material Testing Systems and
environmental chambers) and time consuming test cycle needed for the test.

Several researchers have developed analytical models [12–18] for analyses of
corrugated box such as the McKee equation. These are semi empirical models for box
buckling analyses which require heavy and costly experimentation through fabrication
and testing of ECT, bending, and box specimens for model calibration. Urbanik and
Frank later developed the Generalized McKee Equation. However, all these analytical
models are limited to vertically loaded regular slotted containers (RSC). These model
are not suitable for boxes with other styles and loading conditions.

Commercial software [19–22] based on these models were also developed to
predict box compression strength or stacking strength. The models are easy to
implement and thus widely used in industry. However, only a limited number of them
can predict box performance based on paper properties [12, 14, 21, 22], so extra
characterization of corrugated boards such as edge crush tests (ECTs) have to be
conducted before using the models. Also, they are limited to a specific box type such as
tubes [13] or regular slotted containers (RSCs) [14, 21]. Furthermore, box features such
as slots as often seen in vented fruit box or inserts are difficult to be accounted for in
these models.

3 Proposed Computing Framework

The objective of this computing framework is to provide a general analyses tool for
efficient and accurate analyses of corrugated boxes with cloud computing option. This
framework includes four modules named geometry module, material module,
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boundary/loading module and analysis module. Users only need to define the geometry
of the box (length, width, height, folds, cut-outs, scoring, and staples information etc.),
material property of the paper (liner and medium paper properties) and to specify the
output results needed (BCT, failure or yield zones, stress fields, load vs. displacement,
etc.) in the user interface page. The job will be submitted to and conducted in a
computing platform through a cloud computing option and the output (BCT, Stacking
strength, etc.) report will be sent back to users after the job is done.

Finite element analyses of the corrugated boxes will be conducted in ABAQUS
including: automeshing of CAD model, automatic FEA model construction (including:
material homogenization of the paper, boundary application, etc.), and nonlinear
analysis of corrugated boxes. Riks method with imperfections is used in nonlinear
analysis for prediction of buckling mode for corrugated boxes as shown in Fig. 1. The
buckling modes of the box are obtained by Eigen mode buckling analysis and then the
linear combination of the buckling modes with a scaling factor is used as imperfections
for the nonlinear Riks analysis. Since model convergence is not guaranteed for a
particular analysis, a convergence analysis is conducted with various levels of
imperfection to automatically determine the BCT.

Compared with analytical/empirical models and commercial software, the frame-
work developed in this study has the advantages of (1) predicting box performance
based on paper properties; (2) for different box types including RSC, EFOL, TFOL
etc.; (3) with special design features such as scores, hand holds, ventilation holes,
staples, etc. Compared with traditional finite element models, this framework has the
advantage of predicting BCT for different box types without the requirement of pro-
fessional structural engineers.

4 Case Study and Experimental Validations

For demonstration, three corrugated boxes with different box types (RSC, TFOL, and
EFOL), sizes, corrugated board combinations, fluting types and relative humidity were
modeled for the maximum box compression test strength values (BCT) predictions and
compared with experimental results. Details of the boxes are shown in Table 1. These
corrugated boxes were first conditioned (ASTM D685), and then kept in humidity
chamber for 72 h under a set humidity level, and then compression tested (ASTM
D642-15) in a Material Testing System (MTS) with a floating upper compression
platen and fixed lower platen.

Fig. 1. Nonlinear analysis using Riks method with imperfections

662 S. Johnson et al.



BCT from FE predictions and experiment are shown in Fig. 2. The prediction error
varies from 3.6 to 14.4% for different boxes. The error for EFOL is larger than that of
RSC and TFOL, and this is likely because of more details including hand holds and
staples that are simulated in the FE models of EFOL. These details largely affect the
side panel bending stiffness since 4 panels are partially bonded with the staples and
with the stress concentration of the hand holds, these accumulate errors in the
simulations.

5 Conclusions

This paper gives a brief introduction of the analysis methods of corrugated boxes and
discusses the pros and cons of these approaches. Then, a new efficient and accurate
computing framework is proposed with a cloud computing option for users without
specialized background in structural/material/mechanical engineering. Users can easily
define the inputs, and the job will be sent to the platform through the cloud computing
option. Finite element models of corrugated boxes will be generated automatically in
ABAQUS and the analyses will be done automatically. The report will be sent back to
the users automatically after the job is done. This framework can analyze corrugated

Table 1. Information of the corrugated boxes being analyzed

Box model Outer dimension (mm) Liner-medium-liner
basis weight
combination (g/m2)

Fluting Relative
humidity
(%)

Number
of
specimens

RSC 304.8 � 304.8 � 304.8 66.6-38.5-66.6 C 50 2
TFOL 673.1 � 198.4 � 320.5 51.8-48.8-51.8 B 85 4
EFOL 282.4 � 236.5 � 487.4 62.2-59.2-82.9 B 65 3

Fig. 2. Model predictions and experimental results for box BCT of 3 different box types. Note
that the error bar for RSC’s are not shown due to limited number of samples tested
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boxes (1) with different sizes; (2) with different box types and geometries; (3) with
material property directly from paper; (4) rapidly with acceptable accuracy; (5) without
the need for specialized personnel (e.g. structural engineers). Thus, this framework
enables users/packaging companies to optimize the design/logistics of the corrugated
boxes rapidly and cost effectively as compared with other approaches available in the
literature and/or market.
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Abstract. Material matching for corrugated board box of lithium battery was
carried out in this paper. Four-layer corrugated board (250 g/170 g/100 g/250g
C stare blankly, match material g weight from left to right in order to face paper,
corrugated paper and inside paper, the following is the same) and five-layer
corrugated board (200 g/120 g/120 g/120 g/200g BA stare blankly) with the
same quantity and size were selected as materials of the corrugated board box,
and the changes of physical and mechanical properties of these two kinds of
corrugated boards and their packaging cartons under different transportation
environment conditions were tested and analyzed. The results show that the
four-layer corrugated cardboard and its cartons are better than the five-layer
corrugated cardboard and its cartons in transport protection performance under
various temperature and humidity conditions selected in the experimental study.

Keywords: Lithium battery � Transport packaging � Corrugated board box �
Material matching

1 Introduction

Lithium batteries, as a clean, efficient, energy-intensive and memory-free energy
source, are increasingly used in our daily life. Lithium battery is a kind of dangerous
chemicals. In the more severe transportation environment, it is easy to cause the
damage of lithium batteries due to unqualified transportation packaging, and ultimately
lead to irreparable consequences. Especially in recent years, the regional circulation of
lithium batteries has increased rapidly, which puts forward higher requirements for the
safety performance of lithium battery transport packaging protection. Therefore,
through simulating the common transportation environment, the comprehensive pro-
tection performance of lithium battery transportation packaging box was tested and
analyzed. The purpose of this paper is to explore the influence of different trans-
portation environment conditions on the transportation safety performance of pack-
aging carton, and then put forward scientific improvement measures and more
reasonable lithium battery packaging scheme, and comprehensively improve its
transportation protection performance.
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2 Material Matching and Performance Testing
for Corrugated Board Box of Lithium Battery

2.1 Material Matching for Corrugated Board Box of Lithium Battery

In the experimental study, the style of the corrugated board box is 0201. Its inside size
are L = 300 mm, B = 250 mm, H = 310 mm. The weight of lithium batteries in the
carton is 20 kg. According to GB/T 6543-2008 [1] and GB/T 6544-2008 [2], four-layer
corrugated board (250 g/170 g/100 g/250g C stare blankly, match material g weight
from left to right in order to face paper, corrugated paper and inside paper, the fol-
lowing is the same) and five-layer corrugated board (200 g/120 g/120 g/120 g/200g
BA stare blankly) with the same quantity and size were selected as materials of the
corrugated board box.

2.2 Performance Testing for Corrugated Board Box of Lithium Battery

According to GB/T4857.2-2005 [3] and actual situation of transportation, ten kinds of
experimental environment conditions were design, such as 20°/RH30%, 30°/RH30%,
38°/RH30%, 23°/RH50%, 20°/RH65%, 30°/RH65%, 38°/RH65%, 20°/RH90%,
30°/RH90%, 38°/RH90%. The reference standards and test items in the study are listed
in Table 1 [4–8].

The samples were prepressed 72 h in climatic chamber, then performance testing
were taken.

3 Results and Discussion

The testing results of compressive strength, edge compressive strength, breaking
strength, puncture strength and rate of water content were shown in Figs. 1, 2, 3, 4 and
5. The two kinds of samples in the experiments were indicated as B47B and S555S.

The results show that the four-layer corrugated cardboard and its cartons are better
than the five-layer corrugated cardboard and its cartons in transport protection per-

Table 1. The reference standards and test items

Test items National standards

Compressive strength GB/T 4857.4
Edge compressive strength GB/T6546
Breaking strength GB/T 6545
Puncture strength GB/T 2679.7
Rate of water content GB/T 462
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formance under various temperature and humidity conditions selected in the experi-
mental study. The comprehensive physical properties of corrugated board box reached
the highest under the conditions of 23 °C and RH50%. It can be seen that the influence
of ambient temperature on the physical and mechanical properties of corrugated board
and corrugated board box is relatively small under the same humidity condition.
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Fig. 1. The comparison of compressive strength of carton
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Fig. 2. The comparison of edge compressive strength of paperboard
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4 Conclusions

Though the experiments of material matching for corrugated board box, the results
show that corrugated board box can be used for packaging lithium batteries. Com-
parativly, the four-layer corrugated board (250 g/170 g/100 g/250g C stare blankly)
has advantage in combination property for matching material in corrugated board box
design and manufacture for packaging lithium batteries.
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Fig. 3. The comparison of breaking strength of paperboard
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Fig. 4. The comparison of puncture strength of paperboard
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Abstract. In order to study the stress distribution and the maximum stress of
the glass cup in different drop heights and different drop ways, the mechanical
properties of glass during falling process was analyzed based on the finite
element method. The results show that as the drop height increases, the stress of
the glass cup will gradually increase and the stress distribution area will
broaden. When the stress reaches the maximum, the glass cups will be broken.
Due to diverse drop ways, the stress and the stress distribution area of the glass
cup is different, and the stress distribution area is not proportional to the drop
angle of the glass cup.

Keywords: Finite element method � Stress glass

1 Introduction

During the process of transportation, products are damaged mainly by dropping.
Therefore, it is of great value to study dynamic characteristics. The damage of objects
due to the drop is not only related to their fragility, but also to drop heights and drop
ways [1–3]. Most of traditional researches are based on theoretical analysis or exper-
imental test. Theoretical researches are expensive. Moreover, measured physical data is
very limited, making it difficult to acquire continuous spatial and temporal results and
unable to completely display the structural response and structural deformation
mechanism during dropping [4]. However, dynamic simulation of the dropping can
clearly analyze the dynamic response of packages under shock and vibration excavate,
obtain the test data which cannot be gained from physical experiments. Then main
factor is analyzed based on the simulation results. Reasonable elastic elements are
designed based on the results. The R&D speed of products is significantly improved.
Thus, it is with obvious superiorities and embraces some application significance in
transport packaging [5–7].

Glassware is featured by favorable appearance, high chemical stability and corro-
sion prevention, so it is widely applied to various fields. However, glass is fragile and is
likely to be broken due to external vibration, collision and drop during transportation
and use. In this Paper, the simulation test is conducted for the drop of glasses based on
finite element method in order to study the mechanical property of glasses under
different drop heights and in different drop ways [8].

© Springer Nature Singapore Pte Ltd. 2019
P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_91

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_91&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_91&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_91&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_91


2 Modeling and Analysis Process

In the analysis of the glass cup with the finite element method, a 2D glass cup model is
built, as shown in Fig. 1. The 2D model is rotated to a 3D model with variable shell, as
shown in Fig. 2 [9].

Fig. 1. A two-dimensional model of the glass cup

Fig. 2. A three-dimensional model of the glass cup
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Overall specifications of the glass cup are those of Luminarc 200 ml straight glass
cups with round rim. Overall dimensions of the glass cup are shown in Table 1. The
material parameters of glass are shown Table 2 [10].

In the analysis, if the motion with gravity impact is calculated by ABAQUS/
Explicit, it will take plenty of time to simulate freely falling parts. And it is easy to
cause a mistake. So in order to simplify the process, we specify the velocity (m/s) to
simulate the initial speed from H (m) high, namely the V(m/s) of impact speed on the
glass cup, which can be calculated by Eq. (1) [11]. The h is the angle between the
ground and the normal of the glass cup, which is shown in Fig. 3.

V ¼
ffiffiffiffiffiffiffiffi

2gh
p

ð1Þ

Here, g is 9.810 (m/s2).

Table 1. Parameters of the glass cup (mm)

Body
height

Bottom
thickness

Wall
thickness

Inside diameter
of cup rim

Outside diameter
of cup rim

Bottom
radian

65.800 18.420 7.440 55.140 69.020 45.000

Table 2. Material parameters of glass

Material Density/(g/cm3) Elastic modulus/(GPa) Poisson’s ratio

Glass 2.400 67.000 0.0245

Fig. 3. The figure of the model about the h
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To produce accurate analysis results, Quad mapping partitioning technology and
S4R are adopted to divide the grids, as shown in Fig. 4. The simulation is calculated by
Dynamic/Explicit. The outer surface of the glass cup and the ground are both con-
sidered to be smooth with no friction resulting from the contact of the two.

3 Results and Analysis

3.1 Effect of Drop Height on the Stress Distribution of the Glass Cup

When the h is set as 30°, the stress distribution figure of the glass cup is drawn in
different drop heights, as shown in Fig. 5.

It can be discovered from Fig. 5 that the stress is mainly concentrated on the
contact between the glass cup and the ground. As the drop height increases, the stress
gradually increases and the stress distribution area broadens along with upward
delivery. The glass cup is broken when the drop height is 1.600 m. The maximum
stress can be queried from the tool create x, y data in the process of dropping. The
stress in different drop heights is shown in Table 3.

It can be discovered from Fig. 5 and Table 3 that as the drop height increases, the
maximum stress of the glass cup will gradually increase.

Fig. 4. The model of the glass cup after grid division
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3.2 Effect of Different Drop Ways on the Stress Distribution
of the Glass Cup

At the drop height H = 1.200 m, the h is respectively set as 0°, 30°, 60° and 90°. The
stress distribution of the glass cup is shown in Fig. 6.

It can be discovered from Fig. 6 that when h = 90°, the biggest stress distribution
area of the glass cup is formed. And the stress distribution area is not proportional to
the angle. When h = 60°, the glass cup is broken. Whether the glass cup is broken is
much related to their location of contact with the ground. The maximum stress can be
queried from the tool create xy data. The maximum stress of the glass cup in different
drop ways is shown in Table 4.

It can be discovered from Fig. 6 and Table 4 that when h = 60°, the glass cup is
broken, and the instantaneous maximum stress is biggest.

(a) H=0.4m (b) H=0.8m

(c) H=1.2m (d) H=1.6m

Fig. 5. Stress distribution figure of the glass cup under different drop heights

Table 3. Stress of the glass cup under different drop heights

H/m 0.4 m 0.8 m 1.2 m 1.6 m

rmax/MPa 69.705 105.734 115.835 193.898
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4 Conclusions

Comparing the results, the conclusion can be obtained:

• As the drop height increases, the stress of the glass cup will gradually increase and
the stress distribution area will broaden. When the stress reaches the maximum, the
glass cups will be broken.

• Due to diverse drop ways, the stress and the stress distribution area of the glass cup
is different, and the stress distribution area is not proportional to the drop angle of
the glass cup.

Acknowledgments. The project is supported by the general research projects of Beijing Insti-
tute of Graphic Communication (Eb201701, Ed201804), the National Natural Science Founda-
tion of China (51305038) and Bei Yin talent selection and development project of Beijing
Institute of Graphics Communication (Byyc201316-016).

(a) θ = 0°                           (b) θ= 30°

(c) θ = 60°                        (d) θ= 90°

Fig. 6. The stress distribution of the glass cup in different drop ways

Table 4. Maximum stress of the glass cup in different drop ways

h/° 0 30 60 90

rmax/MPa 124.204 115.835 228.632 193.898
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Abstract. In order to reduce the damage of laptop during drop experiment and
protect the laptop, the finite element simulation is used to analyze the force of
the laptop during the drop. Using finite element software ABAQUS, the model
of the laptop and cushion packaging are built and the material parameters, drop
height and drop types are set. The laptop is built as two parts including top and
bottom. The acceleration, stress, strain and other information are obtained.
Comparing acceleration and stress, the influence of different cushion on the
stress of laptop and cushion during drop are analyzed. The results show that the
cushion has a protective effect on the product and absorbs most of the force, and
the stress of top and bottom is different during the drop.

Keywords: Finite element method � Simulation analysis � Stress � Cushion

1 Introduction

The laptop and its package will be impacted by the environment during its distribution.
Dropping is one of the key factors leading to product breakage [1]. In order to obtain
the property parameters of laptop and evaluate the reliability of the packaging, the test
of impact for products in distribution is carried using the traditional method [2]. But it
is not only expensive using this method, but also the result is affected by sensors, and
only a part of the stress can be obtained [3]. Based on finite element method (FED), the
object is seen as the combination of some finite elements and the unit is simulated and
the response of the unit under the load is obtained [4]. Liu et al. [5] studied the
influence of different drop ways on liquor packaging based on the finite element
method by simulating the dropping experiment with Ansys/LS-DYNA. Shen [6]
analyzed the drop for the polyethylene foam buffer system. The simulation results are
consistent with the falling curve obtained by the experiment, and the error is within the
range of acceptance. Zhang et al. [7] simulated the stress of dangerous goods by
changing the drop height and predicted the location of leakage. Liu [8] simulated
the drop of the washing machine, the simulation results are in good agreement with the
test results. Shi [9] simulated the drop of laptop to study the damage about the structure
of laptop during the drop, based on software ABAQUS. Zhang [10] also analyzed
the drop of laptop, but the system using cushion wasn’t studied. Zhang [11] analyzed
the stress of laptop effected by the structure of the cushion, the model is built as a
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whole. The model of this paper is divided into two parts. Using finite element software
ABAQUS, the model of the laptop and cushion packaging are established and material
parameters, drop height and drop types are set. The laptop is built as two parts
including top and bottom. The information of acceleration, stress, strain and others are
obtained. Comparing acceleration and stress, the influence of different cushion on the
stress of laptop and cushion during drop are analyzed. The results show that the
cushion has a protective effect on the product and absorbs most of the force.

2 Model of Drop for Laptop and Cushion

2.1 Model Building and Parameters Setting

The model of laptop is set. The length and width of the laptop are 345 mm and
239 mm respectively, and the thickness is 32.8 mm, and the whole is divided into two
parts. The thickness of the top part is 12.8 mm and the bottom part is with 20 mm
thickness. The cushion pad is shown in Fig. 1a. The individual parts are assembled in
assembly. After assembling, the model of laptop is shown in Fig. 1b. The computer
model with cushion is shown in Fig. 1c.

Table 1 lists the properties of the laptop and cushion and Tables 2 and 3 show the
stress-plastic strain of cushion including EPS and EPE.

(a) Cushion       (b) Laptop        (c) The laptop with cushion

Fig. 1. Model of the laptop and its cushion

Table 1. The property parameters of materials [1–3]

Part Elastic modulus (MPa) Poisson ratio Density (kg/m3) Yield stress (MPa)

Laptop 200 0.394 1.260 57.5
EPS 0.55 0.3 20
EPE 0.654 0.1 22

Table 2. Stress-plastic strain data of EPS material [2]

Plastic strain 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Stress/MPa 0.08 0.10 0.11 0.18 0.12 0.13 0.14 0.42 0.16 0.16 0.17
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The contact between the two parts and connection with tie are set. The restraint and
initial speed on laptop and cushion was set. The laptop drops from the 1 m to the
ground and its speed is equivalent to 4427 mm/s when it touches the ground.

3 Stress Analysis of Laptop During Drop

3.1 Stress Nephogram of Laptop

Figure 2 is the stress nephogram of bottom part of laptop without cushion. Figure 2a
shows the state of laptop beginning to drop, Fig. 2b shows the laptop beginning to
contact the ground, Fig. 2c show the state of the maximum stress. Figure 2d shows that
the laptop begins to move upward, and the stress begins to spread. Figure 3 shows the
three dimensions stress nephogram of laptop, it can be found the maximum stress is
located at the drop surface.

Table 3. Stress-plastic strain data of EPE material [3]

Plastic strain 0 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.7 0.78

Stress/MPa 0 0.02 0.03 0.04 0.05 0.06 0.09 0.12 0.20 0.30

+3.369e-01
+3.117e-01
+2.865e-01
+2.613e-01
+2.361e-01
+2.108e-01
+1.856e-01
+1.604e-01
+1.352e-01
+1.100e-01
+8.473e-01
+5.951e-02
+3.429e-02

(a) At beginning of drop                     (b) Just contacting ground 

(c) Maximum stress                   (d) The stress dispersion

S,Mises
(Avg:75%)S,Mises

(Avg:75%)

+4.209e+00
+3.864e+00
+3.519e+00
+3.173e+00
+2.828e+00
+2.483e+00
+2.138e+00
+1.792e+00
+1.447e+00
+1.102e+00
+7.564e-01
+4.111e-01
+6.579e-02

+1.808e-06
+1.659e-06
+1.511e-06
+1.363e-06
+1.215e-06
+1.067e-06
+9.183e-07
+7.701e-07
+6.218e-07
+4.736e-07
+3.254e-07
+1.771e-07
+2.888e-08

+3.560e+00
+3.264e+00
+2.967e+00
+2.670e+00
+2.373e+00
+2.077e+00
+1.780e+00
+1.483e+00
+1.187e+00
+8.901e-01
+5.934e-01
+2.967e-07
+4.543e-08

S,Mises S,Mises(Avg:75%) (Avg:75%)

Fig. 2. The stress nephogram of laptop during the drop
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Figure 4 shows the nephogram of bottom part for laptop with EPS, Fig. 4a shows
that the stress is very small at the beginning of drop. Figure 4b shows the compression
deformation of cushion, which absorbs most of the stress and reduces the stress on the
laptop. The stress nephogram of the cushion packaging is shown in Fig. 5. It can be
found that the maximum stress happens at the corner of the cushion, which is consisted
with the laptop as Fig. 4b.

3.2 Stress-Strain Curve of Laptop

3.2.1 No Cushion
The laptop is divided into two parts: the top part is thin, the bottom part is relatively
thick, the stress and displacement curves are shown in Figs. 6 and 7. In contrast to the
stress and displacement of the two parts, the maximum stress in the top part is
2.410 MPa, and the maximum stress in the bottom part is 0.566 Mpa, which indicates
that the stress of top part with the same cushion is more than the other. The stress in the
two parts is less than the yield stress 57.5 Mpa, and the displacements are 20.317 mm
and 20.881 mm for the thin part and thick part. It shows that the deformation of the two
parts is not obvious, and there is no dislocation and other phenomena.

(a) Top surface (b) Drop surface
Drop surface

Top part

Fig. 3. The three dimensions stress nephogram of laptop at maximum stress state

(a) At beginning of drop    (b) The stress dispersion 

S,Mises
(Avg:75%)

+1.417e-05
+1.299e-05
+1.181e-05
+1.063e-05
+9.449e-06
+8.268e-06
+7.088e-06
+5.908e-06
+4.727e-06
+3.547e-06
+2.366e-06
+1.186e-06

+3.710e-01
+3.401e-01
+3.093e-01
+2.784e-01
+2.475e-01
+2.166e-01
+1.857e-01
+1.548e-01
+1.239e-01
+9.305e-02
+6.217e-02
+3.128e-02
+3.954e-04

S,Mises
(Avg:75%)

Fig. 4. The stress nephogram of the laptop with EPS
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(a) Left (b) Right 

Fig. 5. The stress of the cushion

(a) Stress curve              (b) Displacement curve 

Fig. 6. The stress and displacement curves of the top part

(a) Stress curve                 (b) Displacement curve 

Fig. 7. The stress and displacement curves of the top part without cushion
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3.2.2 Using Cushion
Figures 8 and 9 show the stress curve and displacement curve of the top part with EPS
and EPE cushion respetively. The maximum stress of the top part of laptop using the
EPE cushion is 0.05 MPa, less than 0.06 MPa using the EPS, which indicates that the
EPS can absorbs less stress and leads to more stress on the laptop. The cushioning
property of the EPE is better than EPS. It can be seen from Figs. 9b and 8b that the
displacement of the laptop is 10.69 mm and 10.66 mm for EPE and EPS.

3.3 Maximum Acceleration

The acceleration curve during drop of laptop is obtained, shown in Fig. 10. The
maximum acceleration of the laptop without cushion is 69,150 m/s2, and it is
28,410 m/s2 for using cushion. It can be found that it is effective to protect the laptop
using cushion.

(a) Stress curve                  (b) Displacement curve 

Fig. 8. The stress and displacement curves of the top part with EPS cushion

(a) Stress curve                   (b) Displacement curve 

Fig. 9. The stress and displacement curves of the top part with EPE cushion

Analysis on Stress of Laptop and Cushion During … 683



4 Conclusions

Through the analysis of laptop model by ABAQUS, the stress nephogram and the
stress curve can be obtained. The protective effect of the cushion packaging on the
laptop can be explained from the stress and acceleration, and the stress of the top part of
the laptop can also be known. The results show that the cushion has a protective effect
on the product and absorbs most of the force.
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Paper and Related Technology



Influence of Nano-silica on Inkjet
Paper Coating

Huanmei Wang, Yunzhi Chen(&), and Zhengjian Zhang

China Light Industry Key Laboratory of Food Packaging Materials
and Technology, Tianjin University of Science and Technology, Tianjin, China

yzchen@tust.edu.cn

Abstract. The influence of nano-silica with different particle sizes on inkjet
paper coating was investigated. Laboratory self-made silica sol with particle size
of 16 and 100 nm was employed as the pigment, and Polyvinyl Alcohol
(PVA) was used as the binder. In order to study how nano-silica influences the
properties of the inkjet paper coating, four groups of coating were prepared by
variation of the dosage for two types of silica sol particle sizes. The viscosity of
coating, the microstructure, physical properties, inkjet printing quality and
dynamic permeability were characterized. The results showed that 16 nm silica
sol could increase the viscosity of coating and reduce coating liquidity. Mean-
while, it did not contribute to the improvement of the physical properties and
permeability of the coated paper. When the ratio between 16 and 100 nm silica
sol was 30:70, the coated paper exhibited the best glossiness, smoothness and
the solid density. In addition, it was found that the microstructure of the coating
demonstrated good correlation with the performance of the coated paper.

Keywords: Nano-silica � Inkjet printing � Coating � Microstructure �
Permeability

1 Introduction

The inkjet market shows an increasing growth, which necessitates the use for the inkjet
printing process more developed strategy by taking small-scale color printing and low-
cost variable data printing into consideration [1]. Inkjet printing is a non-contact
technique with remarkable performances such as versatility, excellent long-term fast-
ness, sharp detail rendering, and large color gamut [2, 3]. Inkjet print is demonstrated
its potential application in electronics, 3D printing and biological materials [2, 4, 5].
Inkjet printing quality is dependent on the performances of inkjet recording materials,
such as penetration and wettability, can primarily govern the setting and drying of the
liquid ink on the surface of the material [5].

In recent years, silica-based nano-particles adsorbents have generated more inter-
ests due to their large specific surfaces area, high hydrophilicity and high porosity
properties [5, 6]. However, silica particles aggregate easily, which leads to low solid
content, weak stability of coating, and having low micro-porosity [7]. These structures
affected the physical properties and inkjet printing quality. Therefore, in order to make
inkjet printing’s lofty standards of flexible and reliable performance, the micro-porosity
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and dispersity of SiO2 particles have been studied [7, 8]. Wu prepared SiO2 coating
modified by silicon coupling agent. It was found that the wettability and ink absor-
bency of modified silica coating was improved [8]. The properties of the coatings are
greatly influenced by the particle size and pore structure of the coatings [9, 10].

However, there are few studies on the effect of nano-silica and its particle size on
inkjet print coatings. In order to improve inkjet printing performance of the coating,
silica sol of 16 and 100 nm were used as pigments. The influence of nano-silica on
inkjet paper coating was researched by analyzing the viscosity of coating, the
microstructure, physical properties, inkjet printing quality and dynamic permeability.

2 Experimental

In the experiment, the PVA was used as adhesive, and two kinds of silica sol (labo-
ratory self-made) were used as pigments. The particle polydispersities of 16 and
100 nm silica sol were 0.132 and 0.101, respectively. According to the different pro-
portions of nano-silica, 4 groups of coatings were prepared according to the experi-
mental formulations. Table 1 showed the absolute mass ratio and number of each
component.

The viscosity of coatings was measured by the viscometer (CAP2000 + , by
Bokefei Corporation, USA). A scanning electron microscope (SEM, by Hitachi, Japan)
was used to observe the microstructure of the coatings. The permeability of coated
papers was measured by Dynamic Permeation Analyzer. The coating amount,
smoothness, whiteness and glossiness were measured according to GB/T451.2-2002,
GB/T 22363-2008, GB/T 7974-2013 and GB/T 8941-2007. The coating amount of
papers was 6–7 g/m2. The solid density of inkjet printing was measured by density
meter (518, X-Rite, America).

3 Results and Discussion

3.1 Viscosity of Coatings

As shown in Fig. 1, the viscosity of coatings was increasing greatly with the increase of
16 nm silica sol dosage. Therefore, too much 16 nm silica sol was not conducive to the
preparation and pumping of coating materials. This behavior is possible because the

Table 1. The coating formulations

Number C1 C2 C3 C4

silica sol of 100 nm (pph) 100 70 30 0
silica sol of 16 nm (pph) 0 30 70 100
PVA (pph) 15 15 15 15
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16 nm silica sol with smaller particle size, higher specific surface area and more silica
alcohol groups than the 100 nm silica sol, the binding force between particles
increasing, and the coating viscosity increase.

3.2 Microstructure of Coated Papers

The microstructure of coated papers from the SEM images was showed in Fig. 2. As
shown in Fig. 2, C1 coated paper surface had relatively uniform pore structure formed
by the coating, because the coating of 100 nm silica sol had good dispersion. C3 coated
paper surface had non-uniform pore structure, and there were plenty of agglomerates on
the coating. Since the 16 nm silica sol was filled in the pores between fibers, the
uniform pore structure was hindered, and non-uniformity was formed due to the
agglomeration of the 16 nm silica sol. The pores on the surface of C4 coated paper was
large and uneven, because the 16 nm silica sol particles were too small to enter the fiber
pores of the paper, and could not form a uniform coating.

3.3 Dynamic Permeability of Coated Papers

The dynamic permeation curves and permeation parameters of coated papers were
showed in Figs. 3 and 4. The test liquid for dynamic penetration was water.

As shown in Fig. 3, dynamic permeation curves of C1, C2 and C3 coated papers
showed an upward trend of obvious. The result indicated that the surface of the paper
was uniform. The energy curve of C4 coated paper was upward trend of weak, which
indicating that the paper surface was nonuniform.

Ci refers to the difference between the ultrasonic energy value from the 100% to the
energy value, when the testing liquid penetrates the coating. Higher of Ci value means
the more coarse-pored the coating, covering possibly worse. Ct refers to the time that
the testing liquid strikes through the coating, start of the penetration into the base paper.
The higher of Ct value means the thicker of the coating thickness.

Fig. 1. The viscosity of different coatings
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As shown in Fig. 4, the value of Ci indicated that the pore size of the coating
increases as the amount of 16 nm silica sol increases. The value of Ct indicated that the
coating thickness of the C1 and C2 coated papers was thicker, and the C4 coated paper

Fig. 2. SEM of coated papers

Fig. 3. Dynamic penetration curve
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had the thinnest coating. Because the 16 nm silica sol would penetrate into the fibrous
pores of the paper, and the smaller particle size silica sol was more hydrophilic.

3.4 Physical Properties of Coated Papers

The whiteness, glossiness, and smoothness of the coated papers were presented in
Figs. 5 and 6.

As shown in Fig. 5, thewhiteness of coated paper had a tendency to decrease, with the
increase in the amount of 16 nm silica sol. The result indicated that the small particle size
silica sol had a low whiteness, and the small particle size silica sol could not cover raw
paperwell. As shown in Fig. 6, the glossiness and smoothness of coated paper showed the

Fig. 4. Dynamic permeability parameters

Fig. 5. Whiteness of coated papers
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same tendency, due to the correlation between glossiness and smoothness. C2 coated
paper had the best glossiness and smoothness, while C4 coated paper was worst.

3.5 Inkjet Printing Performances of Coated Papers

As shown in Figs. 7 and 8, C2 coated paper had the best solid density, the solid density
of C1 coated paper was better than C3 and C4. The result indicated that the inkjet
printing quality of C2 coated paper was the best. Because C1 and C2 coated papers had
uniform pore structure, which could fix the ink on the coating surface well. The coated
paper, which was prepared by 16 nm silica sol, could not fix the ink on the coating
surface well. Due to the 16 nm silica sol was filled in the pores between fibers, it was
impossible to form a uniform microstructure.

Fig. 6. Glossiness and smoothness of coated papers

Fig. 7. Inkjet printing reproduction of Cyan
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4 Conclusions

The combination of 16 and 100 nm silica sol significantly improved the coating vis-
cosity. The viscosity of the coating was increased by 16 nm silica sol, and the fluidity
of the coating was reduced.

The combination of 16 and 100 nm silica sol had a significant influence on the
microstructure, physical properties and permeability of the coated paper. The surface of
coated paper prepared by 16 nm silica sol failed to form a uniform pore structure.
Therefore, its physical properties and printing performance were the poorest. The
coated paper prepared by compounding 16 and 100 nm silica sol with ratio of 30:70
showed the best printing performances in terms of glossiness and smoothness.

In conclusion, the well-constructed microstructure can improve the physical
properties, printability and permeability of the coated paper.
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Abstract. On the basis of cooked rice paper coated with a good ink-absorbing
and no ink paint, the advanced calligraphy paper uses cooked rice paper as the
body paper. This thesis sets styrene-acrylic emulsion as binder, porcelain clay
and zinc oxide as pigments. Firstly, it discusses effect on the performance of
senior calligraphy paper writing caused by the two kinds of pigment preparation
in different proportion and adhesion-filling ratio of different coating. Secondly, it
implores the impact of different coatings on paper performance, such as tear,
tensile strength, smoothness, and gloss. The result shows that when the styrene
acrylic emulsion used as binder, ink absorption increased gradually with the
increase of adhesion-filling ratio; tear, tension and gloss increased with the
increase of clay and the decrease of zinc oxide, the decrease of smoothness;
when the porcelain clay: zinc oxide is 2:3 and adhesion-filling ratio is 1:4.5, the
whiteness, smoothness, and gloss of the Xuan paper are significantly enhanced
after coating of the sample. The ink is not scattered during writing, the lines are
neat, delicate, unbreakable, no ink paint, dense and bright surface, and with
good writing performance.

Keywords: PiMade Xuan paper � Xuan paper coating � Advanced calligraphy
paper

1 Introduction

Xuan paper is a traditional paper for Chinese painting and calligraphy. It can be divided
into three types: Raw Xuan paper, Sized Xuan paper, and PiMade Xuan. Raw Xuan
paper has strong water absorption, therefore ink seeps quickly. It is appropriate for ink
painting. PiMade Xuan is made of Raw Xuan paper with a certain percentage of alum
water. This kind of paper is harder than Raw Xuan paper. The water absorption
capacity is weak, so that the ink and color will not spread when using. It is appropriate
to paint claborate-style painting. Sized Xuan paper is also made from Raw Xuan paper.
The water absorption capacity is between the former two [1–3]. The advanced cal-
ligraphy paper can improve paper properties by coating processing. Porcelain clay
pigment has strong plasticity and strong adhesion. Mixed with other coating propor-
tion, it can improve the whiteness, smoothness and gloss of the paper. Zinc oxide has
good color performance and cover performance, as white pigment can play the role on
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moisturizing. The fluidity of styrene-acrylic emulsion is good. It can be used to adhere
to the paper surface, making the paper surface smoother. It also has a certain viscosity,
which will make the coated paper with a certain toughness [4–7]. In this experiment,
styrene-acrylic emulsion was used as adhesives to study the effects of their tearing
degree, tensile strength, smoothness, gloss and writing performance under different
porcelain and zinc oxide ratios.

2 Experimental

2.1 Experimental Materials and Equipment

PiMade Xuan (Anhui Jingxian County Xuan paper factory); Porcelain clay (Shiji-
azhuang ground mountain mineral products trade Co., Ltd); Zinc oxide (Weifang
Hengfeng Chemical Co., Ltd.); Styrene-acrylic emulsion (Shandong baoda professional
Co., Ltd.); Sodium polyethylenate (Shanghai Rongchuang biotechnology Co., Ltd.).

QSM-2 type grinding machine (Tianjin material testing machine factory); JJ-IA
type digital display electric agitator (Jintan medical instrument factory); D-DLY50 type
paper and cardboard quantitative measuring instrument (Sichuan Changjiang paper
making Instrument Co., Ltd.); DRK108B type electronic tearing tester (Ji’nan drick
Instrument Co., Ltd.); DCP-KZ1000 type computer measurement and control anti-
tension testing machine (Sichuan Changjiang paper making Instrument Co., Ltd.); YT-
BST type smoothness tester (Hangzhou YanTe Technology Co., Ltd.); type YT-GM
glossiness measuring instrument (Hangzhou YanTe Technology Co., Ltd.).

2.2 Experimental Methods

2.2.1 The Advanced Calligraphy Paper Trial Production
Mix the different proportions of porcelain and zinc oxide. Add distilled water. Pour into
the grinding machine for 40 min. After filtering, add different proportions of styrene-
acrylic emulsion adhesive and additives. After coating, the Xuan paper is made into
advanced calligraphy paper.

2.2.2 Determination of the Tearing Degree of Xuan Paper
According to GB/T 455 Paper and Paper Tearability Measurement, firstly prepare a
paper sample to cut out 5 pieces of each rectangle of 63 mm * 50 mm in vertical and
horizontal directions, and then use the DRK108B type electronic tearing tester to take
measurements, average the measurement results. The tearing index should be calcu-
lated according to formula (1)

X ¼ F=G ð1Þ

where, X—tear index, mN�m2/g; F—tearing degree, m N; G-quantitative, g/m2.
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2.2.3 Determination of Tensile Strength of Xuan Paper
Firstly, prepare the coated paper test pieces, cut out 5 pieces of each rectangle of
15 mm * 200 mm in vertical and horizontal directions, and then use the DCP-KZ1000
type computer measurement and control anti-tension testing machine to take mea-
surements, and average the measurement results.

2.2.4 Measurement of Smoothness of Xuan Paper
According to GB/T 456-2002 paper and board smoothness measurement (Buick
method), first prepare paper samples of Xuan paper, cut out five 50 mm * 50 mm
diameter samples, and then use YT-BST type smoothness tester to take measurements,
and average the measurement results.

2.2.5 Determination of Gloss of Xuan Paper
According to the standard GB8941-2007 paper and board specular gloss measurement
75° angle determination method, clamp the sample, select the angle of 70° and then
take five vertical and horizontal samples of Xuan paper. Taking measurements, and
average the measurement results.

3 Results and Discussion

3.1 Effect of Different Porcelain Clay, Zinc Oxide Proportioning
and Different Adhesion-Filling Ratio on the Ink Absorption
Performance of Advanced Calligraphy Paper

As shown in Fig. 1, compared with different ratio porcelain clays and zinc oxide
pigments, mixed and then made of the advanced calligraphy paper, made can be seen:
In the case of a certain ratio of porcelain clay and zinc oxide, as the adhesion-filling
ratio (proportion of porcelain clay to zinc oxide) gradually decreases, the ink absor-
bency gradually increases. Because the viscosity of the mixed solution tends to be
moderate, the adhesion state gradually tends to be good, so the absorption of ink
increases. After coating the paper, the whiteness enhancement is especially obvious.
The coating adhesion condition is good, so that the ink does not spread out. The line is
neat, fine. The writing performance has improved.

3.2 Effect of Different Porcelain Clay, Zinc Oxide Proportioning
and Different Adhesion-Filling Ratio on the Performance
of Advanced Calligraphy Paper Tearing Degree

As shown in Fig. 2, cross direction refers to the direction perpendicular to the operating
direction of the paper machine in the process of paper transcription, and machine
direction refers to the direction parallel to the operating direction of the paper machine
in the process of paper transcription. Compared with horizontal and vertical Xuan
paper tearing indexes, it can be seen that the horizontal tearing degree of the coated
Xuan paper is greater than that of the longitudinal tearing.

With the increase of the content of porcelain clay, the content of zinc oxide
decreased, and the tear of coating paper showed an upward trend.
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In the interval of the adhesion-filling ratio of 1:4–1:6, the tear degree of the coated
paper is gradually decreased with the decrease of the paint adhesion-filling ratio.
Because of styrene acrylic emulsion has certain viscosity, after coating can make
coated paper has certain toughness. Therefore, styrene-acrylic emulsion can enhance
the tearing degree of Xuan paper. After repeated rubbing with the pen, the paper
surface will not break.

3.3 Effect of Different Porcelain Clays, Zinc Oxide Proportioning,
and Different Adhesion-Filling Ratio on the Tensile Properties
of Advanced Calligraphy Paper

As shown in Fig. 3, with the increase of clay content and the decrease of zinc oxide
content, and the tension of the paper coating is obviously enlarged. Because porcelain
clay is more conducive to improving the anti-tension of the coated paper, it is more
tenacious than the original paper, and it is not easy to be broken, thus affecting the
quality of the paper. In the interval of the adhesion-filling ratio of 1:4–1:6, with the

Fig. 1. Effect of different mixture ratios of porcelain clay and zinc oxide and different adhesion-
filling ratio

Fig. 2. Effect of different porcelain clay, zinc oxide proportioning and different adhesion-filling
ratio on the performance of advanced calligraphy paper tearing degree
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decrease of the paint adhesion-filling ratio, the anti-tension of the coated paper is
gradually decrease. Using styrene-acrylic emulsion as adhesive can improve the tensile
properties and waterproof properties of paper also improve the quality of paper. After
coating the paper ink levels and a sense of richness are improved.

3.4 Effect of Different Porcelain Clays, Zinc Oxide Proportioning
and Different Adhesion-Filling Ratio on the Smoothness of Advanced
Calligraphy Paper

As shown in Fig. 4, with the increase of clay content and the decrease of zinc oxide
content, and the smoothness of coated paper is gradually reduced. In the interval of the
adhesion-filling ratio of 1:4–1:6, with the decrease of the paint adhesion-filling ratio,
the smoothness of coated paper increases gradually. When the ratio is 1:6, the
smoothness is the best. Because the fibers constituting the interleaved multi-gap
structure of Xuan paper, the closer the Xuan paper fibers, the smaller the gap, the
higher the smoothness. In addition to the properties of the plant fibers that are inter-
woven with the Xuan paper, the paper adds porcelain clay and zinc oxide fillers, and
the particles of the filler are dispersed between the fibers, filling the gap between the
fibers, thus improving the softness of the paper and making the surface of the paper
more smooth, improving the performance of the coated paper. When writing, Xuan
paper is smooth and has a good color. There will not be the phenomenon of Qin ink,
but also can keep the works for a long time.

Fig. 3. Effect of different porcelain clay, zinc oxide proportioning and different adhesion-filling
ratio on the tensile properties of advanced calligraphy paper
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3.5 Effect of Different Porcelain Clays, Zinc Oxide Proportioning
and Different Adhesion-Filling Ratio on the Performance
of Advanced Calligraphy Paper Gloss

As shown in Fig. 5, with the increase of clay content and the decrease of zinc oxide
content, the gloss becomes gradually higher. Because the porcelain clay has a higher
specific area, choose porcelain clay pigments with a small particle size to form a
uniform and smooth coating on the surface of the Xuan paper makes the gloss of the
Xuan paper increase gradually, and the gloss of the paper rises significantly. In the
interval of the adhesion-filling ratio of 1:4–1:6, with the decrease of the paint adhesion-
filling ratio, the gloss of the paper was gradually increased. Due to some changes in the
pore structure of the surface coating, the light scattering changes. Because of the effect
of the emulsion adhesive, the film can provide smooth and smooth coating surface, the
gloss of the paper is improved, the surface becomes dense and bright, and the writing
effect is improved.

Fig. 4. Effect of different porcelain clay, zinc oxide proportioning and different adhesion-filling
ratio on the smoothness performance of advanced calligraphy paper

Fig. 5. Effect of different porcelain clay, zinc oxide proportioning and different adhesion-filling
ratio on the performance of advanced calligraphy paper gloss
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4 Conclusions

1. When the styrene-acrylic emulsion is used as a binder, under the condition that the
ratio of the two pigments of porcelain clay and zinc oxide is fixed, the ink-absorbing
property gradually increases as the adhesion-filling ratio gradually decreases. The
whiteness of the Xuan paper is particularly enhanced after coating, and the coating
is in a good state of adhesion and does not spread.

2. With the increase of porcelain clay, the decrease of zinc oxide, the tear degree,
tensile strength and luster increased; after coating, the paper is not easy to be
damaged, and the layers and richness of the ink are enhanced.

3. When the porcelain clay: zinc oxide is 2:3 and adhesion-filling ratio is 1:4.5, the
whiteness, smoothness, and gloss of the Xuan paper are significantly enhanced after
coating of the sample. The ink is not scattered during writing. The lines are neat,
delicate, unbreakable, no ink paint. The surface is dense and bright, with good
writing performance.
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Abstract. To improve the green environmental performance and barrier
property of the food packaging paper materials, the dialdehyde chitosan (D-
CTS) was prepared from the selective oxidation of chitosan by sodium perio-
date. A surface sizing agent was obtained through complexes of D-CTS and
cationic starch (CS). The barrier properties for water vapor of paper-sheet coated
by the complex sizing agent of D-CTS/CS were measured. Attenuated total
reflectance-fourier transform infrared spectroscopy (ATR-FTIR) was used to
explain the mechanism of the improved barrier properties. The results indicate:
while the oxidation degree and concentration of D-CTS is 32.3% and 0.3 wt%,
the optimum barrier property for water vapor was obtained. While the coating
weight increased from 0 to 3.5 g/m2, the barrier property for water vapor
(WVP) was reduced from 2.73 � 10−11g cm−1 s−1 Pa−1 to 0.81 � 10−11g
cm−1 s−1 Pa−1, reduced by 70.33%. Analyzed by ATR-FTIR, the degree of
cross linking between D-CTS, CS and fibers increased. A smooth film formed
on the surface can improve the WVP significantly.

Keywords: Dialdehyde chitosan � Cationic starch � Coated paper � Barrier
property

1 Introduction

Paper packaging materials has the advantages of abundance, biodegradability, regen-
eration, low cost and so on. It is very suitable for food packaging materials [1, 2].
A low water vapor permeability is a crucial requirement for many food packaging
materials and a low water vapor transmission rate is one of the main requirement [3, 4].
While paper packaging materials laminated with aluminum or extrusion-coated with
synthetic polymers, the barrier resistance for water vapor could be improved signifi-
cantly. However, these packaging materials produced by the above process are not
environmentally friendly and difficult to be recycled. It is a very promising method to
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dissolve biodegradable polymers in water, and then coating on the surface of paper.
A barrier layer can be formed on the surface of paper to improve the barrier property.
Cationic starch has low production cost and can be widely used as paper surface sizing
agent to improve the mechanical properties and surface smoothness of paper. When the
cationic starch is used for coating and sizing, the surface coating is loose and porous. It
cannot meet the requirements of barrier property of food packaging [5]. Chitosan is the
product of deacetylation of chitin, which is widely distributed in nature. Meanwhile,
chitosan has cationic amino group, compact molecular chain, high crystallinity, good
antibacterial property and barrier property, which are very suitable for food packaging
[6]. Compared with other natural organic compounds such as starch, the production
cost of chitosan is relatively high. It limited its extensive promotion and application in
the field of food packaging.

The D-CTS prepared by selective oxidation of chitosan with sodium periodate, has
an aldehyde group which can improve the cross linking and recombination perfor-
mance of chitosan. Dialdehyde-chitosan/cationic starch sizing agent (D-CTS/CS) was
prepared by mixing dialdehyde chitosan with cationic starch. It can reduce the cost of
chitosan and improve the barrier property for water vapor, which can meet the
requirements of general food packaging.

2 Experimental

2.1 Materials and Methods

Chitosan (Mw. 235 KDa) was purchased from Qingdao Shengyang Chemistry Industry
Co. LTD (Shandong, China). The degree of deacetylation is 91% determined by
potential titration method. Sodium periodate, NaOH, hydrochloric acid and so on are
all analytically pure, which are provided by Sinopharm chemical reagent Co. LTD
(Shanghai, China). Cationic starch with degree of substitution 0.037 is provided by
National starch industry (Shanghai, China) Co. LTD. Paper pulp is Beimu bleached
conifer pulp, importing from Canada.

2.2 Preparation of D-CTS/CS Sizing Agent

The preparation of dialdehyde chitosan was mainly based on the modified method of
Vold et al. [7]. The prepared 2 g dialdehyde chitosan [with different oxidation degree
determined by Combustion analysis (C, N)] were poured into 198 g water, stirred
slowly until completely dissolved. The cationic starch gelatinization solution is poured
into the 500 ml three mouth flask, adding different volume of dialdehyde chitosan
solution. The pH value of the mixture was adjusted through the NaOH of 0.1 mol/l and
HCl of 0.1 mol/l. Deionized water was added into the flask. D-CTS/CS sizing agent
was obtained through stirring 1 H at the constant temperature of water bath. Paper
sheets were made from the pulp according to TAPPI T 205 [8]. It was coated by D-
CTS/CS Sizing agent under different conditions on the basis of GB/T 10335.1-2017.
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2.3 Determination of Water Vapor Transmittance (WVP) of Paper-Sheet

WVP ¼ ðDW � XÞ=A � T � ðP1 � P2Þ

Where DW represents the weight gain of weighing bottle(g), X is thickness of the
paper-sheet (mm), A represents area of paper-sheet (mm2), T means time intervals(h),
(P1 − P2) means Pressure difference of water vapor inside and outside of weighing
bottle (Kpa).

3 Results and Discussions

3.1 Effects on WVP of Different Oxidation Degree of D-CTS
in Compound Sizing Agent

The shelf life of products can be effectively analyzed by testing the barrier properties
for water vapor. Figure 1 shows the effect of different degree of oxidation in D-CTS in
compound sizing agents on WVP. When the degree of oxidation increased from 0 to
32.3%, WVP of the paper-sheet reduced from 1.03 � 10−11g cm−1 s−1 Pa−1 to
0.81 � 10−11g cm−1 s−1 Pa−1, reduced by 24.36%. This may due to that D-CTS with
higher degree of oxidation can improve the performance of the cross linking between
D-CTS, CS and fibers.

3.2 Effects on WVP of Different Contents of D-CTS in Compound Sizing
Agent

It can be seen from Fig. 2 that the WVP of the paper decreases with the increase of the
content of dialdehyde chitosan. The degree of oxidation of D-CTS was 32.3%.
The WVP was risen up firstly due to the lower molecular weight of D-CTS. When the

Fig. 1. Effect on WVP of different degree of oxidation in D-CTS in complex sizing agents
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content of D-CTS increased from 0 to 0.3%, the WVP decreased from
0.98 � 10−11g cm−1 s−1 Pa−1 to 0.81 � 10−11 g cm−1 s−1 Pa−1, which decreased
17.35%. This is mainly due to that the addition of D-CTS. The aldehyde group in the
D-CTS has cross linking property, which can improve the film forming performance of
cationic starch and D-CTS, thus make the water vapor transmittance lower.

3.3 Effect on WVP of Coating Weight of Complex Sizing Agent

Figure 3 shows the effect of different coating weigh on WVP of paper-sheet. The
oxidation degree of D-CTS used in complex sizing agent was 32.3% and the content
was 0.3%. It can be seen from the curves that the coating weight has a great influence
on the water vapor transmittance of paper-sheet. As the coating weight of sizing agent
increased, the WVP of paper-sheet decreased. When the coating weight increased from
0 to 3.5 g/m2, the WVP decreased from 2.73 � 10−11 g cm−1 s−1 Pa−1 to
0.81 � 10−11 g cm−1 s−1 Pa−1, and decreased by 70.33%. The results show that the
surface sizing agent can greatly reduce the water vapor transmittance and improve the
packaging barrier performance of the coated paper-sheet. However, when the coating
weight continues to increase, the WVP increases slowly. This due to that a more even
film layer has been formed. Meantime, the increasing of the coating weight t has little
effect on the barrier performance of the film.

3.4 Analysis of ATR-FTIR of the Paper-Sheet Coated by D-CTS/CS
Sizing Agent

In order to better analyze the fingerprint region of the functional group, the range of the
ATR-FTIR was ranged from 2000−500 cm−1. As can be seen from Fig. 4, when the
content of D-CTS reached 0.3%, the absorption peaks of 1650 cm−1 and 1570 cm−1 of
the compound gradually became prominent [9]. The characteristic absorption peaks of
C-ONR2 and amide bonds are respectively 1650 and 1570 cm−1 [10].

Fig. 2. Effect on WVP of different contents of D-CTS in complex sizing agents

Preparation of a Surface Sizing … 707



With the increase of the proportion of D-CTS, the absorption peak of 1160 m−1 and
1030 cm−1 was significantly increased. It means that the content of c-o-c in D-CTS, CS
and cellulose increased. The results show that the cross-linking degree between D-CTS
and CS and cellulose increased. The compatibility between cationic starch and D-CTS
was raised. The interaction force between paper fibers was enhanced, thus improving
the barrier properties of paper.

Fig. 3. Effect of different coating weight on WVP

Fig. 4. ATR-FTIR spectra of coating paper with the different content of D-CTS in D-CTS/CS
sizing agents (a: 0%,b: 0.3%)
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4 Conclusions

In the preparation of D-CTS/CS sizing agents, the optimum oxidation degree and
concentration of D-CTS is 32.3% and 0.3 wt%, respectively. While the coating weight
was raised from 0 to 3.5 g/m2, the WVP was reduced from 2.73 � 10−11 g cm−1

s−1 Pa−1 to 0.81 � 10−11 g cm−1 s−1 Pa−1, reduced by 70.33%. The curves of ATR-
FTIR spectra showed that the degree of the cross linking between D-CTS, CS and
fibers increased. Addition of D-CTS can improve the performance of the surface film
forming property. A smooth film was formed on the surface by adsorbing polymers on
the fibers or diffusing them into the fiber pores, which can improve the barrier property
of the paper-sheet for water vapor.
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Abstract. With the expansion of the printing market and the need of industry
restructuring, the improvement of printing product quality can be a key to the
industry development. What’s more, the pros and cons of paper surface prop-
erties is the important measure of its quality. Researching the correlation
between surface properties of paper, such as whiteness, smoothness, gloss, ink
absorption, and printing tonal gradation is particularly significant for the
improvement of paper quality. Through the test and analysis on the surface
properties of different types of paper, the research on the influence of paper
surface properties to the printing tonal gradation, and the use of gray relational
analysis method, we calculate the influence degree of the surface properties such
as surface gloss, whiteness, and efficiency factors to the printing tonal gradation.
After a series of experiment and data processing, we draw the conclusion that in
the digital printing machine case, for offset paper, as for the influence degree of
paper surface properties to printing tonal gradation, the comprehensive ranking
from highest to lowest is gloss, whiteness, ink absorption, surface efficiency and
smoothness. However, for coated paper, the comprehensive ranking is surface
efficiency, gloss, whiteness, ink absorption and smoothness.

Keywords: Paper surface properties � Printed matter tone level � Correlation �
Gray correlation analysis � Comprehensive ranking

1 Introduction

Printing paper is the main printing stock. The pros and cons of paper surface properties
is the important measure of its quality [1, 2]. There are many differences between
different paper in gloss, surface efficiency, whiteness, ink absorption, smoothness and
many other aspects [3]. Even the same toner printed on different paper can get different
printing tonal gradation [4, 5]. The surface properties of paper directly restrict printing
tonal gradation and influence the final effect of printing products [6, 7]. Therefore, it is
important to research on the influence of paper surface properties to the printing tonal
gradation. Through the test and analysis on the surface properties of different types of
paper (whiteness, smoothness, gloss, ink absorption and surface efficiency), the
research on the influence of paper surface properties to the printing tonal gradation, and
the use of gray relational analysis method, we calculate the influence degree of the
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surface properties such as surface gloss, whiteness, and efficiency factors to the printing
tonal gradation, rank them to suggest their relevance and provide references for
practical production.

2 Experiment

2.1 Materials

UPM128, 157, 250 g/m2 coated paper, 80, 100 g/m2 offset paper; Absorbe facient
paper printing ink of Tianjin Tianshi (K&N value).

2.2 Instruments

YT-GM Gloss Tester, YT-BST Smoothness Tester, XT-48A Whiteness Tester, X-Rite
Spectrophotometer, Kemei C6000 Digital Printer.

2.3 Methods

2.3.1 Testing of Surface Properties of Paper

(1) Test whiteness of paper through GB7974-87 method.
(2) Test smoothness of paper through GB456-2002 method.
(3) Test specular glossiness of paper (75° measurement angle) through GB8941-2007

method.
(4) Test ink absorption of paper through ink stain test method (TAPPI Standard RC-

9). Use XT-48A to test whiteness of paper. The calculation formula (1) for ink
absorption of paper (K&N value):

K&N ¼ R1 � RF

R1
� 100% ð1Þ

In the formula,
RF Reflectivity of ink stain area;
R1 Reflectivity of thick blank paper

(5) Calculation of paper surface properties

Surface properties of paper are physical measurements including paper gloss and
ink absorption, related with optical properties and printing eligibility indexes which
influence quality of printing product [8]. The calculation formula (2) of paper surface
properties is as followed:

PSEð%Þ ¼ 100� Að%ÞþGð%Þ
2

ð2Þ
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In the formula:
A Ink absorption of paper (K&N value)
G Paper gloss (specular gloss in 75° angle)

2.3.2 Testing of Printing Tonal Gradation
To reflect reproduction effect of printing tonal gradation, under the same printing
technology, we test reflection solid ink density of cyan (C), magenta (M), yellow (Y),
Black (K) as well as expansion rate of dots in 40 and 80%, and take the average of each
data items [9].

3 Experiment Results and Discussions

3.1 Experiment Results

The test results of paper surface properties are shown in Table 1, the calculation results
of paper surface efficiency are shown in Table 2 and results of printing tonal gradation
can be referred to Table 3.

3.2 Grey Correlation Analysis

3.2.1 Calculation of Grey Correlation Value
We calculate grey calculation value by referring to numerical methods and steps of
grey relational analysis, which generally set the dependent variable as reference

Table 1. Test results of paper surface properties

Paper
type

Basis weight
(g/m2)

Whiteness
(%)

Gloss
(%)

Smoothness
(s)

Ink Absorption
(%)

Offset
paper

80 94.99 6.26 26.84 50.54
100 92.45 6.46 32.72 52.589

Coated
paper

128 88.76 64.48 320.74 14.14
157 85.72 68.26 431.86 12.64
250 86.99 66.98 385.84 13.64

Table 2. Calculation results of paper surface efficiency

Paper type Basis weight
(g/m2)

Ink absorption
(%)

Gloss
(%)

Surface efficiency
(%)

Offset paper 80 54.94 6.26 25.66
100 56.99 6.46 24.74

Coated
paper

128 18.54 64.48 72.97
157 17.03 68.26 75.62
250 18.04 66.98 74.47

712 L. Cheng



sequence and the independent variable as comparison sequence, therefore we set
reflection solid ink density of four colors’ printing product as well as expansion rate of
dots in 40 and 80% as reference sequence and paper properties as comparison
sequence.

For convenience, we can make use of Grey Modeling Software (seventh edition) to
calculate correlation value [7]. The specific steps are:

Step 1: Use Excel to deal with test data.
Step 2: Open Grey Modeling Software and choose Dengshi Correlation lik.
Step 3: Import Excel file, push the calculation button of Dengshi Correlation and get
the results.

Finally, we classify and count the results and get Tables 4 and 5.

3.2.2 Comparison of Grey Correlation Degree and Correlation
According to principle of grey correlation analysis, correlation degree is the measure of
the correlation between the factors and the system behavior characteristics. It can only
measure the relative size of the closely degree between factors, and its numerical absolute
size often makes little sense. The key point is to reflect the correlation degree between
each comparison consequence and the same reference consequence. If the comparison

Table 3. Test results of printing tonal gradation

Paper
type

Basis
weight
(g/m2)

SID
of C

SID
of
M

SID
of Y

SID
of K

Expansion rate
of dots in 40%
(%)

Expansion rate
of dots in 80%
(%)

Offset
paper

80 1.3 1.2 0.95 1.73 16 13
100 1.28 1.22 0.93 1.65 17 13

Coated
paper

128 1.62 1.65 1.03 2.54 18 14
157 1.63 1.68 1.03 2.56 20 15
250 1.68 1.72 1.05 2.62 16 15

Table 4. Grey correlation data of offset paper

Paper
properties

Correlation
SID of
C

SID of
M

SID of
Y

SID of
K

Expansion rate
of dots in 40%

Expansion rate
of dots in 80%

Whiteness 0.9574 0.8514 0.979 0.935 0.7351 0.9034
Smoothness 0.6667 0.6667 0.6667 0.6667 0.6667 0.6667
Gloss 0.999 0.8795 0.9785 0.9065 0.7511 0.9378
Ink
absorption

0.8454 0.9157 0.8369 0.8073 0.8789 0.8734

Surface
Efficiency

0.9254 0.8294 0.9447 0.9645 0.7222 0.8767
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consequence have greater correlation degree, its development tendency and change speed
are closer to reference consequence, which means that the greater the correlation degree,
the two consequences have closer correlation, the influence degree are greater.

3.2.3 Grey Correlation Analysis of Paper Surface Properties
From the grey correlation ranking in Table 6, we can find that different paper surface
properties have different influences on its printing tonal gradation, for example, for
solid ink density of Y of offset paper, the importance ranking of paper surface prop-
erties form large to small are: whiteness, gloss, surface efficiency, ink absorption and
smoothness. Besides, even for the same surface property such as smoothness of offset
paper, its contributions to the measurement of each printing tonal gradation are dif-
ferent. Therefore, when discussing the influence relationship between paper surface

Table 5. Grey correlation data of coated paper

Paper
properties

Correlation
SID of
C

SID of
M

SID of
Y

SID of
K

Expansion rate
of dots in 40%

Expansion rate
of dots in 80%

Whiteness 0.851 0.8262 0.8817 0.8544 0.7181 0.721
Smoothness 0.6132 0.6129 0.6063 0.61 0.5779 0.6148
Gloss 0.8226 0.8364 0.7999 0.8169 0.77 0.9421
Ink
absorption

0.7956 0.775 0.823 0.7993 0.7001 0.6855

Surface
efficiency

0.9205 0.9278 0.9401 0.9319 0.7404 0.8421

Table 6. Comparison and ranking of grey correlation for paper properties

Paper
type

Paper
properties

Ranking
SID
of C

SID
of M

SID
of Y

SID
of K

Expansion rate
of dots in 40%

Expansion rate
of dots in 80%

Ranking

Offset
paper

Whiteness 2 3 1 2 3 2 2
Smoothness 5 5 5 5 5 5 5
Gloss 1 2 2 3 2 1 1
Ink
absorption

4 1 4 4 1 4 3

Surface
efficiency

3 4 3 1 4 3 4

Coated
paper

Whiteness 2 3 2 2 3 3 3
Smoothness 5 5 5 5 5 5 5
Gloss 3 2 4 3 1 1 2
Ink
absorption

4 4 3 4 4 4 4

Surface
efficiency

1 1 1 1 2 2 1
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properties and printing tonal gradation, we should make suitable choices according to
different properties.

For offset paper, no matter from horizontal comparison or longitudinal comparison,
the influence degree of gloss and whiteness on each index of printing tonal gradation
are relatively higher than that of ink absorption, surface efficiency and smoothness.
From the ranking above, it is not difficult to find that the influence degree ranking of
paper surface properties on solid ink density of C, M, Y, K and expansion rate of dots
in 40 and 80% from large to small are gloss, ink absorption, whiteness, surface effi-
ciency and smoothness.

For coated paper, the comprehensive ranking of influence degree is surface effi-
ciency, gloss, whiteness, ink absorption and smoothness. The approaching degree of
surface efficiency and gloss to each index of printing tonal gradation are higher than
that of ink absorption, whiteness and smoothness. From the ranking, we can conclude
that the surface property which has the greatest influence on solid ink density of C, M,
Y, and K is surface efficiency, and on expansion rate of dots in 40 and 80% is gloss.

What’s more, we find that smoothness is not a sensitive paper performance indi-
cator and it is not the main factor leading to the differences between printing tonal
gradations. As for the reason, during the printing process, smoothness only makes
sense when being considered with ink absorption and other paper surface properties. It
is not practical to decide the printing condition when we only determine the smooth-
ness and even there will be great errors.

4 Conclusions

Through the grey correlation analysis, we can conclude that:
Under the condition of digital printing, for offset paper, the influence degree

ranking of paper surface properties on printing tonal gradation from large to small are
gloss, ink absorption, whiteness, surface efficiency and smoothness. However, for
coated paper, the comprehensive ranking of influence degree is surface efficiency,
gloss, whiteness, ink absorption and smoothness.

For digital printers, no matter for offset paper or coated paper, gloss and whiteness
are surface properties which have relatively great influence on printing tonal gradation.
Besides, smoothness is not a sensitive paper performance indicator and has least cor-
relation degree with printing tonal gradation. Therefore; it is not the main factor leading
to the differences between printing half toning levels.

Due to the limited number of samples and other conditions are insufficient, there
may be inaccuracy when using grey correlation analysis to suggest the relevance
between paper properties and printing tonal gradation. However, a major character of
the gray model is that it needs only a few data to establish model. Although there are
not many samples in the study, there will not be great gap in results to use the method
in qualitative and quantitative analysis.
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Abstract. Inspired in nature, the fabrication of superhydrophobic surfaces
without using fluorderivates which are harmful to both environments and
humans is nowadays a major object of study. This study aimed at building dual-
scale multistructure using low coat, green-based coatings to prepare superhy-
drophobic paper surface. Specifically, castor oil based biothiol which can be
self-initiated under UV irradiation was used as the matrix resin. After mixed the
resin with fumed silica nanoparticle at certain weight ratio, spray coating the
mixture on the surface of papers. Then the coated paper was cured under UV
irradiation. The obtained surfaces showed a multi-scale rough texture and an
apparent water contact angle of 157.6 ± 1.3. Moreover, the coatings are able to
withstand 5 cycles of abrasion without an apparent decrease of
superhydrophobicity.

Keywords: Superhydrophobic � Dual-scale � Green-based � Coating paper

1 Introduction

Recently, much attention has been paid for the preparation of superhydrophobic surface
due to their potential application in combatting bacteria [1], self-cleaning [2], separa-
tion of liquids [3, 4], printing and reprography [5], etc. It is well known that a non-
wetting surface is governed by a specific nano-micro structured surface topography and
low surface energy.

Paper product is widely used in food and liquid packaging. Water resistance is one
of important properties of paper-based packages. Traditionally, polymer barrier coated
papers has been used to provide high degree of water resistance and are commonly
considered as recyclable papers. Unfortunately, the cost of polymer barrier coating
largely limits the actual application in packaging materials.

Herein, we reported a castor oil based superhydrophobic coating which could be
cured under UV irradiation that could be prepared on paper surface. The surface
showed good superhydrophobicity and excellent durability. Compared with above
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approaches, our superhydrophobic coating could be simply applied on paper surface
without any complex pretreatments of substrates, or the limitations of environmental
humidity and temperatures during the fabrication process.

2 Experimental

2.1 Materials

3-Mercaptopropionic acid (MPA, 99%), p-toluene sulfonic acid (99%) and fumed nano
silica (*25 nm) were obtained from Aladdin-reagent (Shanghai, China). Castor oil
(CO, 98%) was supplied by Guangdong Guanghua Chemical Factory (Shantou,
China). All materials were used as received.

2.2 Synthesis of UV Curable Castor Oil Based Biothiol

UV curable castor oil based biothiol was prepared by the method reported previously
[6]. Specifically, CO (10 g), p-toluene sulfonic acid (0.2 g) were thoroughly mixed in a
round-bottomed flask. MPA (3.4 g) was added dropwise at 110 °C, and the mixture
was vigorously stirred for 3 h. The product was diluted by dichloromethane, washed
thrice successively with water, dried over anhydrous MgSO4, and evaporated to give
CO-SH.

2.3 Fabrication of Superhydrophobic Polymer-Particle Solution

In an optimal preparing process, different amount of fumed silica nanoparticles (0.25,
0.5, 0.75 and 1 g) was added into 50 mL of acetone and ultrasonic dispersed for at least
1 h. To the resulting solution, 1.0 g of castor oil based biothiol was added and the
solution was mechanically stirred for another 1 h to obtain superhydrophobic polymer-
particle solution. After that, the resulting suspension was sprayed on filter paper surface
from a 20 cm working distance and cured under UV irradiation for 120 s (irradiation
intensity of 50 mW/cm2).

2.4 Characterization

Morphology of the surfaces were measured out on a thermal field-emission scanning
electron microscope (FESEM, Quanta 400F) at 15 kV. The transmittance of the coating
on glass slides was obtained on a Pgeneral TU-1901 UV-visible spectrophotometer in
the wavelength range of 400–800 nm. Water contact angles (WCAs) were measured on
a Dataphysics OCA20 Contract-Angle System with liquid droplets of 5 lL. The
average water contact angle value was obtained by measuring at least 5 different
positions on the same sample.
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3 Results and Discussion

The procedure for fabricating superhydrophobic coating is depicted in Scheme 1.
During the preparation of coating solution, the influences of weight ratio of CO-SH
resin and fumed silica on the hydrophobicity of the as-prepared film were investigated,
shown in Fig. 1. The water contact angle of the pristine cured film was 94.3°. With the
addition of SiO2 nanoparticles, such as 20 wt%, the water contact angle of the as-
prepared film increased to 101.4°. When the amount of SiO2 increased from 33.3, 42.9
to 50 wt%, the surface roughness of the corresponding film increased accordingly,
which can amplify hydrophobicity into superhydrophobicity. As a result, the water
contact angle increased to 122.9°, 135.8° and 155.6°, respectively.

Scheme 1. Schematic illustration of procedure for preparation of COSH-SiO2 films

Fig. 1. Influence of weight ratio of CO-SH and SiO2 on the hydrophobic of the UV cured
coating
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The surface morphology of pristine cured film and SiO2 modified film were
measured, shown in Fig. 3. The surface of UV cured film was smooth. After surface
modification with silica nanoparticles (Fig. 3), a rough surface formed by accumulating
SiO2 nanoparticles being reasonably monodisperse in the coating surface. In Fig. 2c,
the surface of coated paper was covered with by the resin and silica nanoparticles.
Higher magnification SEM images (Fig. 2d) showed that silica nanoparticles were
densely and uniformly distributed on the paper surface, which roughen the paper
surface. The paper modified with special micro/nano rough structures was expected to
improve hydrophobicity ability.

Fig. 2. SEM images of surface morphologies of COSH film (a), COSH-SiO2 (b), surface
morphologies of coated paper with different magnification (c, d). Optical image (e) and water
contact angle of the as-prepared paper (f)

Fig. 3. Plots of WCAs after each friction cycle
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The as-prepared paper displays superhydrophobicity property, as shown in Fig. 2e.
Water droplets that are dropped onto the paper surface can stand on the surface and
maintain their spherical shapes. As shown in Fig. 2f, the apparent water contact angle
(WCA) of the as-prepared paper is 157.6°, which proved the excellent superhy-
drophobicity property of the paper.

As important criteria for practical applications, the durability of the obtained paper
was evaluated. Sandpaper-abrasion test was performed to check the robustness of the
paper against mechanical forces. The as-prepared paper was placed on 400 mesh
sandpaper under a weight of 50 g and moved back and forth with abrasion length of
about 10 cm. As shown in Fig. 3, there was a slight decrease of the WCA after 5
separation cycles, and the WCA also maintained above 150°. The results demonstrated
that the prepared paper performed excellent durability.

4 Conclusions

A convenient and environmentally friendly approach to prepare UV curable superhy-
drophobic coating was demonstrated. The coating can be applied to different paper
surfaces. The surface showed good superhydrophobicity with WCA higher than
157.6°. Besides, the surface retained excellent superior water repellency after 5 friction
cycles. The procedure was carried out in a mild environment, with no intricate
instruments or toxic reagents. The results suggest that these papers are promising
sustainable and highly effective materials for large-scale packaging materials.
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Abstract. There are many factors that affect the printing color. This paper
researches how the whiteness and glossiness of paper produce an effect on the
printing color. Six kinds of ink-jet paper are studied and the whiteness and
glossiness are measured. A tested image is printed on the six kinds of paper with
the same amount ink in turns. The solid density, color gamut, the color differ-
ence (CIE 1976) that the tested image to the standard G7 are measured and
analyzed. According to the software IBM SPSS Statistics 20.0, the whiteness
and glossiness of paper are positive to the solid density and color gamut, and
negative to the CIE 1976 color differences to the G7. The formulas describing
the effect of paper whiteness and gloss on the parameters are obtained.

Keywords: Whiteness � Glossiness � Digital printing paper � Printing color

1 Introduction

Paper is one of the important factors that can influence the print color. The whiteness,
glossiness and the color of paper are the important properties of paper [1]. A lot of
people have researched how the properties of paper take effect on the printing, such as
Jiang [2], Li [3], Liu [4] etc. This paper researches on the whiteness and glossiness of
the ink- jet printing paper, and the further goal expects to tell us how the whiteness and
glossiness affect the printing color.

2 Experimental

2.1 Design the Experiment

There are six kinds of paper selected in the experiment. The whiteness and glossiness
of every paper are measured. A test image designed by Adobe Illustrator is printed on
the paper with the same amount ink. The data of the density and chromatic value of the
product are measured by the spectrophotometer (X-Rite exact). The software,
IBM SPSS Statistics 20.0 provides the connection that the whiteness and glossiness of
the paper have an influence on the printing color.
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2.2 Measure the Whiteness and Glossiness of the Six Kinds of Paper

The whiteness is measured by the whiteness meter (Type: PN-488, made by Hangzhou
Pinxiang technology co.LTD, China). The glossiness is measured by the vancometer
(Type: AcuGloss, made by X-Rite co.LTD, USA).

2.3 Design the Tested Image and Printing

A tested image including the yellow, magenta, cyan, black solid and tone, Ugra Fogra-
Media Wedge V3.0 is designed with the software Adobe Illustrator. Figure 1 is
followed.

The figure map and the color blocks of the right contained in Fig. 1 are quoted from
the G7 test chart by the GRACoL.

Fig. 1. The standard test figure
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Figure 1 is printed on the six kinds of paper in turns with the same amount ink by
Epson Stylus PRO 9910 inkjet printer. After the printing products are dry, density
values and chromatic values are measured by X-Rite i1iO and X-Rite exact.

3 Results and Discussion

3.1 How Whiteness and Glossiness of Paper Affect on the Solid Density
of Printing Product

Solid density is the density of 100% dot area and it is also one of important factors that
determine the printing color. The three average solid density values are given of four
printing color, yellow, magenta, cyan and black by the X-Rite exact spectrophotometer.
Table 2 is shown.

According to Tables 1 and 2, the lower solid density values are given from the
100 g/m2

fine color spray paper and the 230 g/m2 matte paper because they are lower
whiteness and glossiness values.

Formulas 3.1–3.4 are given by the software IBM SPSS Statistics 20.0. The for-
mulas demonstrate the relationship between the whiteness, glossiness and the solid
density.

Table 1. The whiteness and glossiness of paper

Paper types Whiteness Glossiness (85°)

matte paper (190 g/m2) 106.53 31.5
Fine color spray paper (100 g/m2) 111.73 5.2
Semi-matte paper (180 g/m2) 108.20 30.8
gloss photo paper (260 g/m2) 112.27 96.3
Matte paper (230 g/m2) 99.83 40.4
Typing paper of Epson (160 g/m2) 105.47 60.2

Table 2. Solid density values of every paper

The kinds of paper DC DM DY DV

Matte paper (190 g/m2) 1.5 1.64 1.05 1.69
Fine color spray paper (100 g/m2) 1.06 1.13 0.83 1.07
Semi-matte paper (180 g/m2) 1.48 1.68 0.99 1.65
Gloss photo paper (260 g/m2) 1.54 1.71 0.99 1.73
Matte paper (230 g/m2) 1.06 1.31 0.88 1.13
Typing paper of Epson (160 g/m2) 1.49 1.69 1.02 1.63
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DC ¼ �0:093þ 0:012x1 þ 0:004x2 ð3:1Þ
Dk ¼ �0:050þ 0:012x1 þ 0:005x2 ð3:2Þ
DM ¼ 1:229þ 0:001x1 þ 0:005x2 ð3:3Þ

DY ¼ 0:995þ 0:0x1 þ 0:001x2 ð3:4Þ

DC, DK, DM, DY is respectively the solid density of cyan, black, magenta and
yellow ink;

x1 replaces the value of whiteness of paper;
x2 replaces the value of glossiness of paper.

According to the formulas 3.1–3.4, the whiteness and glossiness of paper are
positively related to the solid density of every color. The whiteness value has much
more influence than the glossiness to the dark ink, such as black and cyan ink. While,
the glossiness value has much more influence than the whiteness value for yellow and
magenta ink.

3.2 Whiteness and Glossiness Values Effect on the Color Gamut

Figure 2 is the color gamut of the six kinds of paper due to the EFI verifier software
and the measured data by the spectrophotometer.

The larger color gamut comes from the bigger whiteness and glossiness. The
relative areas that the CIE1976 a*−b* color gamut are given by the Auto CAD software
(Table 3).

The regression equation with two dependent variables, the whiteness and glossiness
to the area of color gamut is obtained by the software IBM SPSS Statistics

S ¼ 85:775þ 2:967x1 þ 2:422x2 ð3:5Þ

S the area of color gamut
x1 the whiteness of paper
x2 the glossiness of paper.

There is obvious that the whiteness and glossiness are positive to the color gamut.
When the whiteness values are adjacent, according to Table 1, the whiteness value

of 260 g/m2 gloss photo paper is close to the whiteness value of 100 g/m2
fine color

spray paper, the bigger glossiness value will produce the bigger color gamut, such as
Fig. 3.
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3.3 Whiteness and Glossiness Affect on the Color Difference

Color difference is one of important parameters when we evaluate the quality of the
printing production. Table 4 gives the largest color difference that the six kinds of
paper to the standard sample G7 by the software EFI Verifier.

According to Table 4, the smaller whiteness and glossiness will produce the larger
color difference. That means the whiteness and glossiness are negative to color dif-
ference. In the same way, the regression equation, formula 3.6 is given.

Fig. 2. The color gamut of six kinds of paper

Table 3. The relative area of six kinds of paper

The kind of paper Relative area

Matte paper (190 g/m2) 599.40
Fine color spray paper (100 g/m2) 328.10
Semi-matte paper (180 g/m2) 566.40
Gloss photo paper (260 g/m2) 604.00
Matte paper (230 g/m2) 372.80
Typing paper of Epson (160 g/m2) 595.10
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DE ¼ 35:083� 0:122x1 � 0:172x2 ð3:6Þ

DE the largest CIE1976 color difference,
x1 the whiteness value,
x2 the glossiness value.

Formula 3.6 illustrates that if we want to reduce the color difference to the standard
sample G7, we should enhance the whiteness and glossiness of paper.

Fig. 3. The color gamut of the 260 g/m2 paper and the 100 g/m2 paper

Table 4. The largest color difference that every paper to the standard sample G7

The kinds of paper The largest color difference

Matte paper (190 g/m2) 3
Fine color spray paper (100 g/m2) 30.7
Semi-matte paper (180 g/m2) 9.2
Gloss photo paper (260 g/m2) 9.2
Matte paper (230 g/m2) 26.4
Typing paper of Epson (160 g/m2) 7.8
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4 Conclusions

In terms of the discussion of above, some conclusions are obtained:

(1) The whiteness and glossiness of paper is positive to the solid density of printing
production. The whiteness value has much more influence than the glossiness to
the black and cyan ink. While, the glossiness value has much more influence than
the whiteness value for yellow and magenta ink.

(2) The whiteness and glossiness of paper is positive to the color gamut.
(3) The whiteness and glossiness are negative to the CIE1976 color differences that the

tested samples to G7.

That’s mean, whiteness and gloss of paper cannot be ignored when the high quality
printing products are expected.
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Abstract. Check whether the edgewise crush resistance and bursting strength
specified in GB/T6544-2008 meet the two performance indexes of corrugated
board produced by Yifeng Weiye Group, which provide the basis for the
standard revision. Experiments were carried out to test the edgewise crush
resistance and bursting strength of single and double corrugated board, and
comparative analysis of these two performance indicators with standard superior
products and qualified products. The results show that the proportion of samples
with minimum comprehensive quantitative of corrugated board below the
standard value is larger. Under the same weight, the edgewise crush resistance is
higher than the standard superior products, and the bursting strength is basically
between the standard superior products and qualified products. Corrugated
board produced by Yifeng Weiye Group develops to low weight and high
strength. The minimum comprehensive quantitative range of GB/T6544-2008 is
narrow, and the performance indicators are low. Therefore, it is necessary to
revise the GB/T6544-2008 to improve the quality of corrugated board.

Keywords: Corrugated board � Edgewise crush resistance � Bursting strength

1 Introduction

Corrugated board has many advantages such as rich raw materials, environmental
protection, excellent protection and shockproof function, and it is widely used, which is
in line with the trend of packaging development [1]. With the development of econ-
omy, the replacement of corrugated board production equipment, the advancement of
process technology, the standardization of production management, and the high-
strength and low-weight quality requirements of corrugated board, the performance of
corrugated board has been greatly improved [2–4]. The GB/T6544-2008 has been
implemented for 10 years. According to some enterprises who produce corrugated
board and users, the edgewise crush resistance and bursting strength specified by
national standard are low for the corrugated board currently produced. Therefore, the
experimental data of this paper provides a basis for the revision of the two performance
indexes of the edgewise crush resistance and bursting strength of single and double
corrugated board in GB/T6544-2008.
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2 Experiments

2.1 Experimental Materials, Instruments and Conditions

The corrugated board used in the experiment was provided by Yifeng Weiye Group,
four batches of different weights produced in different periods, different types single
and double corrugated board were used as experimental materials. The main instru-
ments of the experiment have constant temperature and humidity test chamber, edge-
wise crush cutter, compression tester and bursting strength meter. The sample is cut,
processed and tested according to the atmospheric conditions specified in GB/T10739-
2002.

2.2 Edgewise Crush Resistance Experiment

The edgewise crush resistance test was carried out according to the GB/T6546-1998
assay. (1) Preparation of the sample, numbering and cutting the sample. Rectangular
specimen has a size of (25 ± 0.5) mm � (100 ± 0.5) mm was cut with knife and
edgewise crush cutter. Cut at least 10 specimens for every kind of corrugated board,
and the specimen shall not have indentation, abrasion, etc. (2) Pretreatment of the
sample, the prepared sample was pretreated in constant temperature and humidity test
chamber, temperature is (23 ± 1) °C and humidity is (50 ± 2)% for 24 h. (3) Test, the
sample is placed in the middle of the lower platen, so that the short side of the sample is
perpendicular to the two platens, and then the sample is clamped by the guide block.
Start the tester and apply pressure. When the pressure value is close to 50 N, remove
the guide block until the sample is crushed and record the maximum pressure. Repeat
the test.

2.3 Bursting Strength Experiment

Bursting strength was measured by GB/T6545-1998. (1) Sample preparation, each
sample area is larger than bursting strength meter chuck area can be. At least 20
samples are removed from every kinds of corrugated board. (2) The instruments and
conditions adopted in the pretreatment of the sample are the same as those under the
edgewise crush resistance sample. (3) Test, the sample clamped in the middle of the
two sample chucks, start the tester, in the sample explosion, record the value. Repeat
test, 10 measurements on each side of each sample. Note that the data should be
abandoned when the value of the sample increases significantly after blasting. The
bursting strength of each test was taken as the average of 20 data of the front and back
of the measurement.

3 Experimental Data Processing Analysis

3.1 Test Results and Analysis of Edgewise Crush Resistance

The minimum comprehensive quantification of corrugated board refers to the quanti-
tative sum of other layers of paper except corrugated paper. Among them, the company
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provided the model of corrugated board used in the experiment and the quantification
of each layer of corrugated board. The minimum comprehensive quantification can be
obtained by the quantitative calculation provided. Calculate the average value of the
maximum pressure values of 10 samples of each corrugated board tested in the
experiment. The experimental test data of the side pressure strength of single corru-
gated board and the double corrugated board are shown in Table 1. In the table, G
represents the minimum comprehensive quantification and unit g/m2; ECT represents
the edgewise crush resistance and unit KN/m.

Using the method of linear regression analysis, the experimental data of the four
batches of single-double corrugated board of Table 1 and the grades of the superior and
the qualified grades of the single-double corrugated board of GB/T6544-2008 are
plotted, as shown in Figs. 1 and 2.

It can be seen from Fig. 1 that the minimum comprehensive quantitative range of
single corrugated board made by the experiment is 200–400 g/m2. Under the same
weight condition, the edgewise crush resistance of most samples is higher than that of
the national standard. It can be seen from Fig. 2 that the minimum comprehensive
quantitative value of the sample is less than half of the original national standard value

Table 1. Experimental data of the edgewise crush resistance of single and double corrugated
board

Corrugated board type First
batch of
samples

Second
batch of
samples

Third
batch of
samples

Fourth
batch of
samples

G ECT G ECT G ECT G ECT

Single corrugated board 280 3.90 320 4.53 220 3.09 200 4.20
320 4.67 240 2.65 360 4.07 200 2.94
280 4.11 220 2.72 320 3.95 280 3.90
400 4.97 280 3.25 – – 320 4.04
360 4.94 – – – – 220 3.34
260 3.85 – – – – 280 4.40

Corrugated
board type

First
batch
of
samples

Second
batch of
samples

Third
batch
of
samples

Fourth
batch of
samples

Corrugated
board type

First
batch
of
samples

Second
batch of
samples

Third
batch
of
samples

G ECT G ECT G ECT G

Double
corrugated
board

460 6.96 420 6.87 420 5.84 280 5.10
340 5.33 440 7.62 300 5.91 300 5.59
380 5.47 280 6.17 340 6.29 470 7.64
260 3.58 300 7.91 280 4.65 340 6.55
300 5.13 320 6.57 320 5.14 260 5.12
380 6.95 460 6.06 – – 440 7.07
– – 380 7.20 – – 380 6.40
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of 375 g/m2, and these samples have higher edgewise crush resistance than the min-
imum comprehensive quantitative standard of 375 g/m2 in the standard. It can be
explained that the edgewise crush resistance of single and double corrugated cardboard
produced by enterprises providing experimental materials is very good.

3.2 Test Results and Analysis of Bursting Strength

The experimental data of the bursting strength of the single and double corrugated
board is shown in Table 2. In the table G represents the minimum comprehensive
quantification and unit g/m2, the unit of bursting strength is kpa.
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Using the method of linear regression analysis, the experimental data of the four
batches of single and double corrugated board of Table 2 and the grades of the superior
and the qualified grades of the single and double corrugated board of GB/T6544-2008
are plotted, as shown in Figs. 3 and 4.

Table 2. Experimental data of bursting strength of single and double corrugated board

Corrugated board
type

First batch of
samples

Second batch of
samples

Third batch
of samples

Fourth batch of
samples

G Bursting
strength

G Bursting
strength

G Bursting
strength

G Bursting
strength

Single corrugated
board

280 729 320 769 220 578 200 668
320 743 240 608 360 812 200 625
280 690 220 596 320 756 280 627
400 950 280 653 – – 320 780
360 881 – – – – 220 615
260 753 – – – – 280 826

Double
corrugated board

1020 420 829 420 942 280 672 1020
880 440 1108 300 910 300 843 880
902 280 712 340 775 470 947 902
718 300 891 280 741 340 758 718
741 320 825 320 805 260 680 741
943 460 948 – – 440 1092 943
– 380 822 – – 380 816 –
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According to Fig. 3, under the same weight condition, the bursting strength of
single corrugated board is between the national standard superior and qualified product,
but the proportion of the sample with the minimum comprehensive quantitative lower
than the national standard value of 250 g/m2 is larger. According to Fig. 4, the double
corrugated board sample is less than the original national standard of 375 g/m2,
accounting for the majority; under the same weight condition, the bursting strength is
between the superior product and the qualified product.

4 Conclusions

This paper, through the test of the edgewise crush resistance and bursting strength of
single-double corrugated board, can draw the following conclusions:

(1) The minimum comprehensive quantitative decline trend of corrugated cardboard
tested in the experiment is obvious.

(2) Under the same weight condition, the measured value of the edge crush test is
higher than the standard superior value, and the bursting strength is between the
standard superior product and the qualified product. It reflects that the paper
materials provided by the company tend to be low in weight and high in strength.

In summary, it is necessary to test the products of the domestic mainstream cor-
rugated board enterprises, and comprehensively evaluate whether to start the revision
of the GB/T6544-2008 standard work.
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Abstract. Presently, the existing green fluorescent materials are rare earth
luminescent material, which cannot reach the requirement of inkjet ink on
dispersion and stability because of the inferior solubleness. In this paper, the
fluorescent inkjet inks were prepared by anthracene-based derivatives, ink’s
printability was tested and the relationship between molecular structure and
ink’s printability was researched systematically. Finally, the optimal formula of
green fluorescent inkjet ink was obtained. The results showed the photophysical
properties of proofs a–c had obvious change comparing with inks a–c and the
contact angle of ink d was the biggest of all due to the planar construction of
fluorescent material with large conjugate degree. The green fluorescent material:
9, 10-bis (4-methoxyphenylethynyl) anthracene with 0.5% and crylic acid B817
with 12% formed the optimal formula. The printing quality of ink prepared by
the optimal formula can accord with the demand of digital printing quality.

Keywords: Anthracene-based fluorescent materials � Fluorescent inkjet ink �
Photophysical properties � Ink’s printability

1 Introduction

Fluorescent inks have been extensively applied in the authentication of security,
highlighting markers, toys, upholstery and so on owing to fluorescent colorant [1–3].
To date, because of the inferior solubleness, most of fluorescent colorants are utilized to
prepare the traditional printing inks, such as offset printing inks [4], screen printing inks
[5], etc. However, the traditional printing methods cannot meet the requirements of
various users with the increasing market demand of fluorescent ink. As one of digital
printing methods, inkjet printing which has personalized and instant features can
improve the application with fluorescent ink, such as on the anti-counterfeiting code of
packaging products, certificate, wallpaper and so on [6–14].

The selection of fluorescent materials for fluorescent inkjet ink is very important. At
present, rare earth has many applications in fluorescent ink, but mainly in the traditional
printing way, because this kind of materials are insoluble in inkjet ink system, and the
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particle size and dispersion stability are also difficult to meet the requirements of inkjet
ink. In addition, rare earth belongs to the rare product, which often needs to carry on
the processing at high temperatures and large energy consumption. Peter D. and co-
workers synthesized nanoparticles of ZnS doped with Mn which were stably dispersed
into water based inkjet ink [15]. However, the particles of rare earth material are easy to
gather with the increase of time, which would lead to the jam of nozzle. One strategy to
suppress the gather of fluorescent colorants is the development of excellent soluble
fluorescent colorants. Compared with rare earth fluorescence materials, organic lumi-
nescent materials are more suitable as a colorant for inkjet ink because of their excellent
solubility and high quantum efficiency [16, 17]. Kim et al. developed four perylene and
four phthalocyanine dyes of high thermal stability which were used to fabricate color
filters by inkjet printing [18]. Maryam Ataeefard with co-workers incorporated three
benzoxazolyl and benzimidazolyl coumarin derivative dyes used as fluorescent dyes
intopoly (styrene-co-acrylicacid) by using eco-friendly emulsion aggregation (EA) ap-
proaches in several amounts with final application of fluorescent laser printing ink
called toner [19].

There are red and blue luminescent materials can be used in the current domestic
existing inkjet inks system, for example, a kind of glowing red europium coordination
polymer [20] and a blue heterocyclic organic matter [21], but also did not see green
light-emitting materials can be dissolved in solvent ink system, which has become a
research hot spot. Anthracene belongs to a family of polycyclic aromatic compounds,
which possesses excellent photoluminescence (PL) quantum yields and solubleness as
well as high thermal stability [22, 23]. Based on these ideas, we recently used the
anthracene derivatives synthesized previously to prepared fluorescent inkjet ink [24]. In
order to satisfy the requirement of inkjet printing, the four inks were prepared with four
anthracene derivatives and the properties of inks were tested. Meanwhile, the rela-
tionship between the molecular structure of anthracene derivatives and the various
properties of inks were studied systematically by using experimental and theoretical
methods.

2 Experimental

2.1 Materials and Instruments

Dichloromethane (A.R./S.P.), ethanol (A.R.), acrylic resin (AZ-5391, B817, Atoz, Tian-
jin), polyvinyl alkanone resin (Xinkaiyuan, Henan), mengken paper, anthracene-based
fluorescent materials [24] (9-(4-formylphenyl) anthracene, 9-(4-phenylethynyl) anthra-
cene, 9-(4-methoxyphenylethynyl) anthracene and 9, 10-bis (4-methoxyphenylethynyl)
anthracene).

Magnetic stirring apparatus (HJ-6A, Jintanronghua instrument manufacturing co.
LTD, Jiangsu), coating machine (AUTOMATIC 18112), fluorescence spectropho-
tometer (RF-5301PC, Shimadzu, Japan), UV-Vis spectrophotometer (UV-2501PC,
Shimadzu, Japan), static surface tension meter (K100, KRUSS, Germany), rheometer
(AR2000, TA, USA), contact angle meter (DSA100, KRUSS, Germany), climatic
chamber (Xenotest Alpha LM High Energy, Atlas Ltd. USA).
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2.2 Experimental Methods

2.2.1 Synthesis of Anthracene-Based Derivatives
Figures 1 and 2 are the synthesis routes of anthracene-based derivatives. Compound 9-
(4-formylphenyl) anthracene (a) was synthesized in good yield from 9-
bromoanthracene and the corresponding arylboronic acid by a Suzuki cross-coupling
reaction [25]. 9-(4-phenylethynyl) anthracene (b), 9-(4-methoxyphenylethynyl)
anthracene (c) and 9, 10-bis (4-methoxyphenylethynyl) anthracene (d) were synthe-
sized in yields of 26–65% from 9-bromoanthracene and 9,10-bromoanthracene
respectively and the corresponding phenylacetylene by a Sonogashira cross-coupling
reaction [26].

2.2.2 Preparation Method of Fluorescent Inkjet Inks
The preparation method of fluorescent inkjet ink mainly includes the following three
steps:

(1) The anthracene-based fluorescent materials (0.5%) and ethanol (25%) were mixed
and stirred at room temperature for 5–10 min to obtain component A.

Br CHO

OHC B(OH)2

1 a

Pd(PPh3)4, K2CO3

toluene, ethanol/H2O
24 h, 90 °C

Br CHO

OHC B(OH)2

1 a

Pd(PPh3)4, K2CO3

toluene, ethanol/H2O
24 h, 90 °C

Fig. 1. Synthesis of anthracene-based derivatives a

Br R

1
b: R = H
c: R = OMeb,c

Br R
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1' d: R = OMed

[PdCl2(PPh3)2], CuI, PPh3

DMF/Et3N
48 h, 110°C

H

Br R

Br R

1
b: R = H
c: R = OMeb,c

Br R

R

1' d: R = OMed

[PdCl2(PPh3)2], CuI, PPh3

DMF/Et3N
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(2) The resin (18%) was mixed with ethanol (55%), 30–50 °C, the mixing time was
30–40 min, to get part B.

(3) The part A and part B were mixed and stirred to completely transparent solution,
time for 20–30 min, then the additive (1.5%) was added and stirred again, time for
10–25 min, to get the ink.

2.2.3 Tested Method of Proof’S Photophysical Properties
The coating proofs were obtained by using the coating machine on mengken paper
which do not contain fluorescent whitening agent, and then, the proofs will be cut into
2 cm diameter circle. When measuring, the sample clipped was clamped between the
circular holes, and the holes of the circular holes must be covered in order to avoid light
leakage from the excitation light source. The parameter setting is the same as that of
liquid measurement.

3 Result and Discussion

3.1 Photophysical Properties of Fluorescent Inkjet Inks

3.1.1 Influences of Anthracene-Based Derivatives on Ink’S Photophysical
Properties
The photophysical properties of inks a–d and proofs a–d were measured by UV-vis
absorption and FL spectroscopy in dilute CH2Cl2 solutions, as shown in Fig. 3. All
spectral data are summarized in Table 1. It is obvious that the UV-vis and FL emission
absorption spectrum of inks a–d had almost no change compared with compounds a–
d [24]. It illustrates that ink system has a little effect on the photophysical properties of
fluorescent materials.

Nevertheless, the normalized FL emission spectra of proofs a–c had huge change
compared with inks a–c. A larger blue shift of 60 nm was observed from the nor-
malized FL emission spectra of proof a (417 nm) in comparison with ink a (480 nm)
because of its strongest electron-accepting group –CHO, which is not easy to enlarge

Fig. 3. The FL spectra of inks a–d (a) and proofs a–d (b)

742 W. Zhang et al.



the length of p-conjugation and reduce the HOMO-LUMO energy gap under solid state
compared with liquid state. Meanwhile, proofs b and c possessed two peaks, and inks
b and c exhibited single peak. However, it is interesting that the peak value and shape
of proof d were according with ink d due to a stable flat structure of compound d.

The fluorescent impact of inks a–d and proofs a–d were observed by spectrora-
diometer (PR-655, Photo Research Inc.) under UV light, as shown in Fig. 4. The color
data are listed in Table 1. Obviously, there are some changes of color between inks and
proofs, especially the color of the proof a, which has presented a violet and great
change compared to the light green of ink a, mainly in hue and saturation. Compared to
other proofs b, c and d, inks b, c and d have a little change in hue, and just have a
larger change in saturation. The DE significantly in Table 1 shows the difference,
consistent with the change of the fluorescence spectrum above, which illustrates the
physical properties of fluorescent materials under the solid and liquid are different. In
particular, the electron-accepting group can limit the ability of electron-accepting in
solid state.

Table 1. Photophysical properties of inks a–d and proofs a–d

– kmaxabs
a (nm) kmaxPL

a (nm) Uf
b sb (ns) L*b a*b b*b △Ec

Inks a 349,367,387 480 (387) 0.18 3.05 75.19 −28.04 −12.25 53.69358
b 399,420 431,455 (424) 0.52 4.72 41.64 40.81 −105.68 29.87086
c 404,424 438,461 (428) 0.67 4.24 53.52 30.74 −99.31 23.60755
d 449,472 490 (470) 0.50 2.19 70.7 −69.87 47.08 15.90597

Proofs a – 417 (385) 0.10 2.98 79.99 24.77 −20.68 –

b – 452 (423) 0.39 4.25 67.48 30.38 −94.92 –

c – 458 (456) 0.56 4.01 74.64 28.81 −109.68 –

d – 489 (471) 0.49 2.18 80.7 −66.87 35.08 –
aThe maximum absorption and PL wavelength of compounds a–d and inks a–d respectively
measured in CH2Cl2 and ethanol at room temperature and. bMeasured by spectroradiometer (PR-
655, Photo Research Inc.). cValues calculated from the empirical formula
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L�
ink � L�

proof

� �2
þ a�ink � a�proof
� �2

þ b�ink � b�proof
� �2

r

Fig. 4. The fluorescent impact of inks a–d printed on paper and proofs a–d under UV light
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3.1.2 Effect of the Content of Fluorescent Materials on Ink’S
Photophysical Properties
The inks were prepared by 9, 10-bis (4-methoxyphenylethynyl) anthracene and the
contents were 0.1, 0.3, 0.5, 0.7, 0.9%. The fluorescent spectrum of ink was measured,
as shown in Fig. 5. Obviously, the peak shapes and the emission peak maximum of five
contents have no change, but the luminescent intensity is increasing with the increase
of content. When the content is above 0.5%, the increase of luminescent intensity is
drastically reduced. If the content continues to increase, the fluorescent material will be
precipitated and the luminescence intensity will decrease. Therefore, the optimal
fluorescent material content is 0.5%.

3.1.3 Effect of the Type of Fluorescent Materials on Ink’S Photophysical
Properties
The inks were prepared by 9, 10-bis (4-methoxyphenylethynyl) anthracene and the
acrylic resinAZ-5391, B817 and polyvinyl alkanoneC21. The fluorescent spectrum of
ink was measured, as shown in Fig. 6. It is obvious that the luminescent intensity of
B817 is the highest of all and the C21 is the lowest, because the heterocyclic pyrrole
can limit the fluorescent emission. In addition, acrylic resin containing −COOH,
belongs to the basement group [27], also affects the fluorescent radiation of fluorescent
material. The effect of B817 on the fluorescent radiation of ink is less than AZ-5391
because of the better wettability and solubility in the ethanol system.

3.2 Rheological Behavior of Fluorescent Inkjet Inks

3.2.1 Effect of Fluorescent Materials on Rheological Behavior
The steady rheological behaviors of inks a–d were determined with the share rate 0.1–
100(1/s) at room temperature, as shown in Fig. 7. The dynamic rheological behaviors

Fig. 5. Effect of fluorescent material’s content on luminescent intensity
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of inks a–d were measured with the smaller strain (1%) at room temperature, as shown
in Fig. 8.

From Fig. 7, all inks exhibited typical Non-newtonian rheological behavior (shear
thinning): the viscosity decreases with shear rate increases. Although the inks a–
d showed the same trend of steady rheological behavior, the viscosities of inks were
different, 14.10 mPa.s for ink a, 5.94 mPa.s for ink b, 7.83 mPa.s for ink c and
17.57 mPa.s for ink d. Because the difference among inks a–d is only the compound,
the molecular structure of compound affected largely the steady rheological behavior of
ink. The viscosity of ink d is highest of all inks due to the largest molecular weight of
compound d, which can lead to the difficulty of molecular motions and the decrease of
the viscosity [28]. In addition, the viscosities of inks are inside the range indicated as

Fig. 6. Effect of resin’s type on luminescent intensity

Fig. 7. The flow curves of inks a–d
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optimal for inkjet ink (4–40 mPa.s) could make the ink droplet be jetted from the
nozzles fluently [29].

Figure 8 showed different inks exhibit the different relationships between stored
elastic ration G′ and angular frequency x. The G′ of all inks increased with the increase
of angular frequency under the smaller strain (1%), which illustrated the internal
structure of this ink system are stable. However, the increased scope were different, the
ink c and d have the larger increase owing to the OME group which can benefit the
improvement of stability.

3.2.2 Effect of the Content of Resin on Ink’S Viscosity
The inks were prepared by 9, 10-bis (4-methoxyphenylethynyl) anthracene and the
content of acrylic resinB817 10, 12, 14, 16, 18%. The viscosity of ink was measured, as
shown in Fig. 9. With the decrease of resin’s content, the viscosity of ink decrease. As

Fig. 8. The relationship between G′ and x

Fig. 9. Effect of resin’s content on viscosity
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the highest viscosity component in ink system, resin can significantly affect the flow of
ink system. In order to make the ink meet the inkjet requirements of desktop printer, the
viscosity is generally around 10 mPa.s, therefore, the optimal resin content is 12%.

3.3 Surface Property of Fluorescent Inkjet Inks

3.3.1 Effect of the Type of Fluorescent Materials on Ink’S Surface
Property
The surface property is not only affect the inkjet fluency of ink from the nozzles, and
affect the wetting state of ink droplet on the surface of the substrate. Thus, the surface
property plays an important role on the printing quality. The contact angles of inks
were measured by drop shape analyzer (DSA100, kruss, Germany) and the surface
tension of inks were determined by tensiometer (k100, kruss, Germany) at room
temperature.

From Fig. 10, it was obvious that the contact angles of inks are different in the
range 28.8°−44.1° with the order is ink d>ink c>ink a>ink b, which illustrated all inks
has favorable wettability on the surface of paper. Meanwhile, the contact angle of ink d
is the largest of all inks for 44.1° and the wettability is worse. The variation trend of
surface tension in Table 1 is similar to the contact angle. The maximum surface tension
of ink d is 26.87 mN/m. The main reason is 9, 10-substituted anthracene derivative
d has larger flat structure and higher degree of conjugation. Therefore, the molecular
structure of compound is also the significant factor for the spreading wetting of ink on
the surface of substrate.

Fig. 10. Contact angles of inks a–d
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3.4 Optimal Formula and Printing Proof

According to the above research results, the green fluorescent material: 9, 10-bis (4-
methoxyphenylethynyl) anthracene with 0.5% and crylic acid B817 with 12% formed
the optimal formula. The proof was printing by the optimal formula and desktop printer
Epson Me35, as shown in Fig. 11. The point with a diameter of 0.5 mm, the line with a
width of 0.5 mm and the field block with a width of 5 mm were printed. From Fig. 11,
the quality of point with better roundness and sharp edge is the best of all, the solid is
full and lack of a slight line. But, the quality of lines is relatively poor, the edges are not
clear, and the printing quality of lines needs to be further improved.

4 Conclusions

(1) The UV-vis and FL emission absorption spectrum of inks a–d had almost no
change compared with compounds a–d. It illustrates that ink system has little
effect on the photophysical properties of fluorescent materials. The normalized FL
emission spectra of proofs a–c had huge change compared with inks a–c. A larger
blue shift of 60 nm was observed from the normalized FL emission spectra of
proof a (417 nm) in comparison with ink a (480 nm) because of its strongest
electron-accepting group −CHO. There are some changes of color between inks
and proofs, especially the color of the proof a, which has presented a violet and
great change compared to the light green of ink a, mainly in hue and saturation.

(2) All inks exhibited typical Non-newtonian rheological behavior (shear thinning).
The viscosity of ink d is highest of all inks due to the largest molecular weight of
compound d. The G′ of all inks increased with the increase of angular frequency x
under the smaller strain (1%), which illustrated the internal structure of this ink
system are stable.

(3) It was obvious that the contact angles of inks are different in the range 28.8°–
44.1° with the order is ink d>ink c>ink a>ink b, which illustrated all inks has
favorable wettability on the surface of paper. The contact angle and surface
tension of ink d both are the largest of all inks for 44.1° and 26.87 mN/m.

Point diameter 0.5mm Line width 0.5mm

Solid width 5mm

Fig. 11. Printing proof
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(4) The green fluorescent material: 9, 10-bis (4-methoxyphenylethynyl) anthracene
with 0.5% and crylic acid B817 with 12% formed the optimal formula. The
printing quality of the ink prepared according to the optimal formula meets the
requirements of digital printing quality, but the quality of line printing needs to be
further improved.
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Abstract. At present, most silver nanoparticles (AgNPs) conductive inks on
the market are in high-temperature sintering modes. In order to increase the
application range of printed electronics, it is necessary to prepare conductive
inks with low-temperature sintering and good conductivity. In this study, AgNPs
and RGO/AgNPs nanocomposites were prepared with glucose as the green
reducing agent. The morphology and structural characteristics of the material
were analyzed by XRD, SEM and TEM, which were shown that the average
particle size of AgNPs was about 30 nm, and when the mass ratio of graphene
oxide(GO)and silver nitrate is 1:3, the average particle size of AgNPs loaded on
RGO was about 18 nm. The conductive ink was prepared by mixing
RGO/AgNPs nanocomposite and AgNPs as conductive filler. After sintering at
100 °C at low temperature, the conductive property was excellent, and its
resistivity could reach to 2.4 lX cm.

Keywords: Low-temperature sintering � RGO/AgNPs nanocomposite �
Conductive ink � Glucose

1 Introduction

Conductive inks are the essential material for Printed electronics. As silver has good
electrical conductivity and oxidation resistance, it is reported that silver conductive inks
are the most widely used in the market [1, 2]. However, at present, most silver-based
conductive inks are metallized by high-temperature sintering and drying mode [3, 4],
which restricts the application of the ink at low temperatures such as PET, coated
paper, and other printing substrates [5, 6]. The properties of nanomaterials are highly
dependent on the size [7], and some scholars have ever reduced the sintering tem-
perature by preparing small-sized nanosilver particles. For example, Moon et al. [8]
used silver nanoparticle with an average particle size of 50 nm to prepare a conductive
ink. After sintering at 150 °C, the resistivity of the coating reached 18.4 lX cm.
Although the sintering temperature of the ink is related to the melting point of the
particles, the melting point depends on the size of the particles: the smaller the particle
size, the lower the melting point [9]. However, when the particle size is less than 10–
15 nm, that is, the particle size is smaller than the mean free path of electrons, diffuse
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reflection of electrons occurs on the surface, and the resistivity suddenly rises and metal
characteristics are lost. Therefore, the nano-silver metal characteristics cannot be lost
while preparing small-size nano-silver.

Graphene has been widely used as a printed electronics field [10] due to its
excellent performances,such as unique mechanical rigidity and excellent electrical
properties. Comparing with the single structure of graphene or AgNP, their composites
show new synergistic properties [11] such as excellent conductivity, optical trans-
parency and good stability [12, 13]. Therefore, the RGO/AgNPs nanocomposite
material can have a strong market application prospect in the low-temperature sintering
conductive ink.

This article uses a simple and rapid method to prepare a conductive ink with low
temperature sintering and good conductivity, as shown in Fig.1. First, AgNPs with the
small particle size was prepared. Secondly, the mass ratio of GO to silver nitrate during
the initial reaction was studied (1:1, 1:2, 1:3, 1:4, 1:5). The effect of AgNPs size on
graphene was studied, and RGO/AgNPs nanocomposite with smaller diameters were
prepared. Finally, RGO/AgNPs nanocomposite and AgNPs were mixed to prepare
RGO/AgNPs nanocomposite conductive ink which has excellent electrical conductivity
after sintering at low temperatures.

2 Experimental

2.1 Materials

Absolute ethanol (C2H6O, AR, Tianjing in Fuyu), ammonia (NH3 H2O, AR, Tianjing
in Fuyu), polyvinylpyrrolidone (PVP, K30, AR, shanghai in lanji), glucose (C6H12O7,
AR, Tianjing in Kermel), and silver nitrate (AgNO3, AR, � 99.8%, Tianjing in yingda)
are all analytically pure and can be directly use, Graphene oxide [14], waterborne
polyurethane/polyacrylate [15] and deionized water were all made in the laboratory.

Fig. 1. RGO/ANPs conductive ink printing process
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2.2 Synthesis of AgNPs

Under dark conditions, 0.1 M silver nitrate ethanol solution was formulated into a silver
ammonia solution with pH = 10. A certain amount of PVP (mPVP: mAgNO3 = 1.5:1)
was added to the silver ammonia solution and stirred at 60 °C for 0.5 h when the
solution brownish yellow. Using a constant pressure separatory funnel, the configured
1 M glucose-ethanol solution was slowly added dropwise to the brown-yellow solution
and incubated at a constant temperature of 60 °C for 1 h. Centrifuge with ethanol,
10,000 rpm, 10 min, repeat 4–5 times. Removing the lower colloid and adding anhy-
drous ethanol to re-disperse ultrasonically to obtain a pure nano silver colloid.

2 Ag NH3ð Þ2
� �

OHþC6H12O7 ! 2Ag # þ 3NH3 " þH2OþCH2 CHOHð Þ4COONH4

ð1Þ

2.3 Synthesis of RGO/AgNPs

A certain amount of silver nitrate was formulated into a silver ammonia solution having
a pH = 9 and mixed with a 1 mg/mL graphene oxide dispersion. 0.1 g of
polyvinylpyrrolidone was added and ultrasonically dispersed for 0.5 h. A 0.3 M
solution of glucose in ethanol was added dropwise to the mixed solution, and the
mixture was heated and stirred for 1 h. After cooling to room temperature, the mixture
was centrifuged with deionized water at 8000 rpm for 10 min, centrifuged three times,
and centrifuged three times with ethanol to obtain a stable graphene/nano-silver
composite material dispersed in ethanol. The RGO/AgNPs nanocomposite named as
A1, A2, A3, A4, and A5 correspond respectively to a mass ratio of graphene oxide to
silver nitrate of 1:1, 1:2, 1:3, 1:4, 1:5.

2.4 Preparation of Conductive Ink

A1, A2, A3, A4, A5 RGO/AgNPs nanocomposite and AgNPs were dispersed in 1:4
ratio in deionized water, glycerol solvent, and absolute ethanol in a volume ratio of
1:2:3 and ensured that the conductive filler content was 60%. In addition, 10%
waterborne polyurethane/polyacrylate was added, ultrasonic dispersion was performed
for 30 min, and the conductive ink was prepared after 0.5 h of stirring. The ink was
evenly coated on the coated paper. Each long coated sample was printed on the coated
paper and vacuum heat treated at 100 °C for 0.5 h.

2.5 Characterization

The X-ray diffraction (XRD) of GO, RGO/AgNPs nanocomposite and AgNPs was
characterized by XRD-7000 diffractometer. The SEM images of the graphene/nano-
silver composite and the conductive ink after sintering at low temperature were obtained
with a SU-8010 scanning electron microscope. The JEM-3001 transmission electron
microscope characterizes the A1–A5 graphene/nano-silver composites. The conduc-
tivity of the conductive ink was measured with an RTS-9 digital four-probe tester.
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3 Results and Discussion

3.1 Characterization of AgNPs

The XRD of preparing AgNPs at low temperature using glucose as a reducing agent
and PVP as a protective agent is shown in Fig. 2a. The four diffraction peaks with 2h of
38.10°, 44.28°, 64.42°, and 77.38° correspond to the (111), (200), (220), and
(311) crystal plane diffraction in the face centered cubic system [16]. According to
Scherrer’s equation [17], the average crystal size of AgNPs is about 28 nm. After
analyzing the XRD of AgNPs, it was shown that the nanoparticle with small particle
size was successfully prepared. In general, the lens directly measures the diameter of
the particles. It is greater than or equal to the XRD pattern. The calculated crystal size is
also accurate. Therefore, the size is obtained by the TEM of AgNPs as shown in
Fig. 2b. From the figure, it can be seen that using glucose as a reducing agent and PVP
as a protective agent, the particle size distribution of AgNPs prepared at a low tem-
perature is relatively uniform, indicating that AgNPs with a small particle diameter and
an average particle diameter of 30 nm are successfully prepared.

3.2 Characterization of RGO/AgNPs Nanocomposite

The XRD of GO and RGO/AgNPs nanocomposite is shown in Fig. 3a. The
RGO/AgNPs nanocomposite has no diffraction peak (001) of GO, indicating that GO is
successfully reduced to graphene. It can be clearly seen from the figure that XRD
patterns of RGO/AgNPs nanocomposite have three well-defined diffraction peaks at
38.14°, 44.33°, and 64.45° at 2h, corresponding to the three diffraction peaks of
nanosilver (111), (200) and (220). This also shows that nanosilver is successfully
loaded on the surface of graphene. From the SEM of the RGO/AgNPs nanocomposite
material, the graphene surface is flat and less wrinkled as shown in Fig. 3b. This is
because nanosilver is successfully loaded on the surface of graphene, preventing
agglomeration of graphene. This also shows that the morphology of the RGO/AgNPs
nanocomposite produced by glucose reduction is good.

Fig. 2. a XRD pattern of AgNPs and b TEM image of AgNPs
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The TEM of the composite prepared by GO and silver nitrate at different mass
ratios is shown in Fig. 4. From Figure a, the transparent lamellar structure of graphene
can be seen without obvious agglomeration. However, there is a large difference in the
size and distribution of AgNPs loaded on the graphene sheet, which is influenced by
the mass ratio of GO and silver nitrate during the initial reaction. With the increase of
the mass ratio, AgNPs loaded on the graphene increase and the particle size decreases.
When the mass ratio of GO and silver nitrate is 1:3, AgNPs loaded on the graphene

Fig. 3. a XRD patterns of GO and RGO/AgNPs nanocomposite and b SEM images of
RGO/AgNPs nanocomposite

Fig. 4. a TEM images of A1 b A2 c A3 d A4 e A5 and f average particle size of AgNPs in
different groups
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have the best morphology, the average particle size is 18 nm, and the distribution is
uniform. However, as the mass ratio increases, AgNPs aggregate with each other,
making the particle size larger and the distribution uneven. Therefore, the increase in
the mass ratio of GO and silver nitrate will tend to produce AgNPs with smaller particle
sizes with in a certain range. If the mass ratio exceeds a certain range, agglomerates will
occur between particles, and the particle size will increase.

3.3 Resistivity of Conductive Ink

The results of using A1-A5 RGO/AgNPs nanocomposite materials and AgNPs mixed
as conductive fillers for the resistivity of the conductive ink are shown in Fig. 5.
Because the resistivity of the A5 group conductive ink is too large, it does not appear in
the figure. The third set of conductive inks had the lowest resistance and the resistivity
reached 2.4 lX cm. This is because in the A5 group of conductive inks have a large
particle size of AgNPs loaded on the graphene, and the sintering temperature is too low
to form a network of conductive paths. The conductive ink of group A3 was heat-
treated and cured at a temperature of 100 °C. After SEM analysis, the results are shown
in Fig. 6. It can be seen that the solvent of the ink volatilized after sintering, the
conductive fillers melt and contacted with each other to form a dense conductive
channel, so that the ink has conductivity.

Fig. 5. The resistivity of conductive ink
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4 Conclusions

In this paper, low-temperature sintering conductive inks are prepared by preparing
AgNPss with small particle diameters. Using glucose as a green reducing agent, AgNPs
with an average particle size of 30 nm were prepared at a low temperature. When the
mass ratio of GO and silver nitrate is 1:3, AgNPs supported on the graphene is uni-
formly distributed and the particles are small (average particle size is 18 nm).
RGO/AgNPs nanocomposite and AgNPs were mixed as conductive filler. RGO/AgNPs
nanocomposite-based conductive ink was prepared by adding binder and organic
solvent. The coating resistance after sintering at 100 °C was 2.4 lX cm. Replacing part
of the nanosilver with graphene/silver nanocomposites not only reduces the cost of the
nanosilver ink, but also expands the application range of printed electronics.
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Abstract. Products with various shapes and curvature have been attracted a lot
of attention with the improvement of individual requirements and the devel-
opment of 3D printing technology. Traditional methods of printing are applied
to decorate products with regular surface. However, it is difficult to realize the
decoration of products with complex curved surface. There is no doubt that
inkjet printing technology is the best way to decorate products with curved
surface. The development of environmentally friendly water-based ink is
important for applications of inkjet printing. Water-based ink, has anti-clogging
capability and suitable properties such as viscosity and surface tension, is
suitable for inkjet printing. In this paper, preparation and properties of water-
based soft ink and hard ink were analyzed and discussed. Then, water-based
inkjet ink with environmental protection and well printability was obtained
through the selection of type and content of water-based resin, water-based color
paste and other additives. The water-based inkjet ink can be used to decorate
products with complex curved surface by inkjet printing technology.

Keywords: Inkjet printing � Water-based inkjet ink � Curved surface

1 Introduction

With the development of individualized and diversified requirements, 3D printing
technology has been applied to mold manufacturing, medical engineering, electronic
device manufacturing, creative design and tourism product manufacturing. It is nec-
essary to give 3D products information such as images and texts.

Traditional methods of printing are mainly divided into screen printing and water
transfer printing [1]. These traditional methods of printing are only applied to decorate
products with regular surface.

Ink-jet printing is a non-contact digital printing technology (Fig. 1), which can
deposit various materials, as droplets, on pre-determined points of a substrate under the
control of a computer program [2–7]. As a promising technique, ink-jet printing is
suitable to produce complex patterns. Inkjet printing has many advantages such as non-
contact printing, faster printing speed [8], smaller footprints [9–11], lower amounts of
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materials, free designs of mask and higher resolutions [12, 13]. There are four major
types of ink-jet inks including phase-change, solvent-based, water-based and UV-
curable [14–22]. Water-based inkjet ink is environmentally friendly, and it is non-
flammable so that it can eliminate the hidden danger of flammability and explosibility.

The process of preparation of water-based inkjet ink is complicated because of the
high performance requirement of inkjet ink. In addition, particle size, surface tension,
viscosity, stability, pH, electrolyte and solid content should be considered [23, 24].
More importantly, water-based inkjet ink should have good redissolution to avoid
clogging the inkjet printer head.

Environmentally friendly water-based ink will be a new trend in the future. Water-
based ink is mainly composed of water-based resin, water-based color paste and other
additives [25]. In this paper, the cyan, magenta, yellow and black (CMYK) of the hard
inkjet ink and soft inkjet ink were prepared. The proportion of water-based resin, water-
based color paste and water was adjusted and appropriate additives were added. Water-
based inkjet ink with good adaptability has been obtained, and it has excellent prop-
erties such as suitable viscosity, surface tension and anti-clogging. Inkjet printing
technology can be used to decorate products with complex curved surface.

2 Experiments

2.1 Experimental Materials and Instruments

2.1.1 Experimental Materials
RU1, RU2, RU3 and RU4 were provided by Hangzhou Dijing Chemical Co., Ltd.,
Jining Hua Kai resin co., Ltd., Guangzhou maiTurui chemical co., Ltd. and Hefei
Hengtian New material Technology Co., Ltd., respectively. S-70 was provided by
Dongguan Wen Bo chemical material Co., Ltd. WE17 and WE1 was provided by
Shenzhen Grayson Chemical New material Co., Ltd. D607 was provided by
Guangzhou maiTurui chemical co., Ltd. Deionized water was provided by Watsons.
Color paste was provided by Dongguan Youmeng color paste co., Ltd.

Ink Tank

Ink Patterns

Drop 

Signal 

Substrate 

Nozzle 

Controller 
(Computer)

Fig. 1. Schematic of the inkjet printing process
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2.1.2 Experimental Instruments
Densitometer (X-Rite) was provided by U.S.A. Friction-resistance meter (MCJ-01) was
provided by PARAM. Rotational viscosimeter (NDJ-9S) was provided by Shanghai
Fangrui instrument Co., Ltd. Surface tension meter (BZY-1) was provided by Shanghai
Pingxuan Scientific Instruments Co., Ltd. Vibrator (HT-30C) was provided by
Shanghai Modern Environmental Engineering Technology Co., Ltd.

2.2 Characterization

1. Adhesion. Inkjet ink was coated on the substrate with No. 0 wire rod, and then the
ink layer was dried under hot air. 3 M tape was affixed on the surface of the printed
sample and then the tape was peeled off. It was evaluated from level 0 to level 5,
according to the desquamate degree of ink on the surface of printed substrate. The
level 0 represents the maximum value of adhesion, and the level 5 represents the
minimum value of adhesion.

2. Wear resistance. The MCJ-01 wear-resistant test machine was used to test wear
resistance.

3. Viscosity. A rotary viscometer was used to test the rotational viscosity of ink.
4. Fineness. Fineness was tested by the grind gauges.
5. Surface tension. BZY-1 automatic interface tension meter is used to measure and

record data.
6. Stability of the water-based inkjet ink. Water-based inkjet ink is placed in an

electricity heat drum wind drying oven at 50 °C. Test the performance of the water-
based inkjet ink two days later.

3 Experiment Results and Discussion

3.1 Preparation of Water-Based Inkjet Ink

Compared with other printing processes, ink-jet printing offers many benefits such as
non-contact printing, smaller footprints, and lower amounts of materials, free designs
of mask and high resolutions. Environmentally friendly water-based inkjet ink belongs
to the category of green printing material, and the development of water-based inkjet
ink is the trend of ink-jet printing technology. Preparation of water-based inkjet ink was
shown in Fig. 2.

3.2 Research of Soft Inkjet Ink

Soft inkjet ink that was required to have good flexibility is used for soft materials such
as leather. Types and contents of water-based resin, water-based color pastes, water and
additives of water-based inkjet ink, and properties of ink such as adhesion, scratch
resistance, friction resistance, viscosity, fineness, stability, wettability and clogging
nozzle were discussed. The formula of water-based soft inkjet ink CMYK is shown in
Table 1.
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First, the ratio of water-based resins of the soft ink was studied, as shown in
Table 3. The cyan water-based ink was taken as an example. Adhesion on the substrate
printed soft inkjet ink is provided by the water-based resin RU1. The water-based resin
PVA and RU3 would dissolve in the water to avoiding clog the nozzle within 30 min
(Table 2). However, water-based inkjet ink with the PVA was unstability. Therefore,
RU3 was added to the water-based inkjet ink to prevent clogging. The water-based
resin RU4 provides flexibility, so that no matter how the leather bent, the water-based
inkjet ink can be applied well without breaking or cracking. When the ratio of the three
water-based resins was RU1: RU4: RU3 = 1: 1:0.8, the anti-clogging nozzle, adhesion
and stability of water-based soft inkjet ink is excellent.

Fig. 2. Schematic of preparation of Water-based ink-jet ink process

Table 1. Formula of water-based soft inkjet ink (CMYK)

Soft
inkjet
ink

RU1 + RU4 + RU3/g Water/g Color
paste/g

D607/g Wax
additives/g

Other
additive

C 7.5 + 7.5 + 6 15 7.5-C 0.4 4 0.35
M 7.5 + 7.5 + 6 15 7.5-M 0.4 4 0.35
Y 7.5 + 7.5 + 6 15 7.5-Y 0.4 4 0.35
K 7.5 + 7.5 + 6 15 7.5-K 0.4 4 0.35

Table 2. Impact of the kind of resin on the water-based soft inkjet ink performance

RU1:RU4:RU3/PVA Clog the nozzle Adhesion Stability

10:0 10 min 0 √

1:1:0 10 min 0 √

1:1:0.8 (PVA) >2 h 0 �
0:0:1 (RU3) >2 h / √

1:1:0.8 (RU3) >30 min 0 √
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Secondly, the ratio of water-based color paste was studied. The color density of the
ink-jet printing inks was set as C � 0.8, M � 0.8, Y � 0.6, and K � 0.8. The
influence of water-based color paste content on color density is shown in Fig. 3. The
color density of inkjet ink increased with the increasing of color paste content. It meets
the standard for inkjet printing with 12% color paste content.

Thirdly, content of water was studied. Viscosity of the inkjet ink was determined by
adjusting the content of water (water-based inkjet ink C was taken as an example). The
influence of the content of water was shown in Fig. 4. It showed that the viscosity of
the inkjet ink decreased as the deionized water content increased. The viscosity was
23.9 mPa.s without adding water and it is 4.6 mPa.s when the content of water reached
fifty percent. The suitable viscosity of water-based soft inkjet ink is within 5–6 mPa.s.
Therefore, the water-based soft inkjet ink with 30% water content was determined.
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Fig. 3. Change in color density with water-based color paste content
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Fig. 4. Impact of the content of water on the rotational viscosity of water-based soft inkjet ink
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Finally, increasing the amount of wetting agent D607could improve the wettability
of the water-based soft inkjet ink. It is found that the wettability of the water-based
inkjet ink became better on the leather surface with the increase of content of D607.
When 0.5% D607 was added, wettability was reached optimal condition. In order to
improve the scratch resistance and friction resistance of ink layer, the wax additives
were added. Water-based wax additivesWE17, WE1 and S-70 with mass fraction of
5% were added, respectively, and the ink layer obtained good resistance. However,
because of poor compatibility between wax additives and resins, delamination occur-
red. Excellent scratch resistance, rub resistance and stability of the sample with S-70
was obtained.

3.3 Research of Water-Based Hard Inkjet Ink

Hard inkjet ink used for hard materials (photosensitive resins, polylactic acid-PLA) was
studied. In addition, the plastic surface is very smooth. Ink was hard to be immobilized
on substrate. Thus, the speed of drying and adhesion must be considered. The formula
of hard inkjet ink CMYK is shown in Table 3.

First, water-based resins directly determine the drying and adhesion properties of
the ink. Table 4 shows the effect of individual resins on the water-based hard inkjet ink.
Adhesion on the substrate printed soft inkjet ink is provided by the water-based resin
RU1, and anti-clogging performance is provided by the water-based resin RU3. The
water-based resin RU2 can be used to adjust the dryness of the water-based hard inkjet
ink. When RU1 and RU3 mixture is sprayed on the PLA, the ink layer will not dry out,
which will not provide the ink layer with adhesion property. So the water-based resin
RU2is added to ensure that the surface is dry in addition to without clogging the nozzle.
The mass ratio of resin RU1: RU2: RU3was 8:1:1 and water-based hard inkjet ink with
excellent drying performance and anti-clogging inkjet printer nozzle was obtained.

Secondly, viscosity of the ink was adjusted by the content of water, and influence
of the content of water on rotational viscosity was shown in Fig. 5. Viscosity of water-
based hard inkjet ink is controlled in range of 7–8 mPa.s. Therefore, the content of
water is determined to be 20%.

Table 3. Formula of water-based hard inkjet ink

Hard inkjet
ink

RU1:RU2:
RU3/g

Water/g Color
paste/g

D607/g Wax
additives/g

C 16 + 2+2 9.6 6.6-C 0.25 2.5
M 16 + 2+2 9.6 6.6-M 0.25 2.5
Y 16 + 2+2 9.6 6.6-Y 0.25 2.5
K 16 + 2+2 9.6 6.6-K 0.25 2.5
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3.4 Performance and Application of Water-Based Soft Inkjet Ink
and Hard Inkjet Ink

The performance data of water-based inkjet soft ink and hard ink are shown in Tables 5
and 6. It showed that soft ink had fineness of 0 lm, viscosity of 5–6 mPa.s, and surface

Table 4. Impact of the kind of resin on the water-based hard inkjet ink performance

RU1:RU2:RU3 Clog the nozzle Drying property

1:0:0 10 min Dry
0:1:0 3 min Dry
0:0:1 >2 h Wet
2:0:1 >30 min Wet
4:0:1 >30 min Wet
8:0:1 >30 min Wet
9:0:1 25 min Wet
8:1:1 >30 min Dry
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Fig. 5. Impact of the content of water on the rotational viscosity of water-based hard inkjet ink

Table 5. The performance of water-based soft inkjet ink (SF) (CMYK)

Soft
inkjet
ink

Visco-
sity/mPa.
s

Finene-
ss/lm

Surface
tension
mN/m

Clog the
nozzle/min
(min)

Stability Adhesion Scratch
resistance

Friction
resistance

C 5.9 0 27.1 >30 √ 0 5 √

M 5.1 0 27.5 >30 √ 0 5 √

Y 5.8 0 29.3 >30 √ 0 5 √

K 5.4 0 28.5 >30 √ 0 5 √
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tension of 27–29 mN/m, and the corresponding parameters of hard ink were 0 lm, 7–
8 mPa.s and 25–27 mN/m respectively. The soft and hard inks possessed excellent
stability, adhesion and scratch resistance. They also ensured that the nozzle will be anti-
clogged when it was stopped during ink jet printing for half an hour.

4 Conclusion

Inkjet printing shows unique advantages compared with other printing processes.
Multicolor curved printing products with high resolution and outstanding performance
were obtained by the combination of inkjet printing technology and water-based inkjet
ink, which are environmentally friendly and economical. In this paper, effect on water-
based inkjet ink by different content of resin was analyzed and discussed. Water-based
resin RU3 could effectively achieve good anti-clogging, adhesion and surface dryness
properties. The content of resin, water-based color paste and additives was adjusted.
A water-based inkjet ink with good properties, such as suitable viscosity, surface
tension and anti-clogging has been obtained.
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Abstract. In order to prepare UV-curable fluorescent inks and investigate the
UV-curing performance, we report the preparation and photopolymerization
process of fluorescent quantum dots (QDs) doped UV-curable ink systems. The
ink system is composed of fluorescent QDs, photoinitiators, prepolymers and
diluting monomers. Conversion rates of double-bonds are characterized by real-
time Fourier transform infrared (RT-FTIR) spectroscopy to investigate
influencing factors on the photopolymerization kinetics, including UV radiation
conditions and system components. Experimental results show that radiation
energy density of the UV light source, type and concentration of the photoini-
tiator, and concentration of QDs have a significant influence on UV-curing
process of the ink system. Due to strong absorption effect of QDs in specific
wavelengths, appropriate matching of the UV light source, photoinitiators and
spectral characteristics of fluorescent QDs is essential to improve UV-curing
performance of the ink system. This study provides guidance for the develop-
ment of formulation and printing technology of new types of fluorescent inks.

Keywords: Photopolymerization kinetics � UV-curing � Fluorescent inks �
Quantum dot

1 Introduction

Quantum dots (QDs) have attracted considerable interest in recent years due to the
exceptional optical properties [1], especially the tunability of luminescence emission,
which has been widely studied in optical devices, such as displays [2], lasing [3] and
illumination [4]. In these application fields, the printed electronics technology has
gradually become an important approach to bypass traditional expensive silicon-based
electronics to fabricate devices on flexible substrates [5]. With this method, the printing
of QDs functional devices are usually carried out by using QDs-doped inks [6].
Therefore, the dispersion and coating of QDs-doped inks could be considered as a
primary problem in the manufacturing of QDs functional devices by the means of
printed electronics.

In the past decades, ultraviolet (UV)-assisted curing, which is considered as an
efficiency and economical manufacturing technique, has been widely applied in
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printing, coating, electronics, etc. [7]. In this research, we report the preparation of UV-
curable QDs-doped inks with photoluminescence properties. Photopolymerization
kinetics was characterized by real-time Fourier transform infrared (RT-FTIR) technique
to investigate the UV-curing performance. Patterns with photoluminescence effect were
successfully printed using the prepared QD-doped ink, showing potential values in
further applications.

2 Experimental

2.1 Materials

Waterborne resin UCECOAT 7177 was purchased from Allnex Resins Co. (Shanghai,
China). 4-acryloylmorpholine (ACMO), photoinitiator (PI) diphenyl (2, 4, 6-
trimethylbenzoyl) phosphine oxide (TPO) and 2-hydroxy-2-methylpropiophenone
(1173) were purchased from Tianjin Jiuri New Materials Co., Ltd. (Tianjin, China).
QDs with a CdSe core and a ZnS shell structure were purchased from Xingshuo
Nanotech Co. Ltd. (Suzhou, China) and suspended in deionized water with a con-
centration of 10 nmol/mL. All reagents were used as received.

2.2 Preparation of QDs-Doped UV-Curable Inks

A typical procedure for the preparation of QDs-doped UV-curable inks includes two
steps: preparation of pre-polymer resin and doping of QDs. First, different amounts of
PI TPO and 1173 were completely dissolved in dilute monomer ACMO with
mechanical stirring. Then base polymer UCECOAT 7177 was added into the system to
make pre-polymer resin, in which the mass ratio of ACMO to UCECOAT 7177 was
maintained at 3:7 while the amount of PI was 3–7 wt% relative to the total mass of
UCECOAT 7177 and ACMO. Second, different volumes of QDs suspension with a
concentration of 10 nmol/mL was added into the pre-polymer resin. Mechanical stir-
ring and sonication were carried out alternately for 6 h to form a uniform QDs-doped
ink. Concentration of QDs doped in the ink could be calculated from the volume ratio
of QDs suspension relative to the total system. The composition of inks was listed in
Table 1.

2.3 Characterization

Ultraviolet-visible (UV-Vis) absorption spectra were characterized by a UV-2700
spectrophotometer (Shimadzu, Japan) at room temperature. UV-Vis absorption spectra
of QDs and PIs at wavelengths of 250–700 nm were recorded using deionized water
and ethanol as solvent, respectively.

An OmniCure Series 1000 UV spot light source (Lumen Dynamics, Canada) at the
wavelength of 365 nm with a 5 mm quartz fiber was used to induce the photopoly-
merization. The power density of irradiation was measured by a UV-A light radiometer
(Photoelectric Instrument Factory of Beijing Normal University, China).
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Fourier transform infrared spectra (FTIR) of UV-curable inks coated on a ZnSe
slide were scanned over the range of 650–4000 cm−1 on a Nicolet iS50 spectrometer
(Thermo Fisher, USA) equipped with a KBr beam splitter and a MCT/A detector
cooled by liquid nitrogen. The spectrometer was operated in the absorbance mode and
real-time signals of samples during the UV-assisted polymerization process were
recorded at a collection rate of 4 scans/s with a resolution of 4 cm−1. The pho-
topolymerization kinetics was determined by the decrease of absorption peak around
850–810 cm−1 which was ascribed to the twisting vibration mode of double-bond in
vinyl group [8]. Degree of conversion (DC) of double-bond was calculated from Eq. 1
[9, 10]:

DC% ¼ A0 � At

At
� 100% ð1Þ

A0 is the initial peak area before the irradiation while At is the peak area at irra-
diation time t during the polymerization, respectively.

3 Results and Discussion

3.1 Absorption of Photoinitiators and QDs

Absorption spectra were characterized to select appropriate PIs for the formulation
design of UV-curable inks. As shown in Fig. 1, PI TPO and QDs have strong absor-
bance at the wavelength of 365 nm. In the contrast, PI 1173 has little absorbance at the
same wavelength. It could be speculated that PI TPO might generate higher pho-
toinitiated efficiency than PI 1173 while high loading of QDs might affect the curing
performance of inks in the UV-irradiation with a wavelength of 365 nm. These
assumptions would be examined in the following experiments for the studies of pho-
topolymerization kinetics.

Table 1. Composition of QDs-doped UV-curable inks

No. Pre-polymer resin Photoinitiatora QDsb (nmol/mL)

ACMO (wt%) UCECOAT 7177 (wt%) TPO (wt%) 1173 (wt%)

Sample 1 30 70 5.0 0 0

Sample 2 5.0 0 0.1

Sample 3 5.0 0 0.2

Sample 4 5.0 0 0.5

Sample 5 3.0 0 0.5

Sample 6 7.0 0 0.5

Sample 7 0 5.0 0.5

Sample 8 2.5 2.5 0.5
aThe content of PIs was against the total mass of UCECOAT 7177 and ACMO
bThe concentration of QDs was against the total volume of the ink
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3.2 Photopolymerization Kinetics of Inks

Photopolymerization kinetics is a strategy to investigate UV-curing rate by monitoring
concentration variations of functional groups in reactants or resultants. To confirm the
photopolymerization of the prepared QD-doped inks, RT-FTIR was employed to
evaluate the conversion of reactive double-bonds. Effects of radiation power, species of
PIs, concentration of PIs and loading amount of QDs on DC during the UV-curing
process were discussed.

3.2.1 Effect of Radiation Power on Photopolymerization Kinetics of Inks
In order to investigate the effect of radiation power on the photopolymerization
kinetics, we prepared a sample in which the mass ratio of PI TPO is 5 wt% and the
concentration of QDs is 0.5 nmol/mL, as shown in Table 1. The recorded RT-FTIR
polymerization profiles of the sample in UV-irradiation with different power densities
are illustrated in Fig. 2.

As illustrated in Fig. 2, in the UV-radiation with a power density of 24 mW/cm2,
DC of the sample increased rapidly in the first 1–10 s and finally reached to nearly
70%. With the increase of radiation power, more free-radicals were generated to induce
a faster polymerization rate and a higher DC. When the radiation power reached
32 mW/cm2, the concentration of free-radicals was saturated while the DC reached its
peak and no longer increased.

3.2.2 Effect of Concentration of Photoinitiators on Photopolymerization
Kinetics of Inks
According to the analysis of absorption spectra of PIs and QDs, TPO was selected as an
appropriate photoinitiator for QDs-doped inks in this research. Thus, a series samples
with different concentrations of PI TPO were prepared to investigate the effect of PI
concentration on DC. The recorded RT-FTIR polymerization profiles in the UV-
irradiation with a power density of 24 mW/cm2 are illustrated in Fig. 3.

Fig. 1. Absorbance spectra of photoinitiators and QDs
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As illustrated in Fig. 3, when the concentration of PI TPO increased from 3 to 5 wt
%, the DC was increased from 48 to 72%. It is worth noting that when the concen-
tration of the initiator continued to increase to 7%, the DC reached the maximum in a
shorter period of time but the final conversion rate of double-bonds would not continue
to increase. This is because the high concentration of PIs would generate large amount
of free-radicals on the upper surface of the sample, which leading to a strong absor-
bance and scattering of irradiation light. Therefore, the UV-irradiation power inside the
sample was weaken and the DC could not be further increased [11].

Fig. 2. Photopolymerization profiles of sample 4 in different power densities of UV-irradiation
monitored by RT-FTIR

Fig. 3. Photopolymerization profiles of sample 4–6 with different concentrations of PI TPO
monitored by RT-FTIR. The power density of UV-irradiation is 24 mW/cm2

Preparation and Photopolymerization Kinetics … 773



3.2.3 Effect of Species of Photoinitiators on Photopolymerization Kinetics
of Inks
In order to investigate the effect of species of PIs on the UV-curing performance,
samples with 5 wt% of PI TPO, PI 1173 and mixed PIs was prepared, as listed in
Table 1. The recorded RT-FTIR polymerization profiles in the UV-irradiation with a
power density of 24 mW/cm2 are illustrated in Fig. 4. Obviously, in the first 100 s, the
DC of samples prepared with PI TPO was higher than that prepared with PI 1173,
which could be attributed to the stronger absorbance at the wavelength of 365 nm.
However, the final conversion rate of double-bonds in sample prepared with PI TPO
and PI 1173 tended to be the same, which could be explained by the gel effect. In
addition, samples prepared with 5 wt% of mix PIs consisted of PI TPO and PI 1173
with the weight ratio of 1:1 generated an 80% final conversion rate of double-bonds,
which was much higher than the single PI initiating system.

3.2.4 Effect of Concentration of QDs on Photopolymerization Kinetics
of Inks
According to the analysis of absorption spectra, QDs used in this research had sig-
nificant absorbance at the wavelength of 365 nm, which was predicted to lead to a
competition with the generation of free-radicals. Thus, a series samples with different
doping concentrations of QDs were prepared to investigate the photopolymerization
kinetics. The recorded RT-FTIR polymerization profiles in the UV-irradiation with a
power density of 24 mW/cm2 are illustrated in Fig. 5.

As illustrated in Fig. 5, comparing with a pure pre-polymer resin, the doping of
QDs significantly reduced the UV-curing rate and the DC, as the absorbance of irra-
diation light from higher loadings of QDs induced the inhibition of UV curing depth.
Fortunately, a 71% final conversion rate of double-bonds could still be achieved with a

Fig. 4. Photopolymerization profiles of sample 4, sample 7 and sample 8 with different species
of PIs monitored by RT-FTIR. The power density of UV-irradiation is 24 mW/cm2 and the total
amount of PIs is 5 wt% relative to the weight of pre-polymer resin for each sample
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0.5 nmol/mL concentration of QDs, which was enabled to provide completely cured
coatings with visible photoluminescence emission. The photoluminescence property is
reported in the next section.

3.3 Photoluminescence Property of the Printed QDs-Doped Ink

An ink sample doped with red emission QDs was prepared according to the compo-
sition in Table 1. The logo of Beijing Institute of Graphic Communication was printed
on a plastic film by a rubber stamp using UV-curable QD-doped ink with the for-
mulation of Sample 8 in Table 1. The pattern was cured by UV-irradiation with a
power density of 28 mW/cm2 at the wavelength of 365 nm for 3 min. As shown in
Fig. 6, there was almost nothing visible under ambient light while a clear red pattern
could be observed under the UV light, which indicated that the prepared ink doped with

Fig. 5. Photopolymerization profiles of sample 1–4 with different concentrations of QDs
monitored by RT-FTIR. The power density of UV-irradiation is 24 mW/cm2

Fig. 6. A pattern printed from the prepared UV-curable ink doped with red emission QDs under
a ambient light and b UV light. The diameter of the pattern is 3 cm
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red light emission QDs showed perfect photoluminescence effect, which possesses
potential application values in anti-counterfeit printings, optical sensors, biological
probes, display devices and other fields.

4 Conclusions

In this research, we prepared a series of UV-curable waterborne fluorescent inks by
doping QDs into pre-polymer resins. Experimental results of RT-FTIR analysis indi-
cated that the UV-curing performance of inks was significantly affected by the con-
centration and species of PIs, the power density of UV-irradiation and the concentration
of QDs. The prepared inks were successfully applied to the printing on a flexible
substrate and patterns with visible photoluminescence emission were achieved. This
research will promote the development and application of new types of special ink.
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Abstract. With the development of economy, people pay more and more
attention to environmental protection. The proportion of water-based ink in the
ink industry is increasing due to its good environmental friendliness. Water-
based acrylate latex has been widely used in water-based inks due to its good
film formation, printing adaptability, light resistance, and corrosion resistance.
In this paper, a series of acrylate latexes were prepared by non-pre-
emulsification semi-continuous emulsion polymerization by compounding
small-molecule emulsifiers (LS: SDS & OP-10) with macromolecular emulsi-
fiers (acrylic resins). And the effect of additive amounts of small molecule
emulsifier and macromolecular emulsifier on the properties of acrylate latex was
investigated. When the additive amount of the small molecule emulsifier was
1.5 wt% and the macromolecular emulsifier was 30 wt%, the acrylate latex with
a small particle size, moderate viscosity, and good stability could be prepared.

Keywords: Acrylic resins � Acrylate latex � Small molecule emulsifier �
Macromolecular emulsifiers

1 Introduction

The level of development in the printing industry is one of the indicators of the degree
of industrialization and modernization of a country. The VOCs emissions and pollution
brought by it have gradually attracted attention [1]. VOCs can chemically react with
ammonium oxide in the atmospheric ozone layer to produce organic compounds [2].
And the combination of VOCs with fine particles and other substances in the air creates
fine particulate matter (PM2.5), and the resulting haze threatens the health of humans
and other plants and animals [3]. At present, China’s flexible packaging printing
industry mainly adopts gravure printing, and the large amount of solvent-based ink
used in the printing process will bring huge VOCs emissions. Compared with solvent-
based ink, water-based ink has the advantages of green environmental protection, non-
toxic safety, and low VOCs emissions.

Waterborne binder has always been the focus of research in water-based ink.
Waterborne acrylic resin is one of the most used binder resins in water-based inks due
to its excellent printing adaptability, friction resistance, stability, heat resistance, and
compatibility with pigments. The molecular weight and acid value of waterborne
acrylic resin have a certain influence on the performance of the synthesized acrylate
latex. Pedraza [4] studied the effect of pH on the film formation of acidic acrylic resin
latex, the location of either or both acids will catalyze the cross-linking reaction of the
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latex, which typically contains carboxylic acid groups as reactive moieties (especially
hydroxyls) and strong acids as catalysts.

In this paper, a waterborne acrylic resin with the molecular weight Mw of 8000 and
the degree of neutralization of 90% was used as macromolecular emulsifier. It was
considered to combine macromolecular emulsifier with small-molecule emulsifier. And
the effects of additive amounts of small molecule emulsifier and macromolecular
emulsifier on the properties of acrylate latex were investigated.

2 Experimental

2.1 Materials

Methyl Methacrylate (MMA), n-Butyl Acrylate (BA): Chemically Pure, Sinopharm
Group Chemical Reagent Co., Ltd.; Sodium Dodecyl Sulfate (SDS): Chemical Pure,
Tianjin Chemical Reagent Factory No. 6; Polyphenol Ethers (OP-10): Chemically
Pure, Tianjin Institute of Chemical Reagents; Macromolecular Emulsifier (SR679):
Industrial Grade, Qingdao Linke Co., Ltd.

2.2 Apparatus

Nano particle size analyzer: Malvern, UK; Viscometer: Brookfield, American. Almost
all-infrared stability analyzer: formulation, France Co., Ltd.

2.3 Procedure

A certain amount of deionized water, emulsifier, and sodium bicarbonate were weighed
and added to a four-necked flask. The mixture was stirred at room temperature for
30 min to ensure that the emulsifier system was uniformly dispersed. Nitrogen flowed
for 2 min. 1/10 of the mixed monomers were added during increasing the temperature.
When the temperature rose to 80 °C, 1/10 initiator solution was added. The remaining
monomer and initiator solution were added dropwise after 15 min, and was added
within 3 h. Increase the temperature to 85 °C and last for 2 h. Add redox initiator when
it cooling down to 50 °C, and last for 30 min. Then the pH of latex was adjusted to
8.5–9.

2.4 Measurements

2.4.1 Solid Content
1.5–2 g of latex was weighed in the aluminum box with constant weight, dry the
aluminum box and sample at 55 °C for 24 h. The solid content was calculated by the
following formula (1):

Wd=% ¼ m1=m0 � 100 ð1Þ

m0-original quality of the sample, g; m1-quality of the dry sample, g.
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2.4.2 Particle Size and Distribution
Nano-ZS dynamic light scattering particle size (DLS) was used to test the size and
particle size distribution coefficient of the latex.

2.4.3 Stability

2:4:3:1 Storage stability
The latex was sealed and stored at room temperature for 6 months. The
storage stability of the latex was observed.

2:4:3:2 Centrifugal stability
The appropriate amount of latex was put into the centrifuge tube, and cen-
trifuged at 3000 r/min for 30 min. The centrifugal stability of the latex was
observed.

2:4:3:3 Dynamic stability
The dynamic stability of the latex was measured by a stability analyzer. The
temperature was 25 °C.

2.4.4 Viscosity
The viscosity was measured by viscometer from American Brookfield Company.

3 Results

3.1 Effect of Small Molecular Emulsifier

In the experiment, when the additive amount of macromolecular emulsifier was 30 wt%,
compound small molecule emulsifier with macromolecular emulsifier SR 679. The
effect of changes in the amount of small-molecule emulsifier on the performance of the
prepared acrylate latex was investigated. The addition of small molecule emulsifiers are
0, 0.5, 1.0, 1.5, 2.0, 2.5 wt% of the total monomer.

As it is shown in Table 1, when the macromolecular emulsifier was used alone, the
prepared acrylate latex particles had a large particle size, the viscosity of the latex was
low, and the system was unstable. The use of a latex prepared in combination with
small-molecule emulsifier significantly improved particle size and stability. When the
amount of small molecule emulsifier in the composite emulsifier was less than 2.0%,
the latex particle size became smaller and the latex viscosity increased accordingly.
Due to the increase of electrostatic repulsion and steric hindrance, the latex centrifugal
stability and storage stability also increased. As the amount of small-molecule emul-
sifier continues to increase, the viscosity decreased and the average diameter of the
latex particles increased. Because of the increase of the amount of free water in the
system, the viscosity began to decrease and tended to a gentle trend of change.
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3.2 Effect of Macromolecular Emulsifier

According to the research of 3.1, based on 1.5 wt% of small molecule emulsifier, the
effect of the addition of a macromolecular emulsifier at 15, 20, 25, 30, 35 wt% on the
properties of the prepared acrylate latex was examined.

It can be seen from Table 2, with the increase of the amount of macromolecular
emulsifier, latex particle size became smaller. Repulsive forces between particles and
steric hindrance increased and also stability increased. When the amount of macro-
molecular emulsifier increased to 30 wt%, one high-quality polymer latex could be
obtained, but if we continue to increase the amount of macromolecular emulsifier, the
latex particle size became larger. It is because that the amount of monomer and water
added in the medium was constant, and the maximum amount of latex particles that can
be formed by the added emulsifier was certain. Redundant emulsifier covered the latex
particles, and the average particle size increased.

3.3 Dynamic Stability Testing of Acrylate Latex

As it is shown in Fig. 1, the unstable parameters (TSI) of the latex prepared by the
different addictive amount of macromolecule emulsifiers were obtained. And the
smaller change of TSI, the better stability of the latex. It also can be concluded that as
the amount of macromolecule emulsifier increased, change of TSI became smaller, and
the stability was better. It may be due to the aggregation of macromolecule emulsifiers
between the spherical latex particles that formed a cross-linked structure, which played
a role in stabilizing the latex particles.

Table 1. Effect of addictive amount of small molecular emulsifier (LS)

Addition of
LS (%)

Particle
size (nm)

PDI Zeta
(mv)

Viscosity
(mPa s)

Centrifugal
stability

Storage
stability

0 148.5 0.055 −47.6 20.7 Failed Unstable
0.5 125.5 0.104 −61.6 21.6 Failed Unstable
1.0 102.4 0.053 −56.4 26.1 Qualified Stable
1.5 89.8 0.061 −54.6 31.0 Qualified Stable
2.0 129.6 0.138 −66.6 21.2 Qualified Stable
2.5 134.9 0.080 −59.9 20.9 Qualified Stable

Table 2. Effect of additive amount of macromolecular emulsifier

Addition of
SR679 (%)

Particle size
(nm)

PDI Zeta
(mv)

Centrifugal
stability

Storage
stability

15 124.2 0.015 −53.8 Qualified Stable
20 105.5 0.037 −61.1 Qualified Stable
25 104.6 0.021 −63.0 Qualified Stable
30 89.8 0.061 −54.6 Qualified Stable
35 128.8 0.072 −60.5 Qualified Stable
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4 Conclusions

In this paper, non-pre-emulsification semi-continuous emulsion polymerization was
used to prepare the poly acrylate latex with 40% solids, small particle size, and good
stability. The effects of the additive amount of small-molecule emulsifier and macro-
molecule emulsifier on the performance of acrylate latex were investigated when the
neutralization degree of acrylate resin was 90%. It was found that, when the additive
amount of the small molecule emulsifier was 1.5 wt% and the additive amount of the
macromolecular emulsifier was 30 wt%, the acrylate latex with a small particle size,
moderate viscosity, and good stability could be prepared.
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Abstract. With the rapid development of printing electronics, conductive ink
as an important part of printing electronics, the electrical conductivity of which
printed on different substrates has become the focus of research. In this paper,
the printed circuit of different patterns and thickness of ink layer were prin-
ted on photo paper and PET film by using the nano-silver conductive ink with
the particle size of 30 nm and solid content of 5–10%, and its conductivity was
tested under different sintering temperature. The experimental results showed
that the circuit could still maintain good electrical conductivity with the change
of printing pattern. As the thickness of the ink layer increases, the circuit width
becomes wider, the conductivity of the circuit gradually increased and it
decreased after reaching a certain number of layers. The conductivity increased
rapidly with the increase of sintering temperature and it tended to be stable after
slowing down when reaching a certain temperature. As the sintering time going
by, the electrical conductivity of the circuit increased swiftly first and the growth
trend became slower.

Keywords: Nano-silver conductive ink � Ink thickness � Sintering
temperature � Sintering time � Conductivity

1 Introduction

In recent years, with the fast pace of life in modern society, printing technology has
opened up a new industry model—printed electronics industry. Because of its
remarkable advantages in many aspects, it has become a key industry in many fields.
The core of printed electronics is to transfer functional inks with electrical properties to
substrate through traditional printing methods or inkjet printing, so as to have corre-
sponding electrical properties, thereby realizing the production of electronic compo-
nents. The modern society with a higher and higher degree has a great and very
promising development prospect, which has attracted great attention at home and
abroad [1].

With the continuous innovation of technology, conductive inks have made great
progress. Nano-silver inks developed by Pchem Associates have been used to print
high-frequency RFID tags. Bayer made micro-wires with BayInk® nano-silver inks, the
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thickness of which is no more than 20 µm. Epoxies Etc in the United States has
announced a new type of ink for screen printing and printing processes, which can be
deposited on a variety of substrates such as polyimide film, polyester film, glass and
ceramics [2].

In this paper, inkjet method was used to print conductive ink on a variety of
substrates. By changing various physical environmental conditions, the electrical
properties of circuits printed on the substrates were characterized to explore different
factors, and to explore the electrical conductivity of lines with different factors.

2 Nano-silver Conductive Inkjet Printing Experiment

2.1 Photo Paper Base Printing Experiment

There is ink-absorbing coating on the surface of photo paper after surface treatment in
production, so that conductive ink has good film-forming property on its surface.
Therefore, photo paper does not need surface modification and can be directly spray-
printed experiment [3].

2.1.1 Effect of Print Layers on Printed Circuits and Their Conductivity
Nano-silver conductive ink with a particle size of 30 nm and a solids content of 10%
was used for inkjet printing with an inkjet printer to ensure that the parameters of the
inkjet printer remained the same and that the pattern of each print was consistent, that
is, the line width was 200 lm and the line length was 5 cm. Then the printing
experiment was carried out. In this section, the number of printed layers was used as an
experimental variable, and the number of printed layers was designed to be 1 layer, 3
layers, 5 layers, 7 layers, and 9 layers, with 5 layers as a group. Based on the reliability
principle of the experiment, three groups of the same experiments, experiment a,
experiment b, and experiment c, were analyzed to compare the line appearance of the
jet printing experiment to explore whether the number of printed layers had an effect on
the line appearance [4]. Through visual observation and instrument measurement, it can
be clearly found that obvious burrs appear on the line and its edges become
unsmoothed, and the line width changes obviously (Table 1).

Table 1. Line width

No. Print layers Width a/mm Width b/mm Width c/mm

1 1 202 203 200
2 3 206 207 204
3 5 212 213 209
4 7 225 223 225
5 9 230 228 231
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2.1.2 Influence of Sintering Temperature and Time on Printed Circuit
Conductivity
In this section, sintering temperature and sintering time were taken as experimental
variables, four different sintering temperatures (90, 110, 130, and 150 °C) were
designed and three different sintering time (10, 20, 30 min) was also set according to
the time gradient. These experiments were used to investigate the effects of sintering
temperature and time on the conductivity of the conductive traces [5].

One set of lines from different layers before the printing experiment was selected
and placed in a vacuum drying oven, and three time gradients of 10, 20, and 30 min
were set to sinter at four different temperatures until the operation was completed. The
resistivity was measured with a four-probe instrument and their conductivity was
analyzed (Fig. 1).

2.2 Transparent PET Film Substrate Printing Experiment

The other substrate chosen in this article is a transparent PET film, but the surface of
the PET film is too smooth to directly perform the printing experiment. Therefore, the
surface of the PET film must be firstly modified to change the hydrophilicity of the
surface, and then the printing experiment is performed [6]. The characteristics of the
surface modification of the material can be used to treat the surface of the PET film.
The surface morphology, surface chemical composition and properties of the PET film
can be idealized by changing the properties such as wettability and adhesion [7].

By measuring the contact angle of the ink droplets to detect the hydrophilicity of
the ink droplets and the substrate, if the contact angle is large, it means that the
hydrophilicity of the ink droplets and the substrate is poor, the exhibition of the ink
droplets is difficult, and the circuit pattern may occur. Open circuit; if the contact angle
is small, it means that the hydrophilicity of the ink droplet and the substrate is too good,
the exhibition of ink droplets is very wide, and the wiring pattern is likely to cause a
short circuit because they are connected together [8].

Using a transparent PET film as a substrate, the electrical conductivity of the circuit
was explored by varying the number of print layers, sintering temperature and time, and
measuring the resistivity of the conductive lines with a four-probe instrument (Fig. 2).

Fig. 1. Based on photo paper, the sintering time is 10 min (a), 20 min (b), and 30 min (c), and
the relationship between resistivity and temperature
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By observing the data in the graph, it can be clearly seen that as the temperature and
time continue to increase, the resistivity decreases, and the electrical conductivity of the
circuit becomes better and better.

2.3 Analysis and Discussion

It can be seen from the above diagram that with the layer-by-layer superposition of the
circuit layers, the resistivity of the line is reduced, which means that the conductivity of
the line is getting better and better. The reason for this is that as the number of layers
increases, the thickness of the film layer also increases, the number of nano-silver
particles in the circuit increases, and the internal space remains the same, resulting in
smaller and smaller gaps between the particles. More importantly, the surface of the
nano-silver particles in the ink is coated with a protective agent. As the temperature
rises, the protective agent loses its function due to thermal decomposition or denatu-
ration, and the nano-silver particles are gradually exposed from the protective agent and
tightly bound together to form a compact interworking structure, which can improve
the conductivity of circuit.

In addition, the film-forming property of conductive ink on pet film is not as good
as that of conductive ink on photo paper, which causes the difference of line resistivity.
It appears that the conductivity of line on photo paper is better than that of pet film [9].

3 Conclusions

Nano-silver conductive ink was printed on different substrates by inkjet printing, and
the conductive properties of the printed circuit were explored under the condition that
the number of printed layers, sintering temperature, sintering time and other factors
changed. When the number of printing layers was 5, the circuit was the most regular
and clear. When the sintering temperature was 150 °C and the sintering time was
30 min, the protective agent in the conductive ink could be volatilized more effectively,
which made the connection between silver particles closer and the conductivity of the
circuit better.

Fig. 2. Based on PET film, the sintering time is 10 min (a), 20 min (b), and 30 min (c) and the
relationship between resistivity and temperature
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Certainly, for the sintering temperature could be further reduced to achieve a lower
temperature sintering, and the less time could be controlled in the sintering time to
improve efficiency.

Acknowledgements. This work was supported by Shaanxi Key Laboratory of printing and
packaging engineering (Project number: 2017KFKT-02).
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Abstract. Herein, the benzidine yellow PY14 (background color) and the red
metal complex dye (developing particles) are dispersed in a mixed solvent of
tetrachloroethylene and xylene without adding a charge control agent to prepare
an electrophoresis liquid. The electrophoresis liquid is coated into microcapsules
by a complex coacervation method, and the capsule wall material is gelatin and
gum arabic. Observe the morphology of the microcapsules, test the reflection
density, particle size distribution and test the performance index. Finally, an
electrophoretic display principle device was fabricated using indium tin oxide
(ITO) conductive glass. The results showed that when the particle size of
benzidine yellow was dispersed to 1400 nm and the dispersion time was
120 min, the reflection density was the highest, which was the most favorable
for display. The coated microcapsules were made into electronic devices and
then electrophoresed structure of the cross-linked sample was better.

Keywords: Benzidine yellow � Reflection density � Particle size distribution �
Microcapsule � Complex coacervation

1 Introduction

Microcapsules are widely used in electronic paper. At present, there are mainly four
types of electronic paper: electrophoretic display technology [1], electronic powder
fluid display technology [2], cholesterol liquid crystal display technology [3], and
bistable nematic liquid crystal display technology [4]. Microcapsule technology [5]
refers to dispersing a liquid substance such as a liquid, a solid or a gas into droplets or
particles, and then depositing a polymer film-forming material (wall material) on the
droplets or particles to form a film, the capsule droplets or particles are coated. This
process is called microencapsulation. In the field of electrophoretic display, the capsule
wall is a transparent polymer film material, and the capsule core is an electrophoretic
particle dispersion. The electrophoretic particle dispersion may be selected from any
one or more particles having a charge or a charge easily obtained on the surface, such
as inorganic or organic pigment particles, inorganic-organic composite particles coated
with organic substances, and the like [6]. Because all components of the electrophoretic
ink can affect the electrophoresis performance. Since the electrophoretic display has
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become the research content of people, the particle size control, reflection density
value, and display contrast and contrast have been the direction of the researchers [7].

Most of the reported literatures have used benzidine yellow PY14 as a color-
developing particle and tetrachloroethylene as a dispersing agent to prepare micro-
capsules. In this paper, the benzidine yellow particles are large and stable, and they are
dispersed without the advantage of adding a charge control agent. The dispersed
particle size and reflection density were then tested by a particle size zeta potential
resistance tester and a reflection densitometer (X-rite 310). Finally, the particle size and
dispersion time which are favorable for improving contrast and contrast are found, and
then the microcapsules are coated under this formulation, and it is observed whether the
microcapsules are electrophoresed.

2 Experimental

2.1 Materials

Industrial grade benzidine yellow PY14, red metal complex purchased from SIGMA
(Germany), analysis of pure tetrachloroethylene (CCl4, 98%), xylene, sodium
hydroxide, formaldehyde, acetic acid, hydrochloric acid purchased in Beijing Chemical
Plant (China), industrial grade gum arabic and gelatin were purchased from ROUS-
SELOT (France), and indium tin oxide (ITO) conductive film was purchased from
Beijing Chemical Plant (China).

2.2 Preparation of Electrophoretic Ink

2.2.1 Dispersion of Benzidine Yellow
Dissolve benzidine yellow PY14, tetrachloroethylene, KD6 in a beaker at a mass ratio
of 1.66:50:1, then add zirconium beads (500 g), and adjust the high speed mixer to
3000 r/min for 120 min, the mixed solution (100 mL) was taken every half hour, and
then the mass ratio of the benzidine yellow to the zirconium beads was 3.32, 2.66, 1.99,
1.66, and 1.33 wt%, respectively.

Add benzidine yellow PY14 pigment (4 g), KD6 dispersant (10 mL) to tetra-
chloroethylene solvent (200 mL), add zirconium beads (200 g). The high speed mixer
was adjusted to 3000 r/min for 2 h, and samples were taken every 0.5 h (5 mL).

2.2.2 A Mixture of Red and Yellow Colors
The red metal complex (0.46 g) was uniformly dispersed in xylene (50 mL). The
dispersed benzidine yellow PY14 and the red metal complex dye dissolved in xylene
were then mixed in a ratio of 1:1 to form an electronic ink.

2.3 Microcapsules Prepared by Complex Coacervation

The gum arabic (3 g) and gelatin (3 g) were dissolved in deionized water (200 mL),
and the gelatin solution was added to the gum arabic solution after standing for 5 h, set
the stirring speed to 550 r/min at 40 °C, and add electronic ink (10 mL) after stirring
for 10 min. After 15 min, adjust to 400 r/min and add acetic acid solution (10%) to pH
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4. Stirring was continued for 15 min, then deionized water (140 mL) was added and
stirring was continued for 2 h. After the mixture was cooled to room temperature, the
formaldehyde solution (15%, 10 mL) was added. Stirring at low speed for 20 min, the
NaOH solution was added dropwise, and the pH was slowly adjusted to 7–8. After
repeated washing and drying, then standing for 24 h, the supernatant was removed and
the remaining liquid was centrifuged for 10 min at a speed of 1000 r/min. Electronic
ink microcapsules can be obtained.

2.4 Principle Device Fabrication and Ablation

The image portion of the ITO conductive film was sealed with a tape and completely
immersed in a mixed solution of hydrochloric acid and water at a ratio of 1:3 for
10 min. The microcapsules were mixed with ZY-B-1 adhesive at 5:1, uniformly coated
on the ablated ITO conductive glass, controlled to a thickness of about 200 µm, and
placed in a drying oven at 40 °C for drying. When the adhesive is dried quickly,
another ITO glass is covered to form an electrophoretic device.

2.5 Characterization

The particle size distribution and reflection density of the following two samples were
tested using a particle size zeta potential resistance tester and a reflection densitometer
(X-rite 310): samples with different ratios of pigments and zirconium beads, samples
taken at different times.

3 Results and Discussion

3.1 Particle Size Distribution and Reflection Density of Benzidine Yellow
Under Different Mixing Ratios and Different Dispersion Times

When benzidine yellow is used as the background color, in order to improve the
contrast and contrast with the color-developing particles, the brightness of benzidine
yellow should be minimized, so samples with higher reflection density values should
be used in the experimental data. As shown in Fig. 1, when the ratio is 1.33 wt%, the
particle size distribution is the widest, the particle size is 1400 nm, and the reflection
density value is the highest at 1400 nm. Therefore, the proportion of benzidine yellow
is decreasing, and the proportion of zirconium beads is increasing, which is conducive
to increasing contrast and contrast. As shown in Fig. 2, the dispersion of benzidine
yellow is 1400 nm when dispersed for 120 min, and the reflection density value of the
dispersed benzidine yellow particle size of 1400 nm at 120 min under the condition of
120 min can also be found, which is compared with the color-developing particles.

3.2 Microcapsule Morphology Observation and Changes in Principle
Device After Power-on

Observe the microcapsules under a Leica microscope to obtain Fig. 3, when the electric
field is not applied, the color of the microcapsules is uniform orange. When the voltage
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Fig. 1. Comparison of particle size peaks under different ratios of benzidine yellow PY14 and
zirconium beads

Fig. 2. Dispersed particle size at different times (a) and reflection density at different particle
sizes (b)

Fig. 3. Color change in microcapsules before and after power-on: a before power-on; b after
power-on

Research on Electrophoretic Display Ink … 791



of 3 V is applied to the electrodes at both ends, the color of the microcapsules becomes
red, and the color does not change after the power is turned off. It is proved that the
microcapsules have bistable characteristics and electrophoresis can occur.

As shown in Fig. 4, after a voltage is applied to the device, the device is discolored,
and the color does not change after the application of the voltage is stopped, thereby
realizing a bi-stable display. It is proved that the electronic ink can be displayed
repeatedly, and the whole surface is discolored by 5–6 s, and the response time is about
4 s.

4 Conclusions

In this experiment, it was found that benzidine yellow PY14 was dispersed as back-
ground color for 120 min. When dispersed to 1400 nm, the brightness was low, the
reflection density was high, and the contrast with the color of the color-developing
particles was obvious, which was favorable for microcapsule coating. The phenomenon
of coagulation is prone to occur after the dispersion of benzidine yellow PY14. The
coated microcapsules are made into an electronic device that can be electrophoresed
after being energized, and can realize bistable display with a response time of 4 s.

Acknowledgements. This work was supported by the Youth Projects of National Natural
Science of China (Grant No. 21706016), the Key Project of Beijing Institute of Graphic Com-
munication (Ea201603), the Talent Project of Beijing Institute of Graphic Communication, the
Beijing Municipal Education Commission (No. SQKM201710015005).

Fig. 4. The principle changes of the device before and after power-on: a before power-on;
b after power-on
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Abstract. Nano-TiO2 can be used as ink connecting materials to improve the
UV resistance due to the ability to absorb ultraviolet light of the nano-TiO2.
However, the photocatalytic action of TiO2 will reduce the application perfor-
mance of the ink. The nano-SiO2 coating of nano-TiO2 can block the direct
contact between nano-TiO2 and the resin, which not only reduces the photo-
catalytic performance but also retains the ultraviolet absorption. Therefore,
nano-TiO2/SiO2 composite particles were prepared using polyvinyl pyrrolidone
(PVP) and 4-vinylpyridine (4VP) as dispersants. The results were shown by
SEM, FT-IR, and XRD analysis. The results show that nano-SiO2 can better
encapsulate nano-TiO2 when the PVP amount is 2 g, the 4VP amount is 2 ml,
the titanium and silicon ratio is 1:2, and the ammonia amount is 5 ml. This study
plays an active role in improving the UV resistance of inks.

Keywords: Nano-TiO2/SiO2 � PVP � 4VP � UV resistance

1 Introduction

Nano-TiO2 is a wide bandgap semiconductor material that can absorb ultraviolet light
and produce photocatalytic action [1, 2]. Due to this unique physicochemical property,
nano-TiO2 can be used as ink connecting materials to improve the UV resistance of the
ink. However, if nano-TiO2 is added directly into the resin, the organic substrate which
is in contact with nano-TiO2 is decomposed because of the photocatalytic action of
TiO2. The application performance of the ink is decreased.

For this reason, nano-SiO2 can be coated on the surface of nano-TiO2. Since nano-
SiO2 has a good light permeability, the coating of nano-TiO2 by nano-SiO2 can prevent
the direct contact between nano-TiO2 and the resin, and reduce the photocatalytic
performance [3, 4]. At the same time, it has a good absorption of ultraviolet light
absorption.
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2 Experimental

(1) Materials

Tetraethyl orthosilicate (TEOS), Polyvinyl pyrrolidone (PVP), 4-vinylpyridine
(4VP), Anhydrous ethanol, and ammonia are all of A.R. grade. Nano-TiO2 is of
Technical grade.

(2) Experimental methods

The experiment was designed with a single factor control method. 1.5 g nano-TiO2

powder was ultrasonically dispersed in 150 ml anhydrous ethanol for 30 min. A certain
amount of PVP/4VP was added and ultrasonic dispersion was continued for 30 min.
Then they were transferred to a three-necked flask and dispersed by ultrasound at 35 °
C. A certain amount of TEOS and 30 ml anhydrous ethanol mixture were dropped
while a certain amount of ammonia was added in four batches within 3 h. Ultrasonic
dispersion reaction was continued for 2 h. After the reaction, the samples were washed
by centrifugation, dried and ground to obtain the nano-TiO2/SiO2 composite particles.

3 Results and Discussion

3.1 SEM Analysis

The basic formulation is shown in Tables 1, 2 and 3. Hitachi SU-8010 Scanning
Electron Microscope was used to analyze the prepared nano-TiO2/SiO2 composite
particles.

Table 1. Different PVP/4VP concentrations prepared nano-TiO2/SiO2 composite particles

group No. TiO2/g PVP/g 4VP/ml Ammonia/ml TEOS/g TEMP/°C

1 1.5 1 1 5 7.5 35
2 1.5 2 2 5 7.5 35
3 1.5 3 3 5 7.5 35
4 1.5 4 4 5 7.5 35

Table 2. Different titanium to silicon molar ratio prepared nano-TiO2/SiO2 composite particles

group No. Ti:Si PVP/g 4VP/ml Ammonia/ml TEOS/g TEMP/°C

5 2:1 1 1 5 7.5 35
6 1:1 2 2 5 7.5 35
7 1:2 3 3 5 7.5 35
8 1:3 4 4 5 7.5 35
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In group 1-4, with the increase of PVP/4VP concentration, the effect of the coating
becomes better first and then becomes weaker, and group 2 has better effect. This is
due to the fact that when the amount of PVP is 2 g, 4VP is 2 ml (the PVP/4VP
concentration is 0.25%), PVP/4VP can guide the SiO2 precursor and hydrolysis
intermediates to the surface of nano-TiO2 and coat the nano-TiO2 well. When the
amount of PVP/4VP exceeds 0.25%, the excess PVP is dispersed in the solution. In the
process, TEOS is hydrolyzed and exists directly in the solution, and the nano-TiO2

cannot be coated.
In group 5-8, with the decrease of the molar ratio of titanium to silicon, the effect of

coating becomes better first and then becomes weaker, and group 7 has better effect.
This is due to the fact that when the proportion of titanium to silicon is large, the
amount of TEOS is small and the generated nano-SiO2 cannot be completely coated on
the surface of nano-TiO2. Nano-SiO2 can form a relatively complete coating of nano-
TiO2 when the ratio of titanium to silicon is 1:2. But agglomeration is also more
serious. When the proportion of titanium and silicon decrease, TEOS tends to nucleate
and cannot be generated on the surface of nano-TiO2 which makes it cannot produce a
good coating effect on nano-TiO2.

In group 9-12, the reaction system was basically neutral and the hydrolysis of
TEOS was extremely slow. When the amount of ammonia increased, the hydrolysis
rate of TEOS increased and polycondensates formed gradually. These polycondensates,
guided by PVP, were gradually reacted with hydroxyl groups on the surface of nano-
TiO2. Polycondensates nucleated and grew around the surface of nano-TiO2 particles,
making SiO2 generate on the surface of TiO2. When the amount of ammonia water
exceeds 5 ml, TEOS hydrolyzes very quickly, and many active species of SiO2 are
produced in the system. These active species will grow up by itself, resulting in the
phenomenon of homogeneous nucleation. This situation causes a large number of free
SiO2 particles in the system, so it cannot effectively coat TiO2 [5].

According to the scanning electron microscope images of each group, the surface
morphology and particle size of the nano-TiO2/SiO2 composite particles prepared
under different conditions are quite different. It shows that the coating has a good effect
and the micro-nanostructures with a particle size of 200–300 nm. Among them, group
2 has the best effect (Fig. 1).

3.2 FT-IR Analysis

Figure 2 shows the FT-IR spectra of the nano-TiO2 and the TiO2/SiO2 composite
particles of group 2.

Table 3. Different concentration of ammonia prepared nano-TiO2/SiO2 composite particles

group No. TiO2/g PVP/g 4VP/ml Ammonia/ml TEOS/g TEMP/°C

9 1.5 2 2 3 7.5 35
10 1.5 2 2 4 7.5 35
11 1.5 2 2 5 7.5 35
12 1.5 2 2 6 7.5 35
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In Fig. 2a, the strong characteristic absorption peaks near 3403 and 1630 cm−1 are
the bending vibration peaks of –OH groups adsorbed on the surface of nano-TiO2

particles. In Fig. 2b, the strong characteristic absorption peaks at 3380 and 1661 cm−1

are the bending vibration peaks of –OH groups adsorbed on the surface of nano-TiO2/
SiO2 composite particles. In Fig. 2a, the vicinity of 1110 cm−1 is Ti–OH bending
vibration peak. In Fig. 2a, b, the characteristic absorption peak near 475 and 470 cm−1

is the absorption peak of Ti–O–Ti bond. In Fig. 2b, there is a new peak of stretching
vibration at 1083 cm−1 with a strong absorption peak of Si–O–Si bond [6, 7]. And a
new vibrational absorption peak of Ti–O–Si has appeared at 970 cm−1. And there are
no absorption peaks in these two places in Fig. 2a. From this analysis, the nano-SiO2

formed molecular bonding on the surface of nano-TiO2, resulting in the formation of
Ti–O–Si bonds.

Fig. 1. Scanning electron micrographs of each group of nano-TiO2/SiO2

Fig. 2. FT-IR: a is TiO2, b is TiO2/SiO2
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3.3 XRD Analysis

The prepared nano-TiO2/SiO2 composite particles and pure TiO2 samples were tested
on an X-ray diffractometer. The test conditions were Cu/K ray at k = 0.15406 nm,
scanning range was 20°–80°, step size was 0.02, tube voltage was 40 kV, and tube
current was 200 mA. Figure 3 shows the X-ray diffraction pattern of nano-TiO2 and
nano-TiO2/SiO2.

It was found that the pure TiO2 crystal is anatase by comparing the obtained
diffraction spectra with the standard spectra. The XRD pattern of the TiO2/SiO2

composite particles shows that the diffraction peaks of the coated TiO2/SiO2 composite
particles are reduced. However, there are still significant diffraction peaks at 2h of
25.3°, 37.9°, and 48°, indicating that it also belongs to anatase nano-TiO2. These
results show that the crystal structure and performance of the nano-TiO2 are not
affected by the nano-SiO2 coating. At the same time, it shows that the coating of nano-
SiO2 on the surface of nano-TiO2 is not completely dense, which is also beneficial to
the absorption of ultraviolet light by nanocomposite particles.

4 Conclusions

In this paper, PVP and 4VP were used as dispersants for nano-TiO2 and structure-
guided agents for nanocomposites. TEOS was used as a precursor for nano-SiO2.
A number of nano-TiO2/SiO2 composite particles were prepared by coating nano-SiO2

on the surface of nano-TiO2 particles. The effect of different mixing conditions on the
preparation of nano-TiO2/SiO2 composite particles was analyzed through SEM. The
FT-IR analysis showed that the composite particles exhibited unique Ti–O–Si vibration
absorption peaks. The XRD analysis showed no change in the crystal structure of TiO2

Fig. 3. X-ray diffraction pattern of nano-TiO2 and TiO2/SiO2
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after coating. The results show that when the PVP amount was 2 g, 4VP amount was
2 ml, the titanium and silicon ratio was 1:2, and the ammonia amount was 5 ml, nano-
SiO2 can encapsulate nano-TiO2 better. This study provides new ideas for improving
the UV resistance of inks.
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Abstract. Water-based gravure printing ink is a very promising environmental-
friendly ink for the application in the plastic substrates. This contribution aims to
improve the storage stability, adhesion on non-polar plastic substrates, such as
BOPP etc., of the water-based gravure printing ink. A core-shell polyacrylate
resin emulsion was synthesized, and used as a binder to prepare water-based
plastic gravure ink. The effects of location of the crosslinking groups on the
storage stability and adhesion of the ink were studied, and the formulation of the
ink was optimized. It was found that, when the cross-linking groups were
located on the inner layer of the latex particles, the storage stability of the
relative ink, especially of the yellow ink, was improved greatly whereas
the adhesion and other properties of the ink were not changed significantly. The
adhesion of ink on PET film, especially on the surface of BOPP film, can be
increased effectively with addition of adhesion accelerator. With the reduction of
emulsion Tg, VOC content of ink is decreased, and film-forming rate and
film-forming quality are improved, which improves adhesion of the ink. How-
ever, the adhesion of ink is decreased with the increase of wet film thickness.

Keywords: Waterborne gravure ink � Plastic film � Storage stability � Adhesion

1 Introduction

With the development of people’s living standard and enhancement of the healthy
consciousness, requirements for waterborne, non-toxic, green and healthy products are
constantly increasing. Water-based ink attracts increasing attention due to its envi-
ronmentally friendly nature, and has gradually become an essential aspect and inex-
orable trend in ink industry [1].

Water-based ink has already been adopted as plastic film printing ink by more and
more western developed countries. About 35% of domestic flexible packaging printing
also adopts water-based ink, which is mostly used gravure printing [2]. Therefore, the
plastic gravure water-based ink would have wide application prospect.

During the storage of the water-based ink, some phenomena may be observed, such
as decrease of flowability, pig skin, precipitation and losing efficacy, etc., due to the
poor storage stability, which results the degradation of ink quality. Thus, the water-
based ink should have good storage stability to ensure the effectiveness during the
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period of use. The adhesion force of water-based ink is the ability that bond and attract
each other through physical and chemical interactions between water-based ink and the
surface of substrate [3], which is one of the important performance indices to evaluate
water-based gravure ink [4]. Therefore, study on the effects on the storage stability and
adhesion force of the water-based gravure printing ink is highly necessary.

In this contribution, a core-shell polyacrylate resin latex was synthesized and used
as binder to prepare water-based plastic gravure ink. The effects of location of the
crosslinking groups in the latex particles on the storage stability, and the effects of the
adhesion force promoter, Tg of the latex and the wet film thickness on the adhesion of
the ink on the PET and BOPP films were studied, which provides a certain reference
value for the further promotion and application of plastic water-based gravure ink.

2 Experimental

2.1 Materials

The core-shell polyacrylate resin latex used in this experiment was made by the
laboratory. The blue and yellow pastes were supplied by Beijing Xin Nuoan Powder
Polymer Co., Ltd. Sp360 was purchased from Tianjin Safi Chemical Technology
Development Co., Ltd. and used as a wetting agent. BYK333 is purchased from BYK
Chemical as a leveling agent. Adhesion promoter FZ3667-C was provided by Beijing
Hanyuan Chemical; Wax26 was supplied as a wax emulsion from the Shengli plastic
material factory. De-ionized water was used throughout the work.

2.2 Methods

1. Latex preparation: Four kinds of core-shell polyacrylate latexes were synthesized by
pre-emulsification method [5]. The latexes of the cross-linking group in the shell or
core layer of the latex particles are named as M1 or M2, respectively. The Tg of the
shell or core layer of the M2 was designed to reduce by 5 °C to obtain the M3 or M4

latex, respectively.
2. Ink preparation: 1%BYK333, 1%Sp360, 1%Wax26 and 2% water were added to

each group of ink formulations, the other components were shown in Table 1.
Various additives were sequentially added to the latex under stirring, and continued
to stir about 10 min after each addition. Then the color paste was slowly added to
the above system and continued to stir for about 30 min with a proper increase in
stirring speed. Water based ink is obtained after filtering 200 mesh filter cloth.

2.3 Characteristic

1. Storage stability: The viscosity of the ink after baked 0 h/6 h/12 h/18 h/24 h in the
oven at 50 °C is measured using a rotational viscometer. The ink fineness when
baking 0 h/48 h at 50 °C was tested using QXD-50 scraper fineness meter. The test
was averaged 3 times.
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2. Adhesion: 3M tape was used to cover the ink spline, and a 10 mm � 10 mm square
paper was placed under the spline. After the adhesive was adhered, the tape was
quickly peeled off from the plastic surface at 90° to calculate the remaining ink. The
number of grids occupied by the film was used as an evaluation criterion for
adhesion. The adhesion of the film was tested in an oven at 50 °C for 10 min and at
room temperature for 48 h.

3 Results and Discussion

3.1 Effect of Cross-Linking Groups Position in Latex on Storage Stability
of Ink

Figures 1 and 2 depicted the curves of ink viscosity and fineness change with baking
(50 °C) time.

Table 1. Ink formulations

Emulsion/% Paste/% FZ3667-C/%
M1 M2 M3 M4 Blue1# Blue2# Yellow

I 65 – – – – – 25 1
II – 65 – – – – 25 1
III 65 – – – 25 – – 1
IV – 65 – – 25 – – 1
A – 65 – – – 25 – –

B – 65 – – – 25 – 1
C – – 65 – – 25 – –

D – – – 65 – 25 – –
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Fig. 1. The viscosity changes of I, II, III and IV samples
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From Fig. 1, it is found that, with the extension of baking time, the viscosity of the
four inks all increased. Among them, the added value in the viscosity of ink I is the
largest, reached 3510 m Pa s after 24 h, indicating that the yellow ink has the worst
long-term storage stability. Compared III and IV, it is found that the viscosity change of
ink IV is smaller, indicating that the long-term storage stability of ink IV is better than
that of ink III.

Figure 2 shows that the fineness of Ink I increased significantly from 17 to 28 lm
after baking at 50 °C for 48 h, which indicates that a severe flocculation occurred in the
ink I; while the fineness of ink II, III and IV increased by 2, 3 and 1 lm respectively,
suggesting that these inks are more stable.

In a word, the long-term storage stability of the ink M2 is better than that of the ink
M1, that is, when the crosslinking group is in the core layer of the latex particles, the
storage stability of the ink can be significantly increased. This is due to the fact that
when the cross-linking groups are located on the inner layers of the latex particles,
crosslinkable groups are separated by the shell layer and cannot take place crosslinking
reactions during the storage process, therefore relative ink demonstrates a better long-
term storage stability.

3.2 Effect of Adhesion Promoter and Emulsion Tg on Adhesion

Table 2 describes the adhesion test results of ink A, B, C and D. Compared A with B,
one can observe that the addition of FZ3667-C significantly improves the adhesion of
the ink on the surface of BOPP film, increasing by 65% after 24 h. This is because the
adhesion promoter migrates to the interface between the substrate and the ink after
coating, forming a strong adhesive force, thereby improving the adhesion of the ink
system. In addition, it can significantly reduce the surface tension and improve the
wettability of the ink system, making ink better spread on the surface of plastic film,
which further improves the adhesion of the ink.

Comparing A, C and D, it can be seen that lowering the Tg of the shell or the core
layer of the latexes can increase adhesion of the ink and shorten the time for the ink
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Fig. 2. The fineness changes of I, II, III and IV samples
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film acquiring maximum adhesion. Since the lowest film-forming temperature of the
ink reduces with the decrease in the Tg of the latex. Under certain conditions, the ink
made from the latex with low Tg is easier to form film, which not only accelerates the
film-forming speed but also improves the performance of the relative film, thus the
adhesion of the ink is improved accordingly.

3.3 Effect of Thickness of Wet Film on Adhesion of Ink

The films with wet film thickness of 4, 6.9, 20 and 25 lm, respectively, on PET and
BOPP substrates were prepared using Ink IV by linear applicator, and the adhesion of
the ink was measured after the films were baked at 50 °C for 5 min. The results are
shown in Fig. 3. It can be seen that the adhesion of the ink on PET films is 99, 97, 60
and 40% while on BOPP films is 92, 85, 40 and 20%, respectively. The adhesion force
of ink decreases with the increase of thickness of wet film, which can be explained by
the cohesive force existed in intermolecular of the ink. The molecular number in the ink
increases with the increase of thickness of wet film, which improves the cohesive force
of the printing layer. The greater the cohesive force of the printing layer, the smaller the
adhesion force [6]. Therefore, the thicker film is easier to be stripped from the film
surface when it is subjected to external force.

Table 2. Ink adhesion test results

Adhesion/% (PET) Adhesion/% (BOPP)
0 h 24 h 48 h 0 h 24 h 48 h

A 97 97 98 1 20 40
B 98 99 99 20 85 90
C 99 100 100 20 80 90
D 100 100 100 20 80 90
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Fig. 3. Effect of wet film thickness on ink adhesion
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4 Conclusions

The position of the cross-linking groups in the core-shell type of latexes has a great
influence on the storage stability of the ink: when the cross-linking groups were located
on the inner layer of the latex particles, the viscosity and fineness of the ink increase
slowly with baking time, and no obvious thickening and pig skin. The storage stability
of the ink, especially of the yellow ink, was improved greatly.

Adhesion promoter FZ3667-C can effectively improve the adhesion of ink on
BOPP film surface, increased by 65% at 24 h. When Tg of the core or shell layer were
decreased by 5 °C, the film formation rate of the ink was accelerated, the adhesion on
the PET reached 100% and on the BOPP increased by 60% after 24 h. In addition, the
adhesion of ink decreases with the increase of wet film thickness. The adhesion, when
the thickness of the wet film increases from 4 to 25 lm, decreases from 99 to 40% on
the PET film, and is clearly reduced from 92 to 20% on the BOPP film.
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Abstract. Aromatic microspheres have a wide range of applications due to
their superior stability and slow release period. Specially, aromatic microspheres
are of regular spherical structures with a uniform particle size distribution, most
of which is between 40 and 100 lm. After the aromatic microspheres were
inked, the screen printing technology was used to transfer ink to the substrates,
such as coated paper, cardboard, non-woven fabrics and cotton cloth. In this
study, aromatic microspheres were prepared by in situ polymerization with citral
as core materials and melamine-formaldehyde resin (MF) as shell material.
Meanwhile, the surface morphology, particle size and heat resistance of aro-
matic microspheres were investigated in detail. The morphology and adhesive
property of aromatic ink were tested and more types of substrates can be used
after the ink is formed. The finally obtained aromatic microspheres have a
compact surface and a uniform particle size distribution and can maintain a
complete structure at a temperature of 317 °C or lower.

Keywords: In situ polymerization � Aromatic microspheres � Ink � Screen
printing

1 Introduction

The health care effects of aromatic essential oils have received more and more attention
with the development of the time. However, aromatic oils are composed of volatile
compounds such as ester, ketone and aldehyde, which are easily lost during the pro-
cessing and storage [1]. But happily, the appearance of microcapsule technology has
greatly reduced unnecessary losses. It is a technology that requires a material with a
specific function as a core material and can be coated with a film-forming material [2],
so as to achieve the purpose of protecting the core material and changing the releasing
speed of the core material. At the same time, the encapsulation can protect the essence
or perfume, so that it can be degenerated without affecting the environment and its
stability can be enhanced [3, 4].

Aromatic microspheres are under a wide range of applications in human life
because of their longevity, good stability and many other advantages [5]. Aromatic
microspheres are often applied to socks, insoles, sheets, and other textiles, releasing
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fragrances through friction and other actions to deodorize, sterilize, and soothe the
nerves [6, 7]. The dip-molding method is usually used to combine the aromatic
microspheres and textiles [8]. However, the dip-molding process is more complex and
the microspheres are easy to fall off. In the 1980s, the United States began to study the
inking of aromatic microcapsules [9], but the adaptation of aromatic inks has not been
reported, and the research of aromatic inks in China is still in its infancy. Moreover, the
substrate is only suitable for a single and simple application, which is not sufficient for
the large-scale production. Therefore, the preparation and ink application of aromatic
microspheres were investigated in this paper. Specially, the screen printing technology
was used to realize the transfer of aromatic microsphere inks with different substrate
surfaces, which not only solved the disadvantages of the dip-molding method, but also
widened the application of the aromatic microsphere inks.

2 Experiments

2.1 Experimental Materials

Unless otherwise noted, the reagents were obtained from commercial suppliers and
were used without further purification. Poly(styrene-co-maleic anhydride) (>99%),
Maclean Biotechnology Co., Ltd.; Formaldehyde (37% solution in H2O), Innochem
Technology Co., Ltd.; Citral (cis + trans) (>95%), Sigma Chemical Reagent Co., Ltd.;
Melamine (AR), Triethanolamine (AR), Sinopharm Chemical Reagent Co., Ltd.; Citric
acid anhydrous(AR),Sodium hydroxide (AR), Aladdin Biotechnology Co., Ltd.

2.2 Instruments and Equipments

Scanning electron microscope (SEM), SU8020, Japan; Laser particle size analyzer,
S3500, United States; Laser confocal microscope, VHX-5000, Japan; Thermal
expansion instrument, DIL 402 PC, German; Principle of DSC, DSC214, German; Silk
screen version and 100 mesh; Screen printing machines, OS-500FB.

2.3 Preparation of Aromatic Microspheres

Preparation of emulsifier: poly(styrene-co-maleic anhydride) (15 g), sodium hydroxide
(4.5 g) and distilled water (130 mL) were added into the flask and mixed with magnetic
stirring at 50 °C.

Preparation of essence lotion: citral (10.44 g) and emulsifier (10 g) were added into
50 mL of distilled water at 70 °C of water bath. After that, it was emulsified with an
electric stirrer at an emulsifying speed of 500 rpm for 30 min fully for use.

Preparation of MF prepolymer: formaldehyde solution (12 mL), melamine (6 g)
and distilled water (25 mL) were added into the flask and mixed. After that, the pH was
adjusted to 8–9 with 10 wt% triethanolamine solutions. Finally, the reaction was stirred
at 300 rpm for 30 min at 70 °C of water bath to obtain a transparent prepolymer
solution.
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Preparation of aromatic microspheres: the pH of essence lotion was adjusted to 8–9
with 10 wt% of citric acid solution. Next, the prepolymer solution was slowly added
into the essential lotion and reacted at 70 °C for 2 h. After the reaction, the materials
were washed, filtered and dried in vacuum. Accordingly, the final aromatic micro-
capsules were obtained.

2.4 Preparation of Aromatic Microspheres Ink and Printing Applications

The preparation of aromatic microspheres and ink process were showed in Fig. 1. The
aromatic inks were prepared in a certain proportion of the printed protoplasmic (50%),
water-based acrylic resin (25%), water (5%), paste (9%), aromatic microcapsules
(10%), defoaming agents (0.2%) and flatting agents (0.8%). After that, the different
coated papers such as aluminum foil paper, non-woven fabric and kraft paper were
used as the substrates to transfer the ink.

2.5 Characterization

Aromatic microspheres were added into the distilled water and dispersed by ultrasonic
for 5 min. The distribution of particle size was obtained by laser particle size analyzer
and the degree of dispersion was calculated. The surface morphology of the aromatic
microspheres was observed through SEM.

DSC was utilized to characterize the glass transition temperature (Tg) of aromatic
microspheres. The degree of deformation of the heated shell material was analyzed by
DIL to determine the temperature range in which the microspheres can maintain a
definite morphology.

Fig. 1. Synthesis and ink process of aromatic microspheres

808 S. Jiao et al.



3 Results and Discussion

3.1 Analysis of Surface Morphology and Particle Size Distribution
of Microspheres

As shown in Fig. 2, the microspheres have a regular spherical shape, and the melamine
resin shell densely covers the core material citral to provide a good sustained release
effect. The obtained aromatic microspheres were tested for particle size distribution and
the results are presented in Fig. 3 and Table 1. The average particle diameter (also
called the median particle size) of the microspheres was 52.09 lm, and the volume
average particle size (MV) was 64.10 lm. The particle size dispersion PDI =
(D90 − D10)/D50 = 1.36 was calculated. It is shown that the particle size distribution
of microspheres is narrower.

Fig. 2. SEM pictures of aromatic microspheres

Fig. 3. Particle diameter distribution of aromatic microspheres
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3.2 Thermal Analysis of Microcapsules

The DSC thermograms of microcapsules were displayed in Fig. 4. As shown in Fig. 4,
the aromatic microsphere-coated citral vaporized from the melamine resin shell to the
outside at 182 °C and the enthalpy change was 14.18 J/g. In addition, the heat resis-
tance of the aromatic microspheres was tested by the DIL and Fig. 5 showed the
changes of aromas at different temperatures. Before 317 °C, the structural morphology
can be maintained at a relatively high temperature due to the excellent heat resistance of
the melamine resin. However, when the temperature was higher than 317 °C, i.e. the
melting point of melamine resin, the microspheres began to get damaged due to deform
and collapse rapidly.

3.3 Aromatic Microsphere Ink Adhesion Test

As shown in Table 2, the cross-cut method with a spacing of 2 mm was used to test the
adhesion and was graded according to the ISO 12944 international standard. Figure 6
showed that the texture surfaces of the cardboard, non-woven fabric and cotton cloth
were relatively rough relative to the aluminum foil paper and coated paper substrate.
The above phenomena resulted in a certain influences on the uniformity and planarity
of the ink after heating. But then, more voids improved the contacting area between the
ink and the substrates and were more favorable for the adhesion of aromatic inks.

Table 1. Particle size characteristics parameters of microspheres

Particle diameter D10 D20 D30 D40 D50 D60 D70 D80 D90 D95

Size lm 33.39 38.96 43.38 47.60 52.09 57.39 64.42 75.92 104.3 147.1

Fig. 4. DSC curve of aromatic microspheres
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Fig. 5. DIL and First-order differential curve of aromatic microspheres

Table 2. Adhesion grade of aromatic microsphere inks on different substrates

Base
material

Card
paper

Coated
paper

Copper
foil

Aluminum
foil

Non-
woven

Cotton
cloth

Adhesion
level

0 2 3 3 0 0

Fig. 6. Aromatic microspheres ink on different base material through screen printing. a card
paper; b coated paper; c copper foil paper; d aluminum foil paper; e non-woven; f cotton cloth
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4 Conclusions

In this study, the microspheres with melamine-formaldehyde resin embedding citral
were prepared by in situ polymerization. The aromatic microspheres have a complete
spherical structure with uniform surface and narrow particle size distribution, most of
which are between 40 and 100 lm. The microspheres at the temperature of below
317 °C can still maintain a certain structural shape, but the ink prepared from the
perfume microspheres can be deformed at a relatively high temperature. The aromatic
microspheres after drying still have the fragrance of the core material after a long time
storage. In the future research work, the aromatic microspheres can be quantitatively
tested by GC-MS. After the aromatic microspheres are inked, they can be moved to
different substrates and have a good adhesion. By studying the inking of aromatic
microspheres, it is possible to print large-area fragrance inks with specific functions on
flexible and rigid substrates. Finally, the fragrance oil would be released by destroying
the shell-core structure of the aromatic microspheres to apply to the medical adjuvant
therapy.
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Abstract. As a multi-functional environmental protection material, waterborne
polyurethanes (WPUs) has received increasing attention due to their excellent
elasticity, such as wear resistance, flexibility and wide range of substrate suit-
ability. In the field of ink printing, waterborne polyurethane materials have
became an effective alternative to solvent-based polyurethane adhesives.
However, the performance of WPUs still needs to be improved. In this paper,
acetone-dilution method was used to synthesize the required waterborne poly-
urethane with different amount of DMPA. The particle size of the synthetic
polyurethane emulsion is determined by the particle size distribution (PSD).
Transmission electron microscopy (TEM) was used to confirm that the syn-
thesized emulsion had a spherical structure. By comparing the solids content, the
water absorption test and the adhesion test, it was confirmed that the content of
DMPA has a great influence on the polyurethane system. As the DMPA content
increases, the average particle size of the polyurethane can be reduced, and the
adhesion of the emulsion to the substrate can be improved, but the water
resistance decreases due to the increase of the hydrophilicity. Therefore, the
comprehensive effect is best when the added amount of DMPA is 5%.

Keywords: Waterborne polyurethane � Macrodiol � DMPA �Water absorption

1 Introduction

Traditional polyurethane contains a lot of organic solvents and some harmful sub-
stances. Environmental concerns have forced the polyurethane industry to shift to water
systems. Waterborne polyurethane has attracted wide attention due to its low solvent
content [1–3]. Saalah S, Abdullah L C, Min M A, etc. The effects of different OH
values on the properties of polyurethane [4] are discussed. In addition, the type and
dosage of emulsifiers also have a great impact on the properties of polyurethane. The
performance of waterborne polyurethane is improved by the combination of ionic
emulsifier and non-ionic emulsifier. Polyurethane dispersions can be formed in water
without additional emulsifiers by the introduction of hydrophilic components (mainly
–COOH) by using raw materials containing specific groups or by adding extenders
containing characteristic groups. Dispersion synthesis method has been widely used in
industrial production, and it is also the main research method of waterborne
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polyurethane, among which DMPA is the most used [5]. This paper discusses the effect
of DMPA content differences on the properties of polyurethane to determine the for-
mulation more suitable for use in future studies.

2 Experimental Section

2.1 Materials

Isophorone diisocyanate (IPDI, 99%) and N-methyl-2-pyrrolidone (NMP) were sup-
plied by Shangdong Xiya Chemical Industry Co. Ltd. Poly-1, 4-butylene adipate glycol
(PBA, Mn = 2000; PEG, Mn = 400), supplied by Chengdu Huaxia reagent Corpora-
tion. Dimethylol propionic acid (DMPA, 99%) was purchased from USA New Jersey.
Dibutyltin didodecylate (DBTDL) was supplied by Sinopharm Chemical Regent Co.
Ltd. Acetone (99.5%). 1, 4-butanediol (BDO, 99%) and triethyl amine (TEA, 99%)
were received from Tianjin Guangfu Fine Chemical Research Institute.

2.2 Synthesis of Waterborne Polyurethanes with Different Macrodiols
as Soft Segments

The reaction was carried out in a 250 mL four neck jacketed reactor with a ther-
mometer. The reactor was equipped with a mechanical stirrer. The synthesis was
performed under nitrogen atmosphere. Macrodiols, IPDI, and DBTDL were added to
the reactor under the condition of 80 °C. After that, acetone was added for decreasing
the viscosity of PUs prepolymer, and then DPMA was added to the container to react
for three hours. Next BDO was added into the system for 1 h. When the reaction
mixture was cooled down to 40 °C, TEA (It was added in 95% DMPA molar amount)
was added into the reactor for 0.5 h. Then deionized water was added into the flask
under the mechanical stirring with the stirring rate of 550 rpm for 1 h to obtain
polyurethane dispersion (PUD). The whole recipe of WPUs is listed in Table 1.

3 Testing and Characterization

Characterize of the particle size and the particle distribution of emulsion with Malvern
Zetasizer Nano-ZS instrument.

The solid content of the WPUs dispersions were detected by drying some emulsion
(about 2.50 g) at 55 °C for more than 24 h and calculating the weight ratio of residue
to the whole mass.

Table 1. The formula of WPUs

Designation Molar composition (mmol)
PBA IPDI PEG DMPA BDO

PUa 11.7 40.49 1 7.83 12.78
PUb 11.58 40.49 1 13.05 7.78
PUc 11.47 40.49 1 18.27 2.44
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Transmission electron microscopy (TEM) images of the WPUs dispersions were
obtained from a JEM-2100 Microscope.

Water absorption of the cast films was assessed according to the standard method.
Dry films cast from emulsion (original weight designated as w1) were immersed in
water for 24 h at 25 °C. After the residual water was wiped from the films using filter
paper, the weight (w2) was measured. Water absorption was calculated by the equation:

W %ð Þ ¼ W2 �W1ð Þ=W1 � 100% ð1Þ

The adhesion tests on packaging films (PVC, OPP, PA, PE, PET) were tested
according to ASTM standards D 3359-09. A lattice pattern with eleven cuts in each
direction was made in the emulsion film to the substrate, pressure-sensitive tape was
applied over the lattice and then removed, and adhesion was evaluated by comparison
with descriptions and illustrations.

4 Results and Discussion

4.1 Particle Size and TEM of WPUs

The polyurethane dispersion with DMPA addition amount was designed and prepared
to investigate the effect of DMPA addition on the average particle size of PU disper-
sion. The experimental results are shown in Fig. 1.

According to the data in Fig. 1, the average particle size of the polyurethane
dispersion decreases with the increase in the amount of DMPA, and the introduction of
the hydrophilic group chain extender DMPA increases the content of ions in the
polyurethane chain, making it more hydrophilic. The ability of the polyurethane

Fig. 1. Effect of DMPA amount on PU average particle size
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molecules to disperse in water is enhanced, which is advantageous for the formation of
micelle particles. Adding more DMPA will increase the number of latex particles in the
system, and the corresponding particle size will decrease. Conversely, the number of
latex particles in the system will decrease and the particle size will increase
accordingly.

As shown in Fig. 2 through the TEM results, it was found that the polyurethane
was dispersed as uniform spherical particles in water. The measured particle size range
is consistent with the results in Fig. 1.

4.2 Solid Content and Potential of Polyurethane Dispersion

When the content of DMPA was high, the particle beam on the surface of the poly-
urethane micelle increases due to the increase in the amount of DMPA, and the
electrostatic repulsion between the particles was large, so that the particles were not
easily coalesced together and the stability of the polyurethane dispersion can be
improved.

Table 2 shows the actual solid content, water absorption and potential of the PU.
The theoretical solid content of all samples was 40%, and the actual solid content was
close to the theoretical value. The absolute value of the potential was more than
40 mV, indicating that the synthesized polyurethane dispersion had good storage sta-
bility at 25 °C.

Fig. 2. TEM of PU1000re

Table 2. The actual solid content, potential and water absorption of polyurethane dispersion

Sample Actual solid content (%) Potential (mV) Water absorption (%)

PUa 39.95 −59.63 7.30
PUb 38.94 −60.35 10.51
PUc 40.02 −63.52 15.38
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The more DMPA content was introduced into the chain, the greater the water
absorption of the PU dries film. The reason was that the introduction of more DMPA
means that the amount of carboxyl groups in the hydrophilic group increases in the
segment, which directly leads to an increase in the water absorption of the dry film.

4.3 Effect of DMPA Content on Polyurethane Adhesion

From Table 3, the adhesion force of PU on the film substrate except OPP can reached
5B, but the adhesion on OPP film was poor, because the polarity of OPP surface was
small and the surface free energy was lower, was not conducive to the adhesion of the
dispersion on its surface. However, with the increase in the amount of DMPA used, the
adhesion of PU to the surface of OPP film was enhanced, and it was not possible to
increase the adhesion to 1B. Because the increase in DMPA caused more carboxyl
groups to be introduced into the polyurethane chain and the polarity of the dispersion
was greater. It facilitates its attachment to the substrate.

5 Conclusions

As the DMPA content increased, the particle size of the polyurethane became smaller,
accompanied by a decrease in water resistance. Through the study of the compre-
hensive particle size and adhesion properties, it was found that when the DMPA
content was 5%, waterborne polyurethanes with relatively small particle diameters and
superior water absorption and adhesion could be obtained. There is a certain degree of
storage stability.

Acknowledgements. This study was funded by a National Natural Science Foundation of China
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Abstract. Hyperbranched polyester polyols (HBPE) of second, third and forth
generation were synthesized by procedures involving one step (HBPE-2), step
by step (HBPE-3, HBPE-4). Based on the hyperbranched polymer chain
extension method, a new type of hyperbranched polyurethane acrylate (HPUA)
was obtained by the end-capping of HBPE with the obtained UA which was
synthesized isophorone diisocyanate (IPDI), hydroxyethyl methacrylate
(HEMA) and dibutyltin dilaurate (DBTL) at the reaction temperature of 70 °C.
The characterization of the polysters was done by fourier transform infrared
spectroscopy (FTIR), acid value, differential scanning calorimeter (DSC), iso-
cyanata on solution, thermogravimetry (TG) and nuclear magnetic resonance
(NMR). The results of DSC and TG showed that the glass transition temperature
(Tg) of HBPE-3 and HPUA-3 were respectively 56.13 and 35.56 °C. The cold
crystallization temperature (Tc) of HPUA-3 was 110.92 °C and melting tem-
perature (Tm) was 134.74 °C. Therefore, both of them can be achieved under
low temperature melting. Moreover, the introduction of a large number of
unsaturated units in the end of HPUA can provide new ideas to UV curing resin.
Finally, it gained good conductivity (8405 S/m) when it was applied to con-
ductive inks.

Keywords: HBPE � HPUA � Conductive ink � Resistivity

1 Introduction

There are two kinds of hyperbranched polymer, dendrimer and hyperbranched poly-
mer. Dendrimer is regular and controllable. Its molecular size, shape, and functionality
can be added and altered. Therefore, its molecular weight distribution was monodis-
perse. However, there are some inevitable problems, the complexity of the production
process, purify is needed in each step and the mass production was limited and
expensive. Hyperbranched polymer can be obtained conveniently by direct polymer-
ization without separation and purification. But its molecular branching structure was
so monotonous that the reaction process and the product structures were difficult to
control under the same conditions. Fortunately, their physical and chemical properties
are very close.

Hyperbranched polymers can be synthesized in many ways. The most common one
was one-step synthesis method. This method polycondensated the ABx (x > 2)
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monomer with multifunctional monomer and the monomer with by functional group
into hyperbranched polyester [1, 2] to gain hyperbranched polymers when by are used
as core molecular. However, in recent years, it has been found that this method would
be gelation when using high functional monomers as reactants [3]. In order to solve this
problem, a quasi-one-step method was introduced in which ABx monomer was con-
tinuously added slowly during the reaction and Bv monomer as the central core was
added at the initial stage of the reaction. This method can not only control the
molecular weight of the product, reduce the dispersion [4, 5], but also can get a higher
degree of branching products [6].

The highly branched structure of hyperbranched polymer increases its molecular
weight. When the concentration increased, due to the large molecular chain without
entanglement, it can not only maintain the low viscosity and reduce the use of organic
solvents, but also it has good film-forming property, unique rheological properties and
chemical resistance. Moreover, the presence of a large number of polar groups gives
excellent adhesion to the film, so it can be used as an ideal film forming resin in
conductive ink.

2 Experimental Section

2.1 Chemicals and Materials

Chemicals: IPDI, DBTL, HEMA, PER, DMPA, acetone, ethy acetate, Di-n-
butylamine, toluene diamine solution, ethanol were all purchased from Kermel
Chemical Reagent Co., Ltd. (Tianjin, China). TsOH was supplied by Chemical reagent
engineering technology research and Development Center (Guangdong, China). The
above reagents were of analytical purity and were used without further purification.
AgNPs was homemade with silver nitrate, glucose, and polyvinylpyrrolidone
(PVP) were used as silver precursor, reducing agent, and capping agent, respectively.

Materials: DF-101S-type collective heating thermostatic magnetic stirrer, Spectrum
2000 fourier transform infrared spectroscopy (FTIR), Q2000 Differential Scanning
calorimeter (DSC), BOMEX acid burette, SHZ-D water cycle vacuum pump, DHG-
9140A electrothermal constant temperature blast dryer, AL204-type Electronic bal-
ance, TA Q500 thermogravimetric analyzer (TG) and nuclear magnetic resonance
instrument (NMR, 600 MHz).

2.2 Reaction Mechanism

In this thesis, UV-curing HPUA was prepared based on hyperbranched polyurethane
chain extension method. This method used hyperbranched polyurethane as the core
molecular and introduced UV curing group on the end of HPUA. In this paper, the first
step was to obtaining UA with the reaction of IPDI and HEMA under the condition of
DBTL as the catalyst shown in formula (1). The second step was to synthesize HBPB
with PER and DMPA shown in formula (2). The third step was to synthesis HPUA by
mixing the obtained UA and HBPB shown in formula (3). The products of each step
were characterized by FTIR and NMR. And the structures of different hyperbranched
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urethane acrylates were analyzed and some performance tests were carried out. The
graphical abstract was shown in Fig. 1.

ð1Þ

ð2Þ

ð3Þ

Fig. 1. The graphical abstract of this study
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2.3 Experimental Procedure

2.3.1 Synthesis of HPUA
The UA was obtained by the reaction of IPDI (6.6680 g) with HEMA (3.9005 g) using
DBTL as a catalyst stirred (1200 RPM) at 70 °C till the content of –NCO reached the
theoretically value (12.60%). A certain amount of TsOH, 8.5239 g PER and 10.7034 g
DMPA were added into a flask with three necks. When the reaction temperature
reached 140 °C, placed it in the oil bath with flowing nitrogen until the acid value of
the solution was less than 10. After continued 40 min, obtained product was placed in
the vacuum drying oven for 55 °C overnight under 0.1 MPa and HBPE was obtained.
HPUA was synthesized through obtained UA and HBPE (the molar ratio of 1:1)
reacted at 70 °C after steamed to remove residual solvents.

2.3.2 Preparation of Conductive Ink
AgNPs powder (0.5 g) was blended with HPUA and photoinitiator (0.1 wt%) in
accordance with the proportion of silver accounting for the conductive ink of 30, 40,
50, 60, 70, and 80 wt%. The mixture was dispersed by ultrasonic cleaner. Finally, a
new type of UV conductive ink was generated.

3 Results and Discussion

3.1 Optimum Reaction Time of UA

Figure 2 was the change of isocyanate on the condition of 0.1% catalyst and 40 °C. As
time goes on, the reaction rate becomes slower and slower. The content of isocyanate
was determined by toluene diamine solution. After carefully analyzed, the shortest time
was defined as 100 min.

Fig. 2. Change of isocyanate content in the reaction
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3.2 Characterization of HBPEs

Figure 3 was the chart of acid values in the synthesis reaction of HBPE-3. Based on the
figure, we can find that the synthesis experiments of HBPE completed after 4 h. The
reason for high reaction rate has been guessed that there was a large contact area for the
reactants. However, with the shrinking of contact area, the reaction rate decreased
slowly. Because it was esterification reaction, the raw material cannot be utilized
completely.

Figure 4a, b showed the results of 1H NMR and 13C NMR of HBPE, respectively.
The integral calculation found that D = 1.00, L = 9.52, T = 12.17, the degree of
branching of the hyperbranched polyester was 0.46 and the melt viscosity was low.

Fig. 3. Chart of acid values in the synthesis reaction of HBPE

Fig. 4. a The hydrogen spectrum of HBPE; b the carbon spectrum of HBPE
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3.3 Synthesis and Characterization of HPUA

Figure 5 showed the infrared spectra of HPUA and UA. It can be seen that UA had an
–NCO absorption peak at 2266 cm−1. Whereas this peak was absent in the infrared
curve of HPUA, indicating that the –NCO reacted completely.

Figure 6a, b showed the thermogravimetric analysis of HBPE and HPUA at a
heating rate of 10 °C/min. As what can be seen from the figure, both products showed
good thermal stability. The initial decomposition temperature of HPUA was 214 °C
low than HBPE (238 °C). The final decomposition temperature (450 °C) was signifi-
cantly higher than HBPE (350 °C). Because the modified hyperbranched polyesters
introduced small molecular linear ester chains at the end of the branched chain, the
difference of the molecular structures leaded to a significant change of the chain
thermal motion.

4000 3600 3200 2800 2400 2000 1600 1200 800 400

816

816

29573359

wavenumber/cm-1

UA

3379 2957

2266 1720

HPUA 

Fig. 5. Infrared spectra of HPUA and UA

(a) HBPE                                  (b) HPUA

Fig. 6. Thermogravimetry analysis
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Figure 7a, b showed DSC curves of HBPE and HPUA, respectively. It was showed
Tg of HBPE, HPUA were 56.13 and 35.56 °C respectively. And the curve showed a
small transition which suggested a small amount of endothermic.

3.4 Conductivity of Conductive Ink

Table 1 lists the resistance, resistivity, and conductivity of ink with different silver
content under a certain depth of ink layer (20 µm) and UV light (365 nm and
10 MW/cm2) for 3 min. From the table we can see that the sample conductivity was
significantly increased with the silver content increasing. When the silver content
reached 70 wt%, the conductivity of the sample was so great that can be used as a
printing ink.

4 Conclusions

UA was prepared from HEPA and IPDI. The results of solution titration showed that
the reaction time was at least 100 min when the reaction temperature was 40 °C.
Moreover, the introduction of a large number of unsaturated units at the end of HPUA
can provide new ideas for developing new UV curing resin. The conductive ink with
different silver powder content was prepared by mixing obtained HPUA with the nano-

(a) HBPE (b) HPUA

Fig. 7. The DSC chart

Table 1. Resistance, resistivity and conductivity of ink with different silver contents

Nanosilver content (wt%) Resistance (X) Resistivity (X m) Conductivity (S/m)

30 1.2 � 109 177,620 3.1273 � 10−5

40 3.6 � 108 28,498 3.5092 � 10−5

50 582.3 0.016 68
60 19.712 1.2032 � 10−3 811.688
70 1.55 2.4 � 10−5 35,543
80 0.2762 1.2203 � 10−5 8.2 � 105
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silver powder. The resistivity and resistivity were measured by curing 20 lm ink layer.
Finally, when the content of silver reached 70%, it reached to 2.4 � 10−5 X/m and had
good electrical conductivity.
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Abstract. In order to prepare color three-dimensional (3D) printing materials
with good performance, magenta 3D printing material for UV-curing ink-jet is
prepared by using magenta color paste, prepolymer, monomer and photoini-
tiator. Surface tension, viscosity, curing rate and volume shrinkage are char-
acterized to investigate the effect of reactive components on the printing and
prototyping performance. Composition of the 3D printing material was deter-
mined by formulation experiments. The results show that species of prepolymers
and monomers have great influence on viscosity, curing rate and volume
shrinkage of 3D printing materials. As volume shrinkage and expansion exist in
free-radical and cationic UV-curing systems, respectively, a free-radical-cationic
hybrid UV-curing system can provide the optimal printing and prototyping
performance due to the minimizing of volume deformation. Species and con-
tents of photoinitiators have significant influences on the UV-curing perfor-
mance and an appropriate amount of photoinitiators can maximize the curing
rate of 3D printing materials. This study is of great help for the research and
development of true color 3D printing technology.

Keywords: UV-curing � 3D printing � Printing performance � Prototyping
performance

1 Introduction

In recent years, three-dimensional (3D) printing [1] has been developing rapidly as an
additive manufacturing technology. However, little research has been focused on the
color reproduction of objects fabricated by color 3D printing. Usually, the color
reproduction is executed with a colorizing procedure following the prototyping pro-
cedure. Although breakthrough [2] has been made in color 3D printing, the true color
3D printing technique is still in the research and development stage. Ink-jet assisted
with ultraviolet (UV) radiation has been recognized as a effective means to fabricate 3D
objects by accurate placement and solidification of fluid drops [3], providing a foun-
dation for true color 3D printing. With this method, the implement of true color 3D
printing requires the UV-curable prototyping materials prepared from ink-jetable color
paste possess not only superior color effect but also excellent printing and prototyping
performance: (i) appropriate viscosity and surface tension to make the printing material
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could be smoothly ejected from the nozzle; (ii) high curing rate to improve the man-
ufacturing efficiency and (iii) low volume shrinkage to ensure the fabrication precision
[4].

In this research, preparation of 3D printing materials and the printing and proto-
typing performance for UV-curing ink-jet were reported. This research will provide a
foundation for the high-quality color 3D printing materials and promote the develop-
ment of true color 3D printing technology.

2 Experimental

2.1 Materials

Prepolymers: EB870, EB270, V400 and V100 (Allnex). Monomers: EOEOEA,
HDDA, TPGDA, NPGDA, DPGDA and ACMO (Tianjin Jiuri New Materials Co.,
Ltd.); TTA-15, TTA-21, TTA-22 and TTA-26 (Jiangsu Tetra New Material Technol-
ogy Co., Ltd.); OXT-1 and OXT-3 (Hubei Gurun Technology Co., Ltd.). Photo ini-
tiators: 898, 2671, 2773, 2776 and 2777 (Tianjin Jiuri New Materials Co., Ltd.); 819
and 389 (IGM). Active amines: EHA (IGM). Pigment: Quinacridone Magenta RTS
(DIC).

2.2 Equipments

Mechanical agitator (JJ-I, Changzhou Guohua Electric Appliance Co., Ltd., China);
high-speed grinding machine (GJ-2S, Qingdao Haitongda Specialized Instrument Co.,
Ltd., China); UV-LED curing illuminator (UVATA Precision Optoelectronics Co.,
Ltd., China) with an irradiation power density of 4 W/cm2 at the wavelength of
385 nm; Surface tensiometer (K100, Krüss GmbH, Germany); Rheometer (AR2000ex,
TA Instruments, USA); Spectral photometer (X-528, X-Rite Incorporated, USA);
Electronic balance (CP153, Ohaus Instrument Co., Ltd., USA); Pycnometers (10 mL
capacity, Bomex Glass Co., Ltd., China).

2.3 Preparation of 3D Printing Materials

The mixture of magenta color paste, prepolymer, monomer, photo initiator and addi-
tives was well stirred for 30 min and filtered to prepare 3D printing materials.

2.4 Performance Tests of 3D Printing Materials

2.4.1 Viscosity
Viscosity was tested on the rheometer with a 60 mm aluminum rotor plate at 25 °C to
record the value of viscosity when the shear rate is 1 s−1.

2.4.2 Volume Shrinkage
The measurement method of volume shrinkage ratio (SR) refers to the international
standard ISO 3521 [5]. SR of UV-curable 3D printing materials was calculated
according to Eq. 1:
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SR ¼ q2 � q1
q2

� 100% ð1Þ

q1 is the density of liquid samples measured by a pycnometer while q2 is the density of
UV-cured solid samples measured by a specific gravity balance, respectively.

2.4.3 Curing Rate
Curing degree of samples was checked with finger-touch method. Samples were coated
onto PET films by 0# wire rod at room temperature and cured by the UV-LED curing
illuminator. For most samples in this research, the irradiation power was set as a
maintained value and the conveyor speed was adjusted to make the sample to be cured,
and the corresponding maximum speed (cm/min) of conveyor was recorded as the
curing rate of each sample. For samples with cationic monomers in this research, both
the irradiation power and the conveyor speed were set as maintained values, and the
corresponding minimum number of curing times was recorded as the curing rate of
each sample.

2.4.4 Surface Tension
Surface tensiometer was used to test the surface tension of each sample.

2.4.5 Color Density
Samples were coated onto PET films by 0# wire rod at room temperature and cured by
the UV-LED curing illuminator. Color density of the coating was measured by a
spectral photometer at five different locations and an average was applied.

3 Results and Discussion

3.1 Effect of Monomers on Printing and Prototyping Performance of 3D
Printing Materials

3.1.1 Species of Monomers
As a basic component of 3D printing materials, monomer not only plays a role in
dilution but also participates in UV-curing reaction, which has a great influence on
printing and prototyping performance. Monomer spices with different molecular
structures have different effects on material properties. According to the photopoly-
merization mechanism, monomers are classified into two types [6]: free-radical
monomer and cationic monomer.

(1) Species of Free-Radical Monomers

3D printing materials were prepared using different species of free-radical monomers
and the corresponding printing and prototyping performances of UV-curing for each
sample were tested, as illustrated in Fig. 1.

As shown in Fig. 1a, surface tensions of 3D printing materials prepared with
different monomers were in the range of 22–24 mN/m. The difference between the
surface tension of each sample was relatively small.
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As shown in Fig. 1b, there exist significant differences between viscosities of
samples prepared with different monomers. The sample prepared with EOEOEA, a
monofunctional monomer, has the lowest viscosity than other samples prepared with
bifunctional monomers. As the functionality of monomers increased, the intermolecular
forces within the UV-curing system enhanced with the increasing molecular weight,
leading to the raise of viscosity.

As shown in Fig. 1c, 3D printing materials prepared with different free-radical
photoinitiators have different curing rates. The sample prepared with EOEOEA had the
lowest curing rate, as the monofunctionality leads to the lowest reactivity. As an
acrylamide compound with a tertiary amine group, monofunctional monomer ACMO
produced higher curing rate than EOEOEA and any other bifunctional monomers.
Meanwhile, the sample prepared with bifunctional monomer DPGDA also had a fast
curing rate.

As shown in Fig. 1d, all of 3D printing materials prepared with different kinds of
free-radical monomers have large volume shrinkage. Monomers with less side-chains
in a linear molecular structure, for example, EOEOEA and HDDA, could produce a
lower ratio of volume shrinkage. On the contrary, a higher ratio of volume shrinkage
would be obtained when a multifunctional monomer with more side-chains is used, for
example, DPGDA etc.

Fig. 1. a Surface tension, b viscosity, c curing rate in the UV-irradiation with a power of 20%
and d volume shrinkage of 3D printing materials with different free-radical monomers
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(2) Species of Cationic Monomers

3D printing materials were prepared using different species of cationic monomers and
the corresponding printing and prototyping performances of UV-curing for each
sample were tested, as illustrated in Fig. 2.

As shown in Fig. 2a, due to the larger molecular polarity, the dioxetane cationic
monomer OXT-3 could produce a higher surface tension than others. Other cationic
monomers have less effect on the surface tension, which was in the range of 21–
22 mN/m, as there was little differences between the polarities of epoxy and oxidized
cyclobutane molecular structures.

As shown in Fig. 2b, for samples prepared with TTA series epoxy monomers,
TTA-21 and TTA-26 with larger molecular weight produced higher viscosity than
TTA-15 and TTA-22. Similarly, the sample prepared with OXT-3 had a higher vis-
cosity than samples prepared with OXT-1.

As shown in Fig. 2c, the 3D printing materials prepared with cationic monomers
had a lower curing rate, which is significantly affected by the species of monomers.
Reaction rate of ring opening polymerization in TTA-22 is much faster than other
monomers especially TTA-21 and TTA-26, which owning two 3, 4-epoxycyclohexyl
groups in each molecule. Therefore, a less curing times and a higher curing rate could
be produced by TTA-22 comparing with TTA-21 and TTA-26.

Fig. 2. a Surface tension, b viscosity, c numbers of curing times in the UV-irradiation with a
power of 100% and a conveyor speed of 60 cm/min and d volume shrinkage of 3D printing
materials with different cationic monomers
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As shown in Fig. 2d, 3D printing materials prepared with cationic monomers have
less volume shrinkage. In addition, volume expansion was detected in samples pre-
pared with expoxy and oxetane compounds TTA-21, TTA-22 and TTA-26, in which
volume shrinkage was neutralized by the expansion effect associated with the progress
of ring opening polymerization. In detail, the largest volume expansion was achieved
by TTA-26 with two 3,4-epoxycyclohexyl groups. Similarly, OXT-3 with two oxetane
groups generated a more obvious volume expansion than OXT-1 with only one oxetane
group.

3.1.2 Formulation Design of Mixed Monomers
According to the previous experimental results, as various monomers show advantages
in different aspects of printing and prototyping performances, it could be an efficient
process to prepare 3D printing materials with excellent comprehensive performances
by using mixed monomers. Thus, free-radical monomers EOEOEA, ACMO and
DPGDA were selected to design a three-order simplex centroid formulation experi-
ment, in which X1, X2 and X3 represented the weight fraction of EOEOEA, ACMO and
DPGDA, respectively [7]. Data of 3D printing performance are listed in Table 1.

According to impacts of each indicator on 3D printing materials, the weight of
viscosity, surface tension, curing rate and SR was valued as 0.2, 0.1, 0.35 and 0.35,
respectively. By the means of programming solution, when X1 = 0.25, X2 = 0.36 and
X3 = 0.39, the regression equation had a maximum value of 91.01, which means the
best performance could be achieved when the mass ratio of EOEOEA, ACMO and
DPGDA is 25:36:39. Accordingly, the same proportion of mixed free-radical mono-
mers was applied to prepare 3D printing materials and favorable performances were
achieved, as shown in Table 2.

Table 1. Data of 3D printing performance for formulation design experiments by using mixed
free-radical monomers

No. Surface tension (mN/m) Viscosity (mPa s) Curing ratea (cm/min) SR (%)

1 22.04 1.53 100 4.30
2 23.46 3.92 1360 3.40
3 22.12 13.30 740 8.60
4 22.66 8.22 1360 4.20
5 22.51 5.19 355 2.10
6 22.10 6.17 320 4.70
7 22.35 0.925 1010 0.20
aThe UV-irradiation power was 20%

Table 2. Performance data of 3D print materials prepared from the optimal formulation using
mixed free-radical monomers

Surface tension (mN/m) Viscosity (mPa s) Curing ratea (cm/min) SR (%)

22.24 6.93 940 3.60
aThe UV-irradiation power was 20%
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Likewise, cationic monomers OXT-1 and TTA-22 were selected to design a two-
order simplex centroid formulation experiment [7]. According to the programming
solution, using TTA-22 as the single cationic monomer could produce favorable 3D
printing performance, as shown in Table 3.

3.2 Effect of Prepolymers on Printing and Prototyping Performance
of 3D Printing Materials

As the basic skeleton of 3D printing materials, prepolymers with different molecular
structures lead to different properties and performances. In this research, 3D printing
materials were prepared with different species of prepolymers and various perfor-
mances were tested, as illustrated in Fig. 3.

Table 3. Performance data of 3D print materials prepared from the optimal formulation using
TTA-22 as the single cationic monomer

Surface tension (mN/m) Viscosity (mPa s) Numbers of curing timesa SR (%)

22.97 10.01 8 −5.70
aThe UV-irradiation power was 100% and the conveyor speed was 60 cm/min

Fig. 3. a Surface tension, b viscosity, c curing rate in the UV-irradiation with a power of 20%
and d volume shrinkage of 3D printing materials with different prepolymers
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As shown in Fig. 3a, all of surface tensions of 3D printing materials prepared from
different prepolymers were almost the same and close to 22 mN/m. The negligible
differences of surface tension among different formulations could be attributed to not
only the identical acrylate group in prepolymers, but also the addition of surfactants.

As shown in Fig. 3b, viscosities of samples prepared with different species of
prepolymers show significant differences. Samples prepared with hyper branched
polyester acrylate resin V400 and V100 have lower viscosity than samples prepared
with aliphatic polyurethane acrylate EB870, as spherical structure of hyper branched
polymer could effectively hinder the entangling of chain segments among molecules [6].

As shown in Fig. 3c, curing rate of samples prepared with different species of
prepolymers show significant differences. When the irradiation power is maintained at
20%, samples prepared with EB270, V400 and V100 could be cured faster than the
sample prepared with EB870. Due to the high functionality of hyper branched pre-
polymer and the rare occurrence of chain-transfer reaction, long-chain polymers could
be generated in a shorter time with the presence of hyper branched prepolymers [6].

As shown in Fig. 3d, 3D printing materials with different prepolymers have dif-
ferent ratios of volume shrinkage. The minimum volume shrinkage which was only
2.1% was achieved by using EB270, benefiting from a minimum functionality of 2
comparing with other prepolymers.

Similarly with the strategy of using mixed monomers, in order to prepare 3D
printing materials with excellent comprehensive performance, it is necessary to use
mixed prepolymers in the UV-curing system. V400, V100 and EB270 were selected to
design a three-order simplex centroid formulation experiment [7]. By the means of
programming solution, the best performance could be achieved when the mass ratio of
V400 to EB270 is about 1:1. Thus, the same proportion of mixed prepolymers was
applied to prepare 3D printing materials and favorable performances were achieved, as
shown in Table 4.

3.3 Research of Hybrid UV-Curing System

According to the experimental date in Tables 2 and 3, it could be observed that free-
radical polymerization system generated a higher ratio of volume shrinkage while
cationic polymerization system lead to the expansion of volume with a slower curing
rate. Therefore, it could be assumed that a low volume deformation together with high
prototyping efficiency could be achieved at the same time through a free-radical-
cationic hybrid UV-curing system. Consequently, a two-order simplex centroid for-
mulation experiment [7] was designed to investigate the optimal ratio of free-radical

Table 4. Performance of 3D printing materials prepared from the optimal formulation with
mixed prepolymers

Surface tension (mN/m) Viscosity (mPa s) Curing ratea (cm/min) SR (%)

23.46 13.30 535 3.40
aThe UV-irradiation power was 20%
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system and cationic system, weights of which were represented as X1 and X2,
respectively. By the means of programming solution, the best performance could be
achieved by using a hybrid UV-curing system when the proportion of free-radical
photopolymerization relative to cationic photopolymerization is about 9:1. Table 5
showed the 3D printing performance of materials prepared from the corresponding
free-radical-cationic hybrid UV-curing system.

3.4 Effect of Photo Initiators on Curing Rate of 3D Printing Materials

3.4.1 Species of Photoinitiators
As the key component in a UV-curing system, the photoinitiator is related to the
efficiency of initiating during the UV-assisted crosslinking polymerization between
prepolymers and monomers, which plays a decisive role in the photocuring speed of
UV-curable materials [6]. Currently, most of light sources employed in UV ink-jet are
UV-LED lights, which are classified as a type of light source with a single wavelength,
requiring the adaptation of absorption wavelengths of photoinitiators. As a result, the
correct selection of photoinitiator would determine the curing rate of UV-curable
materials [8]. Figure 4 illustrated curing rates of 3D printing materials prepared with
different species of free-radical photoinitiators.

As illustrated in Fig. 4, the curing rate of the materials prepared with different free-
radical photoinitiators varied greatly. The curing rate of the material prepared with
photoinitiator 389 is the slowest, which could be explained by the absence of absor-
bance at the irradiation wavelength of 385 nm. However, although other photoinitiators

Table 5. Performance data of 3D print materials prepared from the optimal formulation using
free-radical-cationic hybrid UV-curing system

Surface tension (mN/m) Viscosity (mPa s) Numbers of curing timesa SR (%)

22.65 10.71 9 −2
aThe UV-irradiation power was 100% and the conveyor speed was 940 cm/min

Fig. 4. Curing rates of materials prepared with different species of free-radical photoinitiators in
the UV-irradiation with a power of 30%
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have strong absorption effect at 385 nm, there were still differences among the 3D
printing materials because of the different efficiency of photoinitiating.

3.4.2 Formulation Design of Mixed Photoinitiators
Curing rate of UV-curable materials could be effectively improved by using mixed
photoinitiators through a fully absorbance of UV light irradiated from the light source.
In this research, photoinitiator 898, 819, 2671 and 2777 were selected to design a four-
order simplex centroid formulation experiment [7], in which X1, X2, X3 and X4 rep-
resented the weight fraction of 898, 819, 2671 and 2777, respectively. The curing rate
of each sample was measured and the corresponding value of equation for the for-
mulation design experiment was evaluated. By the means of programming solution,
when X1 = 0.20, X2 = 0, X3 = 0.50 and X4 = 0.30, the regression equation had a
maximum value of 100.79, which means the highest curing rate could be achieved
when the mass ratio of 898, 2671 and 2777 is 2:5:3. With this proportion, a
960 cm/min curing rate has been achieved in the UV-radiation power of 20%, showing
an extraordinary curing performance.

3.4.3 Concentration of Photo Initiators
The photoinitiator content has a great influence on the photopolymerization rate of UV-
curable materials and determines the amount of active intermediates (free-radicals or
cations) produced in the process of photoinitiating.

According to active intermediates produced during the reaction, photoinitiators are
divided into two types: free-radical photoinitiator and cationic photoinitiator [9]. In this
research, 3D printing materials with different concentrations of free-radical photoini-
tiators and cationic photoinitiators were separately prepared and the corresponding
curing rate was measured, as illustrated in Fig. 5.

As illustrated in Fig. 5, for both free-radical and cationic UV-curing system, along
with the increase of photoinitiator concentration, the curing rate first increased rapidly

Fig. 5. Effect of photoinitiator concentration on the curing performance. a Curing rate of 3D
printing material prepared with different concentrations of free-radical photoinitiators in the UV-
irradiation with a power of 30%. b Numbers of curing times of 3D printing materials prepared
with different concentrations of cationic photoinitiators in the UV-irradiation with a power of
100% and a conveyor speed of 60 cm/min
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and then tend to increase slowly, even decrease. This phenomenon could be explained
as that the increasing photoinitiator concentration within a certain range increased the
amount of active intermediates, which promoted more prepolymers and monomers to
participate in the polymerization and accelerated the curing rate. When the photoini-
tiator concentration reached a certain value, most of the prepolymer and monomer had
been initiated by active intermediates to participate in the polymerization. As a result,
the chance of initiating new prepolymer and monomer to participate in the polymer-
ization reaction is reduced and the polymerization rate slowed down. However, when
the photoinitiator concentration continued to increase, too much active intermediate
had been produced and the high concentration of active intermediate in the system
caused side reactions such as coupling termination, which slowing down the pho-
topolymerization rate the UV-curable material.

Therefore, for free-radical and cationic UV-curing system, the highest curing rate
could be achieved by using photoinitiators with the concentration of 14% and 12%,
respectively.

3.5 Comprehensive Performance of Magenta 3D Printing Materials

According to the experimental results above, an optimal formulation of 3D printing
materials was achieved. Based on this formulation, a kind of magenta 3D printing
material was prepared by using 20% magenta color paste, and the comprehensive
performances were listed in Table 6.

As shown in Table 6, the prepared magenta 3D printing material provided a color
density up to 0.7, which was far higher than a commercial available product. Besides,
small volume shrinkage, fast curing rate and perfect printability were achieved, which
guaranteed the printing performance and the prototyping efficiency.

4 Conclusions

We report the preparation and performance of color UV-curable 3D printing materials
consisted of color paste, prepolymers, monomers and photoinitiators. According to the
experimental results, conclusions of this research are as follows:

1. Fundamental properties of UV-curable 3D printing materials were determined by
prepolymers. Lower viscosity and less volume shrinkage could be achieved by
using V100 or EB270 while higher curing rate could be achieved by using EB270

Table 6. Performance of magenta 3D printing materials

Surface tension
(mN/m)

Viscosity
(mPa s)

Numbers of curing ratea

(cm/min)
SR
(%)

Color
density

22.34 12.99 880 1.2 0.7
aThe UV-irradiation power was 30%
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or V400, respectively. The optimal comprehensive performance could be achieved
by using mixed prepolymers consisted of EB270 and V400 with a mass ratio of 1:1.

2. Molecular structure of the monomer greatly affected the viscosity, curing rate and
volume shrinkage of 3D print materials. Viscosity of materials prepared with
EOEOEA was smaller. Curing speed of materials prepared with ACMO and
DPGDADE was faster. Volume shrinkage of materials prepared with ACMO and
HDDA is smaller. Viscosity of materials prepared by cationic monomer TTA-22 is
lower and there exist a certain degree of volume expansion during the photo-curing
process. The optimal comprehensive performance could be achieved by using
mixed free-radical monomers consisted of EOEOEA, ACMO and DPGDA with a
mass ratio of 25:36:39, or cationic monomer TTA-22.

3. Ratio of volume shrinkage is larger in free-radical photopolymerization systems.
Benefiting from the volume expansion effect and a slower curing rate, the optimal
comprehensive performance could be achieved by using a free-radical-cationic
hybrid photo-curing system, in which the ratio of free-radical system relative to
cationic system is 9:1.

4. Absorption wavelength and photo-initiate efficiency of photoinitiators have great
influences on the curing rate of UV-curable 3D printing materials. For the free-
radical photopolymerization system with single type of photoinitiator, the highest
curing rate could be achieved by using photoinitiator 2671. A higher curing rate
could be achieved by using mixed free-radical photoinitiators consisted of 2777,
2671 and 898 with a mass ratio of 3:5:2. Along with the increase in the concen-
tration of photoinitiator, curing rate was first promoted and then tended to be gentle
even decreased after a certain value. The curing rate of both free-radical and
cationic system could be the highest when the concentration of free-radical and
cationic photoinitiator reached 14% and 12%, respectively.

5. The prepared magenta 3D printing material appeared excellent printing and pro-
totyping performance and provided a color density up to 0.7, which was far higher
than a commercial available product.
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Abstract. In this paper, Nano-poly(3,4-ethylenedioxythiophene) (PEDOT)
particles with different morphologies and different degrees of oxidation were
prepared by reverse interface method. Nano-PEDOT materials with different
morphologies were configured as ink-jet printing inks. The printability of the ink
was determined by the analysis of ink dispensability and stability, rheological
properties, droplet flight speed, the volume of ink droplets ejected. The results
found that nanoparticles with higher degree of polymerization, larger aspect
ratio and specific surface area had better dispersion. The best surface tension of
ink was 30–40 mN/m and the best viscosity was 8–20 mPa s. The piezoelectric
frequency didn’t exceed 10 kHz with the best printability. Good ink-jet print-
ability effectively solved the production failures and product defects by the
traditional metal nano-ink, which had been reunited and clogging. The ink
application could reduce the complexity of processing methods by using the
precursor printing. So the nanoparticles ink could be used in the patterning of
transparent electrodes and functional layers of electronic devices. And full play
to the advantages of printed electronics and products.

Keywords: Conducting polymer � Ink-jet printing � Nanoparticle

1 Introduction

Conductive polymers have been intensively researched and continuously made
breakthroughs in applications such as sensors and biosensors, batteries, supercapaci-
tors, drug delivery, artificial muscles and photovoltaic devices [1–4]. In addition to the
similar properties of metals, conductive polymers also have the characteristics of
polymers, such as light weight, flexibility, easy processing, and good mechanical
stability [5]. Conjugated structure conductive polymers are insoluble and infusible in
most solvents. Therefore, electronic devices are prepared by using conductive polymers
to obtain functional film layers by electrochemical, vapor deposition, spray coating, etc.
And then are patterned and functionalized by photolithography and the like. These are
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typical subtractive manufacturing, which will cause cost waste, complicated process,
environmental pollution and many other problems. As a classic additive manufacturing
method, inkjet printing is an ideal choice for the development of large-area flexible
electronics due to its low cost, simple process, environmental friendliness and wide
adaptability [6, 7]. The problems that conductive polymers are insoluble and difficult to
process restricts their application in the field of printed electronics [8].

In this paper, several kinds of PEDOT particles with different morphology and
degree of polymerization were synthesized by reverse-interface polymerization [9, 10].
The nano-functional inks were prepared and their dispersion stability was observed.
Inkjet printing was used to study the effect of ink-related parameters on printability.
The effects of ink rheology, viscoelasticity, inkjet parameters of the nozzle on ink
dynamics and adhesion on the substrate were analyzed by observing and testing the
volume of the inkjet ink droplets, the flying speed of the ink droplets, the flight pattern,
and the like. The innovation of this paper is that the stable and dispersed nano PEDOT
can meet the technical requirements of inkjet printing. In particular, conductive poly-
mers with a single electrical stability, such as conductive and semi-conductive prop-
erties, are obtained by controlling the degree of oxidation and the control of different
morphologies, which greatly avoids the various complexities caused by doping (such as
PEDOT:PSS) problem.

2 Experimental

2.1 Materials

3,4-ethylenedioxythiophene (EDOT), Analytical grade, was purchased from
Aldrich Chemical Co., Inc. An aqueous poly(sodium 4-styrenesulfonate) (PSSNa)
solution (content 23 wt%) was purchased from Shanghai Herochem Co., Ltd. Fluo-
rosurfactant (Zonyl FS-30) was purchased from Du Pont China Holding Co., Ltd.
Other materials were purchased from Aladdin Biochemical Technology Co., Ltd.,
including ammonium anhydrous ferric chloride (FeCl3, analytical grade), bis(2-
ethylhexyl) sulfosuccinate sodium salt (AOT, 99 wt%), n-hexane (analytical grade),
absolute ethyl alcohol (analytical grade), hydrochloric acid (36 wt%).

2.2 Synthesis of Nanoparticles

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) with two-tailed structure was used as
an anionic surfactant to form reverse micelles. N-hexane was used as the oil phase. The
lotion is wrapped in AOT micelles. The 3,4-ethylenedioxythiophene (EDOT) monomer
can be well dissolved in n-hexane, and the oxidant reacts at the oil-water interface to
form poly 3,4-ethylenedioxythiophene (PEDOT). PEDOT nanoparticles with different
morphologies and polymerization degrees were obtained by changing the ratio of oil to
water, oxidation and dosage. Specific steps are as follows: (1) 3.5 g of AOT is dis-
solved in 20 mL of n-hexane, added to a 100 mL flask for magnetic stirring to form a
uniform light yellow solution; (2) the temperature rises to 50 °C, different moles (1, 2,
3 mmol) and different Volume (0.35, 0.45, 1 mL) FeCl3 solution was added dropwise
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to the system, stirring was continued for 4 h to form a stable microemulsion;
(3) 1 mmol of EDOT monomer was added dropwise to the system, and the reaction
continued for 8 h, the solution appeared dark blue precipitate; (4) The reaction solution
was centrifuged to remove the upper yellow solution, and repeatedly washed with
ethanol and deionized water; (5) The polymer solid was transferred to a vacuum drying
oven and vacuum dried at 50 °C for 24 h. After the end, move to the dryer for storage.

2.3 Preparation of Inks

The preparation of the inkjet printing ink from the synthesized conductive polymer
utilizes the macromolecular long-chain PSS as a dispersing agent and a dopant in the
system, and also functions to adjust the viscosity of the dispersion liquid to suit the
nozzle requirements. Ultrasonic dispersion of conductive polymer nanoparticles,
multiple stages of ultrasonic treatment to avoid excessive temperature. The surface
tension and leveling of the dispersion are adjusted using a nonionic surfactant.
(1) Mixing 0.06 g of nanoparticles with a certain amount of sodium polystyrene sul-
fonate (PSSNa) solution and deionized water to prepare 0.6 wt% PEDOT dispersion;
(2) Ultrasonic rod ultrasonic ultrasonic 5 times using ultrasonic pulverizer 5 min each
time, 30 min apart; (3) Add a certain amount of DuPont fluorine nonionic surfactant
FS-30 to the system, stir at low speed for 3 min; (4) Static defamer and observe the
stability of the suspension.

3 Results and Discussion

3.1 Morphologies of Nanoparticles

Figure 1 shows PEDOT nanoparticles synthesized by the inverse emulsion method. By
changing the volume ratio of different oil-water terms, the volume and shape of the
conductive polymer nanoparticles can be well controlled. The EDOT monomer poly-
merizes at the interface under the action of the oxidant FeCl3 to form nanoparticles
related to the morphology of the microemulsion, as shown in Fig. 1, under different
conditions. Nanoparticles (a), nanospheres (b), worms (c), and nanorods (d) were
obtained. A less aqueous solution can form a stable microemulsion and a spherical
interface in the n-hexane oil phase. The PEDOT generated by the oxidative poly-
merization reaction is relatively regular.

The emulsion formed by more aqueous solution in n-hexane is not uniform. There
are large and small droplets of different sizes in the emulsion resulting in irregular
morphology. The size of oxidation and concentration directly affects the rate of
oxidative polymerization of the monomer, leading to different production speed and
morphology of the crystal face. In addition, when the amount of oxidant changes, the
polymerization degree of the monomer is different, the molecular chain length changes,
and the appearance color is also differently different, which will directly affect the
conductivity and optical properties of the polymer.
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3.2 Conductivity of Nanoparticles

The square resistance was as shown in Fig. 2. The samples all have high electrical
conductivity and the square resistance is relatively small. From the data with a higher
degree of polymerization (the darker the color), its conductivity is better. From the
topography, the nano-particles with smaller structure are also better in conductivity.
The nano-materials with larger aspect ratio have higher conductivity. Some PEDOT
samples have nanotopography. If the material itself is less polymerized, the polymer
backbone has a smaller number of conjugated p bonds and does not necessarily have
conductive metal properties.

3.3 Surface Tension and Viscosity of Inks

The viscosity of the ink determines the kinetic energy of the jet. If the viscosity is too
long, the surface tension of the ink allows the fluid to be continuously necked at the
nozzle to form a uniform ink droplet. Therefore, it is necessary to strictly control the
surface tension and viscosity of the ink during the ink arranging process. In this paper,
the contents of PSS and FS-30 are used to control the viscosity and surface tension of
the ink respectively. The effect is shown in Fig. 3.

A small amount of FS-30 added to the ink of the mixing system will greatly reduce
the surface tension of the ink, as shown in Fig. 3a. When the FS-30 content was
0.06 wt%, the surface tension decreased by 72 mN/m by nearly half to 36.2 mN/m.
However, as the content is further increased, the decrease in surface tension is

Fig. 1. FESEM image of PEDOT nanoparticles prepared by adding different conditions
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gradually slowed down. The surface tension affects the formation of ink droplets on the
one hand and the wettability of the ink to the ink jet channels and the substrate on the
other hand. In practice, the optimum viscosity and tension of the ink should be
determined. This value also varies with nozzle type, piezoelectric frequency, ink jet
pressure, nozzle material surface properties, ink type, and other parameters. As can be
seen from Fig. 3b, with the addition of the polymer macromolecular PSS having a long
chain, the viscosity of the dispersion is continuously increased. The increased viscosity
is beneficial to increase the viscosity of the liquid and the cohesive work of the ink. So
that the ejection time is shortened, the ink filament is shorter and the probability that the
ink is broken at multiple places to form a satellite ink dot is reduced. However, if the
viscosity is too large, the elasticity of the ink is lowered, the ink filament is likely to be
too long, and the ink droplet ejection is difficult. The optimum viscosity range of the

Fig. 2. Square resistance of sample a, b, c and d

Fig. 3. The relationship between FS-30 content and the surface tension of the ink (a), PSSNa
content and ink viscosity (b)
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SE-128 AA nozzle used in this experiment is 8–20 mPa s, and the surface tension is
between 20 and 40 mN/m. Therefore, the content of PSSNa is controlled between 4
and 8 wt%, and the amount of FS-30 is between 0.04 and 0.1 wt%.

3.4 Dispersibility of Inks

According to the above formula range, the four inks configured to stand and observe
the dispersion stability of the ink are shown in Fig. 4. The four inks from left to right in
the figure are blue black a (nanoparticle), dark blue b (Nano-microspheres), blue-gray c
(worm), and yellow-green d (nanorod) after grinding, sonication, and standing for 7
days respectively. The four inks are allowed to stand after treatment and remain in a
stable suspension state throughout the first day. From the second day, blue-grey c and
yellow-green d gradually appeared to precipitate more, and some solid nanoparticles
were deposited at the bottom. By the seventh day, the two ink samples were thoroughly
layered, the upper layer was a clear solution, and the lower layer was a precipitate,
which is shown that the dispersion of the two nanoparticles was poor. Blue-black a3
and deep blue b1 can maintain a stable and stable suspension state for 7 days of rest
time, and have good dispersion stability. Since all samples can be uniformly dispersed
in an aqueous solution throughout the day, the stability is greater than that of the
general metal particle type ink.

Fig. 4. Ink dispersion stability

Preparation of High Performance … 845



3.5 Parameters and Morphology of Droplet Flight

According to the above research results and the characteristics of SE-128 AA nozzle,
dark blue nanospheres b with better dispersibility and conductivity were selected as
testing inks, and a certain amount of PSSNa and FS-30 were added to prepare aqueous
dispersion for inkjet printing. The testing inks are shown in Table 1. During the test,
nozzles with excellent inkjet state were chosen, and the flight speed and droplet volume
of the three inks were tested and recorded from the frequency of 2–15 kHz. The step
frequency amplitude was 500 Hz, and the corresponding test data flight speed and ink
droplets. The volume is shown in Fig. 5, and the flight profile is shown in Fig. 6.

Figure 5a shows the change in flight velocity of the three inks at frequencies
between 2 and 15 kHz. On the whole, the flight speed in the low frequency region
(˂12 kHz) is basically stable, and there is a large fluctuation in the high frequency
region. The higher frequency external voltage changes the negative pressure caused by
the ink chamber faster, the injection action is completed within a few microseconds.
Ink-1 and Ink-2 have the same surface tension, but the viscosity of Ink-1 is significantly
lower than the latter, and the lower viscosity is more likely to break under the same
external pressure stimulus to produce a larger initial velocity. Ink-2 has a large cohesive
force in a relatively large viscosity state, and the work done by the pressure overcomes
the cohesive force to consume more energy, resulting in a smaller initial velocity of the

Table 1. Three kinds of ink formulation and performance parameters

Number PEDOT
(wt%)

PSSNa (wt
%)

FS-30 (wt
%)

Surface tension
(mN/m)

viscosity
(mPa s)

Ink-1 0.6 2 0.06 35 6.1
Ink-2 0.6 8 0.06 35 16.2
Ink-3 0.6 8 0.1 28.1 15.9

Fig. 5. Droplet velocity (a) and volumes (b) at different piezoelectric frequencies
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ink. There is a small difference in the viscosity of Ink-2 and Ink-3, but Ink-2 has a high
surface tension. As can be seen from the figure, the flying speed of Ink-2 is slightly
lower than that of Ink-3. When the surface tension is large, the ink droplets need to be
ejected to form an ink column, which increases the new surface energy and consumes
more pressure. The work of the kinetic energy is reduced, and only a small initial
velocity can be obtained. The surface tension of the Ink-3 is small, and the kinetic
energy obtained at the nozzle not only satisfies the ink to create a new surface to
produce a droplet, but also obtains more flying motion energy and has a higher speed
during flight.

Figure 5b shows the volume change of the ink droplets of the three inks at a
frequency between 2 and 15 kHz. Similar to the previous velocity analysis, there is a
relatively stable droplet volume in the smaller frequency interval, and the ink droplets in
the larger frequency interval fluctuate more, which is the combination of the piezo-
electric frequency and the rheological properties of the ink. Due to the difference in
viscosity, Ink-2 is more viscous than Ink-1. Under the action of cohesive work, the ink is
not easily ejected, resulting in more ink remaining in the ink chamber, resulting in a
smaller volume. Ink drops Ink-2 has a larger surface tension than Ink-3. The formation
of ink droplets needs to overcome the new surface energy. The smaller the volume, the
less the surface energy increases. So the surface area of Ink-2 is smaller and the volume
is smaller. It is usually necessary to combine speed and volume for comprehensive
analysis. The magnitude of kinetic energy is related to speed and mass. When density is
certain, mass is determined by volume. The speed and volume are affected by the kinetic
energy of ink droplets, whether it is to overcome ink splitting. Cohesive work, or to
overcome the free energy of the new surface, will consume the initial kinetic energy of
the ink, resulting in a certain degree of decline in flight speed and volume.

Figure 6 shows the flight patterns of the three inks. In the figure, since Ink-1 has a
lower viscosity than the other two inks, the ink has a small cohesive work and is easily
squeezed out of the nozzle under pressure and in an initial state with a large trailing
length. When the viscosity of the ink is large, it has a large cohesive work and takes a
long time to overcome the cohesive work pressure. The ejection time becomes shorter,
and the tail of the ink droplet is shorter. At the end of the detachment of the ink, the ink
will have a tendency to shrink into droplets under the combined action of surface
tension and the like. On the one hand, it is easy to break at multiple places, increasing
the probability of forming satellite ink dots. And on the other hand, it is difficult to
completely shrinking into spherical droplets under surface tension. From the lower end
of the ink-1 in Fig. 6, it can be seen that the satellite dots left by the last ink drop. At the
tail, because of the small viscosity, the excess ink is brought out, and eventually the
excess satellite dots are formed. In addition, the satellite dot at the lower end has a
deflection phenomenon, which is extremely harmful to inkjet printing, which seriously
affects the print quality. The main reason for this phenomenon is that the satellite ink
dot breaks out and is the same as the charge of the main ink droplet. Since Ink-2 and
Ink-3 have a large viscosity at the same time, the ink droplets have a short tail.
However, Ink-2 has a relatively standard initial flight morphology of the ink droplets.
Finally the ideal ink droplets will be formed under the action of surface tension.
Because Ink-3 has less surface tension, the pressure work is less expensive in over-
coming the new surface tension with faster initial speed and shorter ejection time.
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4 Conclusions

The reverse interfacial polymerization method can well control the morphology of the
conductive polymer. By changing the amount of the oxidant, the degree of polymer-
ization of the monomer can be effectively controlled. The number of conjugated p
bonds in the molecular chain is increased, thereby further increasing the conductivity.
Passing macromolecular long chain PSS and the nonionic surfactant FS-30 regulates
the viscosity and surface tension of the dispersion system, which can guide the nano-
conductive polymer ink with good dispersibility, and has no obvious agglomeration
phenomenon for a long time. It is obviously superior to the metal nano-particle system.
The surface tension is 30–40 mN/m, and the viscosity is 8–20 mPa s. It is suitable for
inkjet printing of granular nano-PEDOT ink by SE-128 AA nozzle. The ink has good
printing in inkjet printing process. A lower or moderate piezoelectric frequency
(<10 kHz) keeps the droplet speed and volume stable.
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Fig. 6. Three kinds of ink flight status
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Abstract. UV-LED curing has the advantages of energy-saving, ozone-free,
and mercury-pollution emissions, becoming one of the recently developed green
printing technologies. Inkjet ink is the key material for digital printing. In order
to prevent clogging of the nozzle, under the premise of ensuring high-speed
solidification of inkjet inks, the lower the viscosity, the better. In this paper, five
commonly used low viscosity monomers, HDDA, ACMO, DPGDA, EOEOEA
and DMAA, were investigated. TPO is used as an initiator, separately formu-
lated UV-LED inkjet ink binders and inks, the infrared and visible light
transmission spectra were used to characterize the curing speed of the binder and
the color of the cured film. The UV-LED inkjet ink samples were tested for
viscosity, curing degree. The low viscosity and curing degree are the assessment
criteria, the monomers applicability are in order: ACMO, HDDA, DPGDA,
EOEOEA, DMAA.

Keywords: UV-LED inkjet ink � Monomer � Viscosity

1 Introduction

UV-LED curing is developed on the basis of UV curing, which is a technology that can
be quickly cured at the center wavelength of 385 or 395 nm light emitted by the LED,
and has the advantages of energy saving, no ozone, and mercury pollution [1].
Monomers, prepolymers, photoinitiators, additives, pigments, etc. are the main
components of UV-LED inkjet inks. Monomers, also known as reactive diluents,
contain photo-curing reactive groups and are an important component of photocuring
systems [2]. In order to prevent clogging nozzles, monomers used in UV-LED inkjet
inks generally require less viscosity, which are mainly used to adjust the viscosity of
the system and dissolve other components of the inkjet inks. In addition, the monomer
can also participate in the photo-curing reaction, thereby affecting the curing speed of
the ink and various properties of the cured film [3]. The principle of monomer selection
generally is: low viscosity, strong dilution ability, easy to dissolve. Under the premise
of ensuring solidification, the lower the viscosity is, the higher the pigment content has.
Generally, the monomers used in UV-LED inkjet inks should have low viscosity, have
a strong dilution capacity for the ink system, and are dissolved easily in the system [4],
toxic and volatile. The monomer selected generally has no toxic effect on the human
body and does not pollute the environment [5]. Functionality, under normal
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circumstances, with the increase of functionality and molecular weight, the interaction
force between molecules increases, the viscosity increases; with the increase of func-
tional groups participating in light curing reaction, the activity of light curing reaction
is increased and the curing speed is improved [6]. In this article, we used five
low-viscosity monomers: HDDA, ACMO, DPGDA, EOEOEA, DMAA to formulate
UV-LED inkjet ink binders and inks. In order to evaluate the effect of several common
low-viscosity monomers on the performance of UV-LED inkjet inks, their viscosity,
transparency, infrared spectrum, and other related properties were tested.

2 Experiments

2.1 Experimental Materials

Materials used in this experiment were purchased from Shanghai Guangyi Chemical
Co., Ltd., Shanghai Kaiyin Chemical Co., Ltd., and others. Photoinitiators: 819, TPO;
Monomers: ACMO, HDDA, DPGDA, DMAA, EOEOEA; Pigment: Carbon black;
Additives.

2.2 Preparation and Viscosity Testing of Inkjet Ink Binders

Inkjet ink binders, the other components are the same except the different types of
monomers, the specific formula is shown in Table 1. The total amount of the materials
in Table 1 is 95%, the remaining 5% is the pigment, and the unit of measurement is the
mass percentage.

Viscosity refers to a property that prevents fluid flow, also known as the internal
friction force [7]. Viscosity has an important influence on the quality of UV-LED inkjet
inks and also affects the quality of printing. Therefore, the viscosity of UV-LED inkjet
inks needs to be controlled within a certain range. In general, UV-LED inkjet inks have
a viscosity in the range of 15–30 mPa s. The viscosity is measured at room temperature
using the Iwata No. 2 Viscosity Cup and the unit is s.

2.3 Visible Light Transmission Testing

Visible light transmission is the characterization of transparency of the cured film for
UV-LED inkjet inks, the greater the transmittance, the higher the transparency of the
tested substances [8]. The UV-LED ink-jet ink binder sample was coated on the glass
slide using a hand-coated wire rod at room temperature. After being cured by UV-LED

Table 1. Binder formula

Monomers Other components
TPO Dispersant Prepolymer (resin) Active amine Leveling agent

70 4 8 7 3 0.4
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light source, the cured film was scraped off using a utility knife, and the transparency of
the cured film was measured with an ultraviolet-visible spectrophotometer. Thereby,
the color of the cured film was characterized.

2.4 IR Spectroscopy Testing

The UV-LED ink-jet ink binder sample was coated on the glass slide with a hand-
coated wire rod at room temperature. After being cured by UV-LED light source, the
cured film was scraped off with a utility knife to test its infrared absorption spectrum
curve, and at the same time, the infrared absorption spectrum curve of the connecting
material for the UV-LED inkjet ink was tested [9]. Compared infrared spectrum curves,
the curing degree of the binder for inkjet ink was judged by observing how much the
characteristic absorption band area of C=C was reduced at 810 cm−1. The more the
band area is reduced, the greater the curing degree [10].

3 Results and Discussions

3.1 Viscosity Testing Results

UV-LED inkjet ink was prepared with five kinds of monomers such as ACMO and
HDDA respectively. Pigment is carbon black, add other additives, etc. Except for
different types of monomers, the other components are the same. The viscosity of
several UV-LED inkjet inks were tested by the Iwata No. 2 viscosity cup in the
laboratory, the experimental results are shown in Fig. 1.

It can be seen from Fig. 1 that the viscosity of UV-LED inkjet inks containing
ACMO, DPGDA, HDDA, EOEOEA, DMAA decreases in turn.

Fig. 1. Effect of different monomers on viscosity of UV-LED inkjet inks
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3.2 Visible Light Transmittance Testing Results

UV-visible spectrophotometer was used to test the transparency of UV-LED inkjet inks
which consisted of ACMO, HDDA and DPGDA, respectively. Due to the poor film-
forming properties of ink-jet inks composed of DMAA and EOEOEA when cured on
glass slides, their transparency cannot be tested. Therefore, the experimental results are
shown in Fig. 2.

As can be seen from Fig. 2, the visible light transmission spectrum curves of
ACMO, HDDA, and DPGDA have similar trends. The relationship of visible light
transmittance is ACMO > HDDA > DPGDA. The greater the transmittance, the higher
the transparency of the tested material, so the UV-LED inkjet ink containing ACMO
has the best transparency.

3.3 Infrared Spectrum Testing Results

For several kinds of monomers, the infrared spectrum curve of the connecting material
and cured film of the composition was tested. The experimental results are shown in
Fig. 3.

As can be seen from the above figures, the trends of the infrared spectrum of the
UV-LED inkjet inks of different monomers are generally similar. As can be seen from

Fig. 2. Effect of different monomers on the transparency of UV-LED inkjet inks

Table 2. Reduced proportion of area after curing

Monomer Area before curing Area after curing Reduced proportion

HDDA 800 8 100
ACMO 346 10 35
DPGDA 678 24 30
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the Table 2, the band area of the UV-LED inkjet ink binder containing HDDA is
reduced by approximately 100 times. The UV-LED inkjet ink binder containing
ACMO has a 35-fold reduction in the band area. The band area of UV-LED inkjet ink
binder containing DPGDA is reduced by approximately 30 times. The IR spectra of the
UV-LED inkjet inks containing DMAA and EOEOEA are similar, and therefore the
curing degree is similar.

4 Conclusions

Inkjet ink is one of the important fields of UV-LED curing technology. In order to
prevent clogging of the nozzles, inkjet inks are required to be rapidly cured at low
viscosity. For the monomers used in inkjet inks, they were evaluated for their per-
formance, and they were formulated into UV-LED inkjet ink binders and inkjet inks to
test their relative performance respectively. Based on the above experimental results,
comprehensive analysis and comparison, the monomers are in order: ACMO, HDDA,
DPGDA, EOEOEA, DMAA.

Fig. 3. Infrared spectrum curve of the connecting material and cured film of the composition.
a Infrared contrast diagram of the binder and cured film containing ACMO. b Infrared contrast of
HDDA-containing binder and cured film. c Infrared contrast diagram of binder and cured film
containing DPGDA. d Infrared contrast of the binder containing DMAA and EOEOEA
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Abstract. The absorption of photoinitiator and the curing rate of the pho-
toinitiator will be affected by the color substance in the color 3D printing
material. In order to improve the curing speed of color 3D printing materials, the
influence of dyes on the curing speed of 3D printing materials was first explored.
Different kinds of dyes were selected under the same color conditions, and the
ink was prepared and UV spectrum was carried out. Test and analysis of curing
speed. The types of dyes were controlled to change the types of monomer,
prepolymer and photoinitiator respectively, prepare the ink, and test its curing
speed, etc. Conclusion: the UV absorption of dyes has a great influence on the
curing properties; the higher the functional degree of the active monomer,
the faster the curing speed; the higher the activity of the prepolymer is, the less
the chain transfer occurs, the better the curing property of the prepolymer is. The
higher the UV absorption is in the wavelength range of UV-LED, the higher the
initiation efficiency is, and the better the photoinitiator is.

Keywords: Dye � Photoinitiator � Curing rate � 3D printing

1 Introduction

With the development and progress of technology, color 3D printing technology will
be one of the important trends in the future. In 2007, Object geomatries corporation
released a solojet 3D printing technology that uses an array nozzle to spray light-cured
resin onto a substrate and then solidify it with ultraviolet light. This technique is the
best all-color 3D printing scheme in the world at present, which can realize voxel level
3D printing results. The trend of color 3D printing in China is just beginning. Polyjet
3D printing technology is mainly realized by color rendering and light curing of
materials. At present, the cost of this color material is still relatively expensive [1]. The
development of color 3D printing ink with dye as color material will reduce the cost of
color 3D printing, and expand the application and applicability of light-curing mate-
rials. The UV photopolymerization technology has the characteristics of fast, high
efficiency and environmental protection [2]. It is widely used in the curing of various
inks. UV color ink contains dyes, so the effect of dye addition on curing properties of
UV curing materials is studied. The effects of the kinds of dyes, active monomers,
prepolymer and photoinitiators on the curing properties were investigated.
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2 Experimental Raw Materials and Instruments

2.1 Experimental Raw Material

Dye: 1# brilliant red (Shandong Hongfu Chemical Co., Ltd.), 2# brilliant red (Auterley
Chemical Co., Ltd.), 3# 311 Peach Red (Wen zhou Autelai Chemical Co., Ltd.), 4#
Peach Red (Zhongshan Hengtai Technology material Co., Ltd.), 236# brilliant red and
237# brilliant red (Kunshan Wanfukai Chemical Co., Ltd.) [3, 4].

Prepolymer: V100 Hyperbranched Acrylate (cyanide), EB270 Aliphatic Poly-
urethane Acrylate (Guangdong, China), EB150, EB870 Hyperbranched Polyester
Acrylate (Zhan Xin Resin Shanghai Co., Ltd), LED01 Mixtures of polyhydroxyacrylic
resins and thio derivatives (Zhan Xin Resin Shanghai Co., Ltd.) [5].

Active monomer

(1) Mono-functional monomer: ethoxyethyl acrylate EOEOEA, Acryloyl morpholine
ACMO;

(2) Difunctional monomer: 1,6 hexanediol diacrylate HDDA, dipropylene glycol
diacrylate DPGDA, neopentyl glycol diester NPGDA, tripropylene glycol
diacrylate TPGDA;

(3) Trifunctional monomer: trimethylolpropane triacrylate TMPTA (Tianjin Tianjiao
Chemical Industry).

Free radical photoinitiator: 1-hydroxycyclohexylphenyl ketone 184, phenyl bis (2,
4, 6-trimethylbenzoyl) phosphine oxide 819, thiophenyl benzoxy cyclic acetone 907N,
2-isopropyl azanthronone ITX, 2, 4, 6-trimethylbenzoyl-diphenyl phosphate oxide
TPO, 1508, DETX; oxygen inhibitor: ammonia EHA.

2.2 Laboratory Apparatus

Electronic balance (Orhaus instrument (Changzhou) Co., Ltd.) HJ-6 Multi-head
Magnetic heating Mixer (Jintan Jinnan instrument Manufacturing Co., Ltd.) UV-2700
UV-2700 UV-visible Spectrophotometer (Japan Shimadzu Company) UV-LED curing
Machine (Ivata) Shanghai) Precision Optoelectronic Co., Ltd.

3 Ink Preparation

3.1 Determination of UV Absorption of Dyestuffs

The dye solution is prepared according to the concentration of the general ultraviolet
test solution. First, take a certain amount of monomer, add dye, stir evenly with glass
rod, put it in HJ-6 magnetic agitator for 5 min, and continue to prepare different
concentration dilution solution with the same monomer. Then the dilute solution of dye
was tested by UV-LED- ultraviolet spectrophotometer, and the absorption of ultraviolet
spectrum of each dye was tested.
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3.2 Preparation of Dye Inks

According to the content of each component in the formula, we first add monomer, dye,
prepolymer, photoinitiator and so on to the beaker. Then the 20 min is heated on the
HJ-6 multi-head magnetic heating agitator, and then the heating button is closed and
the 10 min is stirred continuously.

4 Curing Property Test

At room temperature, 10 cm long and wide 5 cm films were cut, and then coated with
hand-coated filament rods (12 lm). UV-LED curing light sources (385 and 395 nm,
power 60 W) were used to solidify the films. The intensity of the fixed light sources
remained constant and the speed of the conveyor belt was adjusted. With the fastest can
make ink surface and inner layer solidification at the same time conveyor speed for the
ink curing speed [6].

5 Analysis of Test Results

5.1 Selection of Dyes

5.1.1 UV Absorption Analysis of Dyes
The absorption of different kinds of dyes in the homograft is different. The wavelength
of the curing machine used in this experiment is 385 and 395 nm. In order to avoid the
curing wavelength, the UV absorption test must be carried out to find the appropriate
‘light transmittance window’.

Obviously, the less the dye absorbs at this wavelength, the better the curing per-
formance of the ink is. Moreover, considering the color effect, the larger the absorption
in the 500–600 nm ranges, the better. In this experiment, six dyes were selected to
dissolve in monomeric EOEOEA. The results are as follows.

The UV absorption peak of fuchsin dye is 530–580 nm. It can be seen from Fig. 1
that the absorption peak of 3 # dye is more suitable for this experiment under the same
monomer concentration. The 3# dye and 4# dye in the 385–395 nm ranges are the two
dyes with the lowest absorption intensity in the 385–395 nm ranges, and the two dyes
coincide in this range.

5.1.2 Analysis of Curing Properties of Dyes
In order to measure the curing rate, six dyes were mixed into ink and cured on UV-
LED curing machine. The test results are shown in Fig. 2.

As can be seen from Fig. 2, the 3 # dye and the 4 # dye have the lowest absorption
at 385–395 nm, and the curing speed is the fastest; 2 #, 3 # and 4 # dyes have strong
absorption at 385–395 nm, and the curing speed is also particularly slow. According to
the experimental results, the types of dyes have a great influence on the curing per-
formance of the ink.
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From Figs. 1 and 2, it is analyzed that the dye has the lowest absorbance and the
fastest curing speed in the range of 385–395 nm, so the dye is selected in this
experiment.

5.2 Effects of Active Monomer Types on Curing Properties

Active monomer, also called diluent, not only dilutes the prepolymer in the reaction,
but also is used as dye solvent [6]. Therefore, the effect of its kind on the curing speed
of three-dimensional photocuring materials is obvious. The types of prepolymer,
photoinitiators and dyes in the fixed materials, changing the types of monomers,
preparing dye inks, and testing the curing rate of dyes, as shown in Fig. 3.

As can be seen from Fig. 3, the curing speed of the monofunctional monomer
EOEOEA is slower than 5 m/min, because the reactive group content of the mono-
functional reactive monomer is low resulting in a lower photocuring speed, however,
the curing speed of the monofunctional monomer ACMO is relatively fast to 35 m/min
because the nitrogen atom contained in the molecule can reduce oxygen resistance.

Fig. 1. UV absorption spectra of different dyes in the same monomer

Fig. 2. Curing rate of different dyes in the same monomer
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There are two active groups in each molecule of DPGDAN, NPGDA and TPGDA
which can take part in the reaction, so the photocuring rate is faster than that of single
functional group. In the same way, the ratio of active group of trifunctional group is
more than that of bifunctional group, so the curing speed of trifunctional group is
faster. As shown in Fig. 3, the monomer TMPTA has the fastest curing speed.

5.3 Effect of Prepolymer Types on Curing Properties

The prepolymer is the basic skeleton of the three-dimensional printing light-curing
material. In order to investigate the influence of the type of prepolymer on the curing
rate of the material, the type of fixed active monomer, the type of photoinitiator and the
type of dye, the type of prepolymer can be changed. Dye ink was prepared and its
curing rate was measured. The experimental results are shown in Fig. 4.

According to Fig. 4, it is easy to see that different kinds of prepolymer have
different effects on curing properties. The curing rate of aliphatic polyurethane acrylate
EB270 prepolymer was relatively low because of its low activity and the difficulty of
forming long chain polymers in a short time. The curing rate of LED01 prepolymer is
65 cm/min, which is a mixture of polyhydroxyacrylic resin and Sulfur derivative,
because of its high activity and low chain transfer, it can form long chain polymer in a
short time.

Fig. 3. Effect of monomer type on curing rate

Fig. 4. Effect of type of prepolymer on curing properties
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5.4 Effect of Photoinitiator on Curing Rate

The curing properties of color 3D printing materials are mainly determined by pho-
toinitiator. Photoinitiator is the fundamental reason for the prepolymer and active
monomer solidification, so the correct selection of photoinitiator is of great significance
to this experiment. In this experiment, 7 kinds of photoinitiators were selected, the
other components were fixed, the dye ink was prepared, and the curing rate was
measured. The experimental results are shown in Fig. 5.

The most important principle of choosing photoinitiator is that the absorption peak
of photoinitiator should coincide with the spectral band of the UV source used [7]. As
can be seen from Fig. 5, when curing with a fixed light source, the curing rate of ink
prepared with different photoinitiators varies greatly; the fastest initiator is ITX, which
is because the effective absorption peak of photoinitiator ITX is at 382 nm. The ini-
tiator efficiency is relatively high, so the curing speed of the dye ink prepared by it is
faster; However, the curing rate of photoinitiator 184 and photoinitiator 907 is the
smallest, mainly because the effective absorption peak of 184 is at 246 and 278 nm,
and the absorption at 385–395 nm is weaker [8], so the curing rate is relatively slow.

6 Conclusions

Based on the study of the curing properties of dye ink, the following conclusions are
drawn: the absorption of the dye is the lowest in the wavelength range of light source,
the curing speed is the fastest, the curing speed of the three-functional group active
monomer TMPTA is the fastest; the prepolymer LED01 of polyhydroxy acrylic resin
and sulfur based derivatives has the best curing effect, and the fastest curing rate of the
photoinitiator ITX at the effective absorption peak at 382 nm.

Acknowledgements. This study is funded by the program “Research on the Key Technologies
of True Color 3D Printing” (No. KM: Ec201805), College Student Research Program of Beijing
Institute of Graphic Communication ‘Research on the Solidification Speed of Color 3D Printing
Materials’ and ‘Preparation and Photopolymerization Properties of UV-Curing Fluorescent Inks’.

Fig. 5. Effect of photoinitiator on curing rate
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Abstract. Apart from a high requirement for the precision of graphics, the
refinement of printing electronics ink needs to involve functional printing ink.
The pretreatment of substrate, especially non-permeable substrate, holds the key
to ensure printing accuracy without compromising the performance of printing
ink. Therefore, the topic deserves more efforts to investigate the feasibility of
enhanced printing ink and mass production. In this study, PET was first pre-
treated through the process including plasma, coating (PVA and PVP) and then
both particle-type and non-particle type (silver ammonia complex) nano silver
ink were printed and sintered. The final findings indicated that particle-type nano
silver ink achieved a better electrical property on PET with PVA coating while
non-particle type nano silver ink advanced its electrical property on PET
pretreated by plasma.

Keywords: Non-permeable substrates � Conductive-ink � PVP � PVA �
Coating

1 Introduction

Different from traditional printing, printing electronics technology has a strict
requirement for both graphics accuracy and material performance. To ensure neat edges
for higher graphics accuracy, and even and smooth spreading of internal materials for
functional stability while electrical conducting functional material is in middle of
sedimentation, the researchers dedicated themselves to optimization of printing pro-
cess, optimization of ink materials and pretreatment of substrates [1]. Ink materials and
substrates were given special consideration in the study. Substrate is technically cat-
egorized into two types, which are permeable substrate, represented by paper and
textile, and non-permeable substrate, including plastic film and glass. Coffee-ring
effect, a key to ink spreading, is mostly influential on non-permeable substrate. To
advance graphics precision, two approaches are adopted to pretreat non-permeable
substrate such as plasma and coating [2, 3]. Functional ink material is usually present in
two forms, particle-type functional ink and non-particle type functional ink. To man-
ufacture particle-type functional ink, the researchers need to first turn functional filler
into micron-level or nano-level particle, nanowire or sheet, and semi-products are
dispersed into solution after macromolecule encapsulation [4]. That is where ink comes
from. Once the printing is done, solution evaporates into gas, and nanometer materials
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are connected to form functional layers through sintering [5]. The manufacturing
process of non-particle type functional ink is a different story. Ink originates from
solution with functional materials or ones in a form of complex. Functional materials
precipitate gradually, and functional layers come into being during a high-temperature
pretreatment.

For the sake of coffee-ring effect, drops leave layers of uneven sediments on
unpretreated PET film after evaporation and drying. In the study, unpretreated PET film
is not considered. PET film is applied as non-permeable substrate and later pretreated
by plasma and coating (PVP and PVA resin). Sedimentary particle-type and non-
particle type nano silver ink are sintered to form conductive layers. Four-probe method
is employed to measure resistance and analyze the impact of different inks on electric
conductivity, therefore investigating how different pretreatments of on-permeable
substrates influence functional layers.

2 Experiment

2.1 Materials (Substrate/Ink) Preparation

PET films with a thickness of 0.1 mm were tailored into 100 * 100 mm2, followed by
plasma radiation pretreatment for 20 s or coating pretreatment. There were two types of
coating liquids used in the study: (a) PVA resin blended with nano SiO2 powder; (b) PVP
liquid. Liquids were separately applied to PET films. The reasonwhy the PVP did not add
SiO2 is that when applied SiO2 with high concentration PVP, will cause agglomeration.
Current experimental conditions cannot solve this problem. PET films with coating were
placed in the oven for 24 h at a temperature of 80°. Silver particles with a size of between
50 and 80 nm were dispersed into 40% diethylene glycol monomethylether aqueous
solution by ultrasonic machine, to develop 30 wt% particle-type nano silver ink. 12 wt%
silver complex ink was prepared with silver oxalate as a silver source, ethylenediamine as
a complexing agent as well as isopropyl alcohol as solution.

2.2 Printing Pretreatment

Dimatix 2831 printer was employed to match two types of ink with three substrates. The
substrate with particle-type ink was first tested by SEM formorphological characteristics.
All samples were sintered in the oven at a temperature of 120°. Then the morphology of
substrate with non-particle type ink was observed through SEM (ZEISS Sigma 500). In
the end, four-point probe was used to measure sheet resistance of all samples.

3 Results and Discussion

Clear graphics margins of three pretreated substrates were observed in SEM images.
That means the pretreatment has improved the accuracy of all graphics. However,
morphology and conductivity varied in various substrates, which would be discussed in
detail.
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3.1 PET Printing Pretreated with Plasma

The drawing shows that particle-type ink is well arrayed on the substrate pretreated with
plasma in general, but cracks are observed in some areas, because plasma breaks down
macromolecule chains of PET substrate, leading to an enhanced surface energy for an
effective control over ink spreading. In addition, ink mobility decreases and thus sus-
pended particles are more likely to adhere to PET with high surface energy, while ink is
being dried. However, it is not strong enough to restrict the ink motion, causing the crack.
By contrast, non-particle type ink acquires a compact and even surface after sintering.
The possible explanation is that non-particle type ink has been already spread evenly
before the high-temperature pretreatment. When it is placed in the oven, solvent vapor-
izes with a growing viscosity and a decreasingmobility. Therefore, the motion is disabled
while silver element is separate. As time goes by, silver element turns into an even silver
film. Partial flaws and stacking are caused by PET surface defect (Figs. 1 and 2).

Fig. 1. Particle-type ink on PET

Fig. 2. Non-particle type ink on PET
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3.2 PVP Coating

After particle-type ink is printed on PET substrate with PVP coating, there is a
remarkable distribution defect of microstructure. Even fractures occur regularly on the
macro level. The main reason lies in PVP coating swells while absorbing ink solution,
along with an uneven shrinkage during the drying. As a result, nano silver particles
may migrate with PVP macromolecule chains which they adhere to, which is finished
within dozens of microseconds Given that the regularity is consistent with the interval
of two successive ink droplet printings, it is the sequence of droplet during the
deposition which leads to the regular swelling and shrinkage (Figs. 3 and 4).

For non-particle type ink, there is a sheet-like microstructure with voids in-between
sheet structures. On the macro level, the surface looks rough, loose and even, mainly

Fig. 3. Particle-type ink on PVP coating PET

Fig. 4. Non particle-type ink on PVP coating PET
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because silver element has precipitated and PVP molecular chains have been inter-
twined during sintering and curing. Also, PVP intermolecular binding force is not
strong, causing the shrinkage of sheet structures connected by silver elements.

3.3 PVA Resin Blended with Silicon Dioxide Coating

Particle-type nano silver Ink is well spread on PET with PVA resin coating. It looks
perfect as well on the macro level. PVA resin combined with silicon dioxide nano
particles are empowered with fine water absorption. With water-absorbing resin cov-
ering silicon dioxide, the coating surface acquires a microstructure with more surface
areas. In addition, silicon dioxide acts as a coating stent to effectively prevent swelling
during the wetting or shrinkage during the drying, therefore creating a steady coating.
Non particle-type ink shows a rod-like structure on such a substrate. The
macrostructure is comparatively even with porosities, which is caused by penetration of
non particle-type Ink into coating. After sintering, the structure is more like an original
one (Figs. 5, 6 and 7).

It indicates that the elementary structure of PVA coating is characterized by a rod-
like shape, stacking and porosity. The structure increases surface areas and controls the
ink spreading. Nano silver ink particles accumulate on the coating. Especially, small
nano particles gather inside the conductive pattern within the range of 2 and 5 lm,
since there is a restricted motion on droplet margin during the drying. In general, the
regularity of droplet margin is ensured and the overall homogeneity of conductive
layers is guaranteed because of microstructure absorption.

3.4 Conductivity

Conductivities of various samples after sintering are listed in Table 1.

Fig. 5. Particle-type ink on PVA resin blended with silicon dioxide coating PET
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Because of swelling, particle-type conductive-ink is disconnected on PVP coating
and fails to form connected and effective conductive layers. After plasma pretreatment,
PVA coating is given a higher homogeneity. That is because surface microstructure

Fig. 6. Non particle-type ink on PVA resin blended with silicon dioxide coating PET

Fig. 7. The border between PVA coating and nano silver particle layer

Table 1. Square resistance of particle-type and non particle-type nano silver-ink on PET treat
with plasma or coating

Nano silverink type Square resistance (mX/Sq)
Plasma PVP PVA

Particle 112.50 – 12.65
Non-particle 80.21 – –
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decreases the motion of silver particles inside ink. In particular, PVA’s fast absorption
of solution reduces the motion time of nano silver particles. By contrast, non particle-
type ink is dissolved in the coating and later precipitates along with coating structure
during the heating, so it is impossible to form silver films.

4 Conclusions

Given microstructure and forming process of functional materials, different surface
pretreatment specific to ink types can enhance the performance of functional materials.

PVA water-absorbing resin coating mixed with silicon dioxide may absorb ink
solution quickly, reduce the evaporation duration and prevent shrinkage of polymer
coating during the drying, eventually leading to conductive layers with sheet resistance
of up to 12.65/m2. By contrast, non particle-type conductive-ink penetrates into coating
and silver element cannot be connected after precipitation. Therefore, conductive layers
with sheet resistance of 80.21/m2 can only be achieved while substrate without coating
is pretreated.

Acknowledgements. This study is supported by Lab of Green Platemaking and Standardization
for Flexographic Printing.
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Abstract. In this article, in order to improve the hydrophilicity and anti-fouling
ability of the pure PES membranes, CA was introduced in N,N-
dimethylacetamide/lithium chloride with non-woven fabric as support. The
influence on PWF was studied, and the preparation condition was optimized as
follow: PES, 18 wt%; PVP K30, 4 wt%; CA, 3 wt%; Evaporation time, 20 s.
The characteristics of membranes were studied by means of SEM, anti-fouling
performance and compatibility. The compatibility results showed CA/PES
membrane was a semi-compatibility system. The results indicated that the
performances such as hydrophilicity and anti-fouling ability were improved
remarkably with the addition of cellulose acetate.

Keywords: Cellulose acetate � Anti-fouling property � Membrane �
N, N-dimethylacetamide/lithium chloride � Non-woven

1 Introduction

PES has excellent mechanical properties, high thermal stability, good chemical resis-
tance and film formation [1, 2]. However, the membrane flux and anti-fouling per-
formance of PES membrane were not ideal due to its inherent hydrophobicity and PES
film easy to be adsorbed by fouling agent [3].

The cellulose esters have showed excellent biocompatibility, fouling resistance and
processability, which have attracted extensive attention of researchers. Moreover, it is a
kind of environment-friendly material and inexhaustible resource [4]. However, cel-
lulose esters have defects in mechanical strength, oxidation degree, thermal chemistry
and chemical resistance, which limit their application [5]. Cellulose acetate (CA),
which has good hydrophilicity, is widely used, and many studies have shown that CA
can be mixed with suitable polymers to meet new performance requirements [6, 7].

In membrane separation processes, excellent permeability and strong chemical
resistance to feed flow of the porous membranes are needed. In the process of mem-
brane usage, both its separation performance and service life are affected by membrane
pollution. And membrane is limited by its hydrophilicity, but this can be improved by
changing the components and proportion.
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In this study, DMAc/LiCl (N, N-dimethylacetamide/lithium chloride) was used as
the solvent and PVP (polyvinylpyrrolidone) was used as the pore-forming agent to
form a uniform and stable casting solution, which was then scraped onto the non-
woven fabric to form a film. The optimum preparation conditions were studied and
discussed in detail.

2 Experimental

2.1 Materials and Methods

Cellulose acetate (Mw = 61,000) was supplied by Sinopharm Chemical Reagent Co.,
Ltd and dried under vacuum at 50 °C for 24 h at least. Bovine serum albumin (BSA,
Mw = 67,000) was supplied by Beijing Aoboxing Biological Technology Co., Ltd. All
other chemicals were of analytical grade and were used as received. The microstruc-
tures of the membrane were observed by SEM images, which were shot by JSM-6700F
scanning microscope.

2.2 Preparation of Membranes

The separation membranes were prepared by phase inversion method [8]. A certain
amount of PVP and CA were dissolved in DMAc/LiCl solvent, and a certain amount of
PES were added to form the casting solution, then which was placed to take off the
bubbles for 24 h.

The casting solution was scraped onto the non-woven fabric surface. After the
solvent evaporated at room temperature for some time, the regenerated film was then
put into the coagulation bath of deionized water for the removal of the residual solvent.
Before the characterization, the membrane was placed in deionized water. Since
thermodynamic influence factor, similar casting conditions should be ensured in the
experimental process. Figure 1 illustrated the above process in a simplified sequence
flow diagram.

2.3 Anti-fouling Filtration Experiments

The illustration of the filtration experiments was shown in Fig. 2. The pure water flux
(PWF) was measured under 0.1 MPa pressure, and calculated according to the fol-
lowing equation [9]:

PWF ¼ Q= A � tð Þ ð1Þ

where Q is the permeation amount (L); A is the membrane area (m2); t is the time (h).
The BSA solution (1 g/L) was used as the model to test the antifouling property.

The shaking table adsorption method was used to evaluate the antifouling performance
of membranes.

The membranes were placed into BSA solutions and shook for 1 h at 25 °C. The
adsorption fouling under zero pressure was expressed with FD and the adsorption
fouling under pressure was expressed with FA.
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FD ¼ T0 � TWð Þ=T0 � 100% ð2Þ

where Tw, is the PWF after adsorption; T0, is the PWF before adsorption.
The BSA solution (1 g/L) was used as the feed solution and a new filtration

experiment was done for 1 h at 25 °C.

Fig. 1. Preparation process of blend membranes

Fig. 2. Schematic diagram of the filtration apparatus 1-nitrogen cylinder, 2-cut-off valve,
3-relief valve, 4-regulator valve, 5-MSC300 Ultrafiltration cup (Shanghai Mosu, China), 6-feed
inlet, 7-blowdown, 8-discharging outlet
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FA ¼ F0 � FWð Þ=F0� 100% ð3Þ

where Fw, is the PWF after experiment; F0, is the PWF before experiment.

3 Results and Discussion

3.1 The Water Flux

The effects of concentration and evaporation time on PWF were shown in Fig. 3. It
could be found from Fig. 3a that PWF of the membrane showed a downward trend
when PES concentration ranged from 12 to 22 wt%. This may be caused by the fact
that, the increase of PES concentration led to the increase of solution viscosity, and the
molecular chains intertwining, making the membrane surface denser, and thus limiting
the free flow of polymer molecules. In the process of phase transformation, the solvent
system including solvent and nonsolvent was impeded, resulting in smaller pore size
and lower porosity. Thus, when PES concentration increased over 18 wt%, the PWF
decreased significantly.
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It could be found from Fig. 3b that the PWF increased first and then decreased
when CA was added to the casting solution. When CA concentration changed from 0 to
3 wt%, the PWF of the film increased, and the maximum value was reached when CA
concentration was 3 wt%. The PWF of the film began to decrease when the amount of
CA continued to increase. The hydrophobicity, porosity and pore connectivity of the
porous membrane were improved by adding CA into the casting solution, so that PWF
of the membrane was improved. When the content of CA was relatively low, the
increase of PWF was mainly affected by the hydrophilic porosity and pore connec-
tivity. However, when CA content was too high, the PWF of the membrane began to
decrease, which was caused by excessive CA starting to aggregate in the membrane,
resulting in the reduction in porosity and pore connectivity [10].

PVP is a hydrophilic additive that can be dissolved by water. After the initial
polymer film was immersed in water, the part occupied by PVP would become
microspores, so the porosity would increase with more PVP contained in the casting
solution. Therefore, the PWF could be improved by adding CA. However, because of
the reaction between PVP and CA, the porosity and PWF could be reduced if overmuch
CA was added. Therefore, 3 wt% was the appropriate CA amount.

It could be found from Fig. 3c that the PWF increased slowly with the amount of
PVP was further increased, and then appeared in a slightly phase downtrend. PVP
moved from polymer solution into solidification bath.

When the concentration of PVP was low, the demixing process was mainly affected
by the thermodynamic properties, so that the phase separation of the solution was
improved. However, with the further increase of the concentration of PVP, viscosity
buildup was higher than thermodynamic factors, which delayed the solution demixing.
The increase of the solution viscosities made the PWF appear slight decrease.

It could be found from Fig. 3d that the PWF decreased firstly and then increased.
With the evaporation of solvent, the membrane surface concentration increased, pro-
viding the foundation for forming a dense surface layer, which may hinder the
exchange of the solvent and non-solvent in the course of immersion, so immersion in
the water bath was greatly prevented for PVP [10]. The holes on the membrane surface
became smaller over time, and the surface was getting denser and denser, thus the PWF
reduced. In addition, since DMAc had strong water absorption capacity. As the time
going, the water absorption of membrane was further improved, which indicated the
membrane structure would be looser and the pore would be too large.

Take all factors into account, the preparation condition was optimized as follow:
PES, 18 wt%; PVP K30, 4 wt%; CA, 3 wt%; Evaporation time, 20 s.

3.2 Anti-fouling Property

It could be found from Fig. 4 that the hydrophilicity and the anti-fouling property were
enhanced with the CA added. The hydrophilic CA promoted the exchange of solvent
and non-solvent in the course of phase separation. The hydrophilic group moved
towards the membrane surface, reducing the free energy, forming more hydrogen
bonds.
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3.3 Compatibility

The compatibility of blends has been studied by using viscosity method [11]. For
compatible mixtures, the viscosity change is linear and indicates a single-phase system.
An incompatible system may appear an S-type viscosity curve, representing two
opposite phases. The semi-compatible system may appear a non-linear (not S-type)
curve. The curve properties of semi-compatible blends systems are completely different
from those of the above two systems, the curves of it are non-linear at most
concentrations.

It could be seen from Fig. 5 that the viscosity diagram of the mixed solution was
non-linear (not S-type) with the increase of CA concentration, which indicated that
CA/PES solution was semi-compatibility.
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3.4 Morphology

Figure 6 showed the surface and cross-sectional SEM images of membranes. It was
found that numbers of micropores occurred on the surface of the blend film. The
incorporation of CA and PVP led to a better hydrophilicity, which accelerated the
diffusion of solvent and nonsolvent.

The results showed that CA and PVP had greatly changed the porous structure from
sponge-like structure to finger-like structure. The addition of hydrophilic CA promoted
the exchange of solvent and non-solvent in the course of immersion and formed a large
pore and finger-like structure [12].

In summary, it could be concluded that CA/PES membranes had better PWF and
anti-pollution performance. Furthermore, the CA/PES membranes had a flat surface in
Fig. 7.

Fig. 6. Surface SEM images (a, b) and cross-sectional SEM images (c, d)
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4 Conclusions

The hydrophilic materials had greatly changed the membrane structure from spongy to
finger-like structure, which made the PWF and anti-fouling performance get better.
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Abstract. This study prepared nanocellulose from cassava residues by the
mechanochemical method which adopted phosphoric acid as aids and used high-
speed dispersion to offer mechanical force, aiming to improve the properties of
such biodegradable materials as PLA, PHA and PVA and make full use of
cassava residues. Stearic acid is used to improve the dispersity of the prepared
nanocellulose, so that it can be well dispersed into some biodegradable materials
with small polarity. In addition, these materials may also be hydrophobic after
the addition of the modified nanocellulose. Nano Particle Analyzer, SEM and
FTIR were applied to characterize the properties of the nanocellulose and the
modified nanocellulose, and the dispersity of modified nanocellulose was
characterized by the dispersity test. The results show that the size of the
nanocellulose is between 15.1 and 18.1 nm, and there are a lot of small holes on
its surface that leads to the increase of specific surface area. This modified
method belongs to that of surface modification which can reduce the surface
polarity of the nanocellulose and make it dispersed into the polar solvents.

Keywords: Mechanochemical � Cassava residues � Nanocellulose �
Hydrophobic modification

1 Introduction

Cellulose synthesized by the photosynthesis of plants is one kind of organic high-
molecular polymer. The annual production of newly produced cellulose on the earth
exceeds 15 � 1012 tons by now [1]. Cellulose belongs to one kind of extensive
renewable resource. As the world is now faced with severe challenges in environment
and resource shortages. Therefore, people pay more attention to the basic research and
practical application of renewable resources such as cellulose. For example, many
studies use cellulose as raw materials to prepare nanocellulose expecting to replace
petroleum raw materials has become one of the current research hotspots [2].

People have begun to develop nanoscale materials with the development of new
materials’ preparation. They find that nanomaterials have effects of small volume,
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surface, interface, and quantum tunneling which leads to its optical, electrical, and
chemical properties are more excellent compared with common micron-scale
materials [3].

Nanocellulose prepared from cellulose is defined as a material which diameter is
less than 1000 nm in a broad sense. According to the specific morphology, nanocel-
lulose can be classified into needle-like nanocrystalline cellulose (NCC), fibrillar cel-
lulose nanofiber (CNF) and network micro fibrillated cellulose (MFC) [4]. As a kind of
nanoscale material extracted from natural cellulose, nanocellulose is not only abundant,
renewable and degradable, but also has high elastic modulus, tensile strength and
crystallinity. Also, nanocellulose features in large aspect ratio, external hydroxyl group,
specific chemical modification and good biocompatibility [5], and it is also charac-
terized by large specific surface area, high reactivity and good small size effect.

In this paper, cassava residues were used as raw material to prepare nanocellulose
by mechanochemical method. To improve its dispersibility, this paper attempts to carry
out hydrophobic modification with stearic acid, expecting to use it in the field of
biodegradable packaging materials in the future.

2 Materials and Methods

2.1 Materials

Cassava residues cellulose (self-made); Phosphoric acid (H3PO4) (Chemical Reagent
Co., Ltd. Guangzhou, China); Anhydrous ethanol (Zhiyuan Chemical Reagent Co.,
Ltd. Tianjin, China); Stearic acid (C18H36O2) (Sanyuan Fine Chemical Co., Ltd.
Wujiang, China).

High-Speed Disperser (LSFS400, Changzhou Lianbao Mechanical Equipment Co.,
Ltd.); Ultrasonic cleaner (YL-A, Wenzhou Ouhai Ultrasonic Equipment Co., Ltd.);
Electric thermostatic blast drying oven (DGG-9053AF, Shanghai Senxin Experimental
Instrument Co., Ltd.); Refrigerated speed centrifuge (HemaTGL, Hunan Wanda
Equipment Co., Ltd.).

2.2 Preparation of Samples

2.2.1 Preparation of Nanocellulose Suspension
First, 6 g of cassava residues cellulose was weighed, and then 120 ml of 98% phos-
phoric acid was poured into a beaker, then mixing them. The mixed solution was
poured into a high-speed disperser at a speed of 900 r/min, and stirred at room tem-
perature for 120 min. After the reaction, the solution was centrifuged over and over
again with distilled water until its PH was neutral. Next, the solution was diluted with
distilled water and the suspension was maintained at 60 °C for 60 min in an ultrasonic
environment of 20 kHz and 40 W. Finally, after leaving to rest for some minutes, a
nanocellulose suspension was obtained.

2.2.2 Hydrophobic Modification of Nanocellulose
First, 20 ml of the above-prepared nanocellulose suspension was taken, and after
stirring, 15 ml of absolute ethanol was added to the beaker. The solution was then
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placed in an ultrasonic environment for 30 min. After sonication, the solution was
placed in a constant temperature magnetic stirrer at 78 °C for 10 h. Finally, the solution
was centrifuged with absolute ethanol. The Supernatant was discarded, and the pre-
cipitate was dried with the freeze dryer.

2.3 Characterization

2.3.1 Nanoparticle Size Analysis
0.5 ml of the nanocellulose suspension was pipetted into a 250 ml volumetric flask and
allowed to stand for a period of time to stabilize the formulation solution to a certain
concentration. Once a day, the particle size was measured by using the Malvern Nano
Particle Size Analyzer.

2.3.2 Scanning Electron Microscope
First, the nanocellulose suspension and modified nanocellulose were dried with a freeze
dryer. And a certain amount of cassava residues cellulose was dried to constant weight
at 40 °C. A small number of dried samples were adhered to a conductive adhesive and
sprayed with gold. The Scanning Electron Microscope was used to observe the mor-
phologies of different samples.

2.3.3 Fourier Infrared Spectrometer Analysis
First, a certain amount of potassium bromide was weighed in an oven at 40 °C, and
then the samples were ground after drying. 200 mg of treated potassium bromide
powder was accurately weighed into a sampler tank, pressed it into uniform transparent
flakes. Then it was measured on a Fourier infrared spectrometer as a blank background;
after that, 2 mg of cassava residues cellulose, 2 mg of nanocellulose, and 200 mg
potassium bromide were weighed and mixed them uniformly. The tablets were evenly
pressed and a tablet machine was used to make it as transparent as possible. Finally,
measurements were made on a Fourier infrared spectrometer.

2.3.4 Dispersion Experiment
The modified nanocellulose was dried in an oven at 40 °C in advance. The selected
three sets of solvent combinations were observed as shown in Table 1.

The experimental samples were all dispersed into the solvent’s combinations at
4 mg/ml.

Table 1. The solvent’s combination in dispersion test

Sample Solvent’s combination Polarity size

A Ethyl acetate/distilled water (under) 4.3/10.2
B Dichloromethane/distilled water (on) 3.4/10.2
C Toluene/distilled water (under) 2.4/10.2
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3 Results and Discussion

3.1 Particle Size Analysis

The particle sizes of the three measurements are shown in Table 2. As can be seen from
Table 2, we see that the nanocellulose prepared by this method mainly has a length
from 229.5 to 248.4 nm and a diameter from 15.1 to 18.1 nm. A small particle size at
17.8% with a length of 10.59 nm and a diameter of 0.3321 nm appeared in the first
measurement, but it doesn’t appear in the latter two measurements. This may because
that the distribution of the prepared nanocellulose has a large size range when it is just
prepared, and the nanocellulose with small size agglomerates every other day.
According to the relevant literature, the number average length of individual fibers in
cassava residues is around 0.6 mm, and the fiber’s diameter is around 0.02 mm [6].
The results show that mechanochemical force reduces the length and the diameter of
the cellulose in the cassava residues, wherein the cellulose produced is nanosized.

3.2 Surface Morphology

Figure 1a shows the SEM image of the cassava residues cellulose. It can be observed
that the cassava residues cellulose is mainly composed of good sheet-like fiber bundles.
The image of nanocellulose prepared by mechanochemical method is shown in Fig. 1b.
What can be seen is that the surface of cellulose is further exfoliated and the fibrous
tissue is exposed more, which indicates that under the effect of phosphoric acid and
high-speed disperser, the structure of cellulose is still maintained. From the analysis of
3.1 above, we can see that the particle size of nanocellulose is pretty small. There are
many small pores on the surface of the cellulose with the effect of mechanochemical
force. The specific surface area of the cellulose is increased so much because of so
many active hydroxyl groups on the cellulose surface. Therefore, it is very easy to form
molecules. Inter-hydrogen bonds and van der Waals forces between the nanoparticles
will also increase, so the nanocellulose will still agglomerate after freeze-drying.

The SEM images of modified nanocellulose are shown as Fig. 1c, d. From Fig. 1c,
it can be observed that most of the nanocellulose is modified successfully by stearic
acid. This is because the addition of stearic acid increases the barrier between
nanoparticles, and to a certain extent, inhibits the trend of interparticle collisions that
leads to the agglomerates [7]. There is also a small portion of nanofibrillar cellulose
which is not wrapped, but gathers tightly together. Figure 1d shows a partial enlarged
view of a representative bulk of modified nanocellulose. What can be seen is that the

Table 2. The results of particle sizes by Malvern nanoparticle size analyzer

Times Peak Length (nm) Diameter (nm) Distribution (%)

First Peak1 248.4 18.1 82.2
Peak2 10.59 0.3321 17.8

Second Peak1 229.5 18.34 100
Third Peak1 246.4 15.1 100
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surface of the modified nanocellulose is somewhat rough. Because of the introduction
of low surface energy stearic acid, a similar rough structure with a hydrophobic surface
is formed just like the lotus leaf.

3.3 Fourier Infrared Spectrometer Analysis

The FTIR results of cassava residues cellulose, nanocellulose and modified nanocel-
lulose are just shown in Fig. 2a–c respectively. The cassava residues cellulose and
nanocellulose were observed from Fig. 2a, b. They all have the characteristic
absorption peak from 2926 to 3230 cm−1, which belongs to multi-associative
stretching vibration of intermolecular hydrogen bonding. There is the –OH vibration
of crystal water in cellulose at 1655 cm−1 [8]. Stretching vibration of –C–O–C and
–OH deformation vibration in cellulose appears at around 1030 cm−1. There is small
peak absorption at around 898 cm−1 that belongs to the –CH rocking vibration of b-1,
4-glycosidic bond in cellulose [9, 10]. We can conclude that the structure of cellulose is

Fig. 1. SEM images of cassava residues cellulose (a), nanocellulose (b) and hydrophobically
modified nanocellulose (c, d)
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still remained after mechanochemical force. From Fig. 2c, we can see that there are two
absorption peaks at 2926 and 2855 cm−1. Compared with Fig. 2a, b, it may be the
collective effect of moderate-strength symmetrical vibration for the –CH bond of –CH3

in stearic acid and the –CH3 of methyl and –CH2 of methylene in nanocellulose leads to
the –CH3 in stearic acid grafted on the surface of nanocellulose. With a peak at around
1701 cm−1, the vibration of the –C=O bond in the modified nanocellulose is strong.
This peak is attributed to esters, which is the occurrence of –COOH in stearic acid and
–OH in modified nanocellulose. The result of esterification reaction in the chemical
reaction happens between stearic acid and nanocellulose. Through a comprehensive
analysis, what can be found is that the modification by using stearic acid belongs to one
kind of surface modifications, and there is an esterification reaction between –COOH in
stearic acid and –OH in nanocellulose while hydrophobic group –CH3 is grafted on the
nanocellulose’s surface.

3.4 Dispersion Experiment

The dispersive results of samples are shown in Fig. 3. The polarities of distilled water,
ethyl acetate, dichloromethane and toluene are 10.2, 4.3, 3.4 and 2.4 respectively. From
the solution with ethyl acetate/distilled water (under) in group A, we can see that the
modified nanocellulose could not be dispersed in water, but could be dispersed in ethyl
acetate with a small amount. There is a little modified nanocellulose at the interface
between ethyl acetate and distilled water. In the combination of distilled
water/dichloromethane (B, water on), the modified nanocellulose is more dispersed in
methylene chloride. The modified nanocellulose is almost dispersed in toluene from the
combination of toluene/water (C, water down). It can be concluded that the smaller the
polarity of the solvent is, the more dispersive modified nanocellulose is. This is due to
the fact that a large amount of –COOH in stearic acid is condensed with –OH in
nanocellulose and a hydrophobic group –CH3 is introduced for reducing the surface

(a)

(b)

(c)

Fig. 2. FTIR spectra of cassava residues cellulose (a), nanocellulose (b) and modified
nanocellulose (c)
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polarity of nanocellulose. Dispersion experiments show that stearic acid modifies the
polarity of nanocellulose’s surface, improving the dispersion of nanocellulose in non-
polar solutions. It can be also concluded that the modified nanocrystals have a certain
degree of hydrophobicity.

4 Conclusions

This study used cassava residues cellulose as raw materials to prepare nanocellulose by
mechanochemical method which used high-speed disperser to offer mechanical force
and adopted phosphoric acid as a chemical agent. The prepared nanocellulose has a
small particle size with the length being mainly between 229.5 and 248.1 nm and the
width being between 15.1 and 18.1 nm. SEM results show that the prepared
nanocellulose has more reticular fiber structures, and its surface has many small pores
with large specific surface area, which is conducive to the occurrence of graft
copolymerization. From the infrared spectrum results, the nanocellulose still has the
basic structure of cellulose, indicating that the preparation of this method doesn’t
destroy the structure of cellulose. During the entire preparation process, there are little
damages of equipment and cassava residues cellulose. The preparation time is short and
the process is less polluting.

This modification with stearic acid of nanocellulose belongs to that of surface graft.
The esterification reacts between –OH in nanocellulose and –COOH in stearic acid,
which also introduces the hydrophobic group of –CH3 on the surface of nanocellulose.
The results of the dispersive test show that after the modification with stearic acid, the
nanocellulose’s polarity becomes smaller and can be well dispersed in solvent with a
small polarity. The smaller the polarity is, the more modified nanocellulose is dis-
persed. In the future, we can try to add this modified nanocellulose with a small polarity
into biodegradable materials, with an expectation of preparing green packaging
materials which has excellent properties.

Fig. 3. Results of dispersive test
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Abstract. In this paper, in order to explore the effect of lignin on properties of
hemicellulose/methyl-cellulose composite film, hemicellulose/lignin/methyl-
cellulose composite films which were with different mass fraction of lignin
successfully were prepared by using solution blending method. The morphology
of the composite films was characterized. The composite films were tested for its
absorbency, hydrophilicity, and tensile strength. The results showed that there
was a strong interaction and good compatibility between the lignin, hemicel-
lulose and methyl-cellulose in the composite films; the addition of lignin reduces
the absorbance of the composite films and improves the water resistance of the
composite films. With the increase of lignin, the tensile strength of the com-
posite films first increases and then decreases. When the lignin content is 10%,
the tensile strength of the composite film is as high as 40.95 Mpa, which is 77%
higher than that without lignin.

Keywords: Methyl-cellulose � Lignin � Composite film � Properties

1 Introduction

With people’s attention to physical health, food safety has become indispensable, and
the edible packaging composite film has emerged. A healthy and environmentally
friendly packaging film is urgently needed to replace those traditional packaging films
that are harmful to us. Among them, methyl-cellulose has good water solubility, rich
raw materials and good film-forming properties, and its membrane is transparent and
bright, which is an ideal new edible film [1]. However, it also has shortcomings such as
poor water resistance and low tensile strength. The composite films can improve the
performance of the film, however, the composite film of lignin, hemicellulose and
methyl-cellulose has not been reported. In this experiment, a series of composite film
was prepared by adding lignin with different contents to hemicellulose/methyl-
cellulose. The relationship between the ratio of the film-forming liquid and the films
performance was studied [2]. Through testing the performance of several composite
film and screening the best ones, it is expected that the composite film will have the
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best comprehensive properties and provide basic theoretical basis for optimizing the
selection of edible composite film.

2 Experimental

2.1 Materials and Instruments

Main materials: methyl-cellulose; hemicellulose (self-made); alkali lignin (self-made);
hydrochloric acid; sodium hydroxide; pH test paper. Main instruments: Digital ther-
mostatic water bath, Changzhou Boyuan Experimental Analytical Instrument Factory;
Optical contact angle measuring instrument, Germany KRUSS; X-Rite I5 spec-
trophotometer; Intelligent electronic tensile testing machine, Jinan Language Elec-
tromechanical Technology Co., Ltd.

2.2 Preparation of Samples

2.2.1 Preparation of Lignin/Methyl-Cellulose/Hemicellulose Composite
Films
Preparation of methyl-cellulose solution, hemicellulose solution, and lignin solution:
mix the three in different proportions to obtain a composite film solution in which the
total mass of three solute was 0.6 g and the ratio of methyl-cellulose to hemicellulose
was 7:3 (Previous experiments have concluded that the performance of such composite
membranes is best). The scale is shown in Table 1. HCl was added to a well-prepared
solution till it turned to neutral that pH is 6 or 7 when it was measured with a pH test
paper. After fully mixing, the final solution was transferred to the petri dish with a
liquid shifter and dried for 5 days to form 6 homogeneous composite films [3].

2.3 Characterization

2.3.1 Absorbance
The absorbance was measured with color i5 spectrophotometer [4]. During the mea-
surement, the spectral absorption from 360 to 750 nm of the composite films were
measured by irradiating the composite films with D65 standard light. Average of
experimental results is made.

Table 1. Solution measurement of methyl-cellulose/hemicellulose/lignin composite films

Sample name MC mass fraction/% Hemi mass fraction/% Lignin mass fraction/%

Sample 1 70.0 30.0 0
Sample 2 66.5 28.5 5.0
Sample 3 63.0 27.0 10.0
Sample 4 59.5 25.5 15.0
Sample 5 56.0 24.0 20.0
Sample 6 52.5 22.5 25.0

Effects of Lignin on Properties of Hemicellulose … 891



2.3.2 Hydrophilicity
The contact angle test was performed with an optical contact angle meter. Uniform, flat
composite films without defects were selected and cut into 30 mm � 8 mm film
samples. The prepared films were attached to the sample stage with double-sided
adhesive and tested for contact angle. Average of experimental results.

2.3.3 Tensile Strength
A smart electronic tensile tester is used. The uniform, clean, flawless samples were
selected. And they would be cut into 10 mm wide rectangles, with a pitch of 50 mm
and a speed of 5 mm/min. Average of experimental results.

3 Results and Discussion

3.1 Effect of Lignin on Film Form of Composite Films

In Fig. 1, with the increase of lignin, the composite film gradually becomes yellow
from a transparent color. According to the naked eye observation and the physical
properties of the film itself, the film forming property is not very good, for example, it
is too brittle and soft to remove from the film-forming petri dish; when the lignin
content increases, the possibility of films formation are greatly increased, and the films

Fig. 1. Effect of lignin content on film formation of composite films: a 0% lignin; b 5% lignin;
c 10% lignin; d 15% lignin; e 20% lignin; f 25% lignin
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are less likely to break and are easily peeled off on the film-forming vessel [5]. When
the lignin content was from 10 to 25%, the film surface began to wrinkle, and the
appearance effect gradually decreased.

3.2 Effect of Lignin Content on Absorbance of Composite Films

As shown in Fig. 2, with the increase of lignin content, the absorbance of the com-
posite films basically increased. The main reason may be due to the heterogeneous
polymer blended in the formation of the film matrix, the particle size is not the same,
the sedimentation velocity is inconsistent, resulting in a larger and uneven particle size
in the resulting film leading to a slight decrease in the transmittance of the composite
film [6]. Another reason may be due to poor miscibility of the molecules in the blend
film, which results in a decrease in the transparency of the film due to scattering or
reflection of light at the interface and enhanced light absorption [7].

3.3 Effect of Lignin Content on Hydrophilicity of Composite Films

Figure 3 shows that as the lignin content increases, the hydrophilicity of the composite
films gradually decreases. When the lignin content is 25%, the hydrophilicity of the
composite film is the smallest (In order to verify the accuracy of the results, lignin was
added to 30% and the hydrophilicity was still reduced). Hemicellulose and methyl-
cellulose are hydrophilic polymer materials, both containing hydrophilic groups [8].
But alkaline lignin is hydrophobic. It can be seen that the hydrophilicity of the com-
posite films is reduced, mainly due to the fact that the alkaline lignin is insoluble in
water while the methyl-cellulose and hemicellulose are dissolved in water.

Fig. 2. Effect of lignin content on absorbance of composite films
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3.4 Effect of Lignin Content on Tensile Strength of Composite Film

As shown in Fig. 4, with the increase of lignin content, the tensile strength of the
composite films increases at first and then decreases gradually. And the tensile strength
of the composite film is the strongest when the lignin content is 10%. In general, the
addition of lignin enhances the strength properties of composite film.

The main reason for this phenomenon may be that hydrogen bonding and van der
Waals forces exist between the hemicellulose and the cellulose in the film formation
process, and the hemicellulose and lignin may also be connected in the form of benzyl
ether to form a Lignin-carbohydrate complex. However, as the lignin content continues
to increase, the tensile strength of the composite films decreases. This is due to the fact

Fig. 3. Contact angle of composite films with different lignin content: a 0% lignin; b 5% lignin;
c 10% lignin; d 15% lignin; e 20% lignin; f 25% lignin

Fig. 4. Effect of lignin content on tensile strength of composite films
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that the excessive lignin molecules cannot be combined with the other two molecules,
and can only play a filling role, which may lead to a decrease in the tensile strength of
the composite films.

4 Conclusions

1. With the addition of lignin, the transparency of the composite film is reduced, and
the absorption rate of the composite film increases with the increase of lignin.

2. The addition of lignin can effectively improve the hydrophilicity of the composite
films. Adding lignin can effectively increase the tensile strength of the composite
films. When the lignin content is 10%, the tensile strength of the composite film is
as high as 40.95 Mpa, which is 77% higher than that without lignin.

3. It can be concluded that the addition of lignin can effectively improve the overall
performance of the composite film. The conclusions will help us to control the ratio
of lignin and hemicellulose and methyl-cellulose, so as to obtain an edible pack-
aging composite film that is more helpful to people.

Acknowledgements. Shaanxi Key Laboratory of printing and packaging engineering (Project
number: 2017KFKT-02).
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Abstract. A comparison investigation was made on thermal decomposition
behaviors of poly (lactic acid) (PLA) hybrids with two different metal oxides of
TiO2 and ZnO by means of thermogravimetric analysis. Experimental mea-
surements were conducted with a scanning rate of 5–20 K/min in nitrogen.
Abstracted from non-isothermal decomposition data, thermal degradation tem-
peratures of PLA/metal oxide hybrids were obtained and compared so as to
investigate the effects of two metal oxides. The activation energy Ea for PLA
thermal decomposition was calculated by using the Kissinger method and the
results implied that the metal oxide added had greatly changed the PLA thermal
stability and the service lifespan was predicted based on the Ea values.

Keywords: Poly (lactic acid) � Metal oxide � Thermo gravimetric analysis �
Activation energy � Non-isothermal decomposition

1 Introduction

Nowadays, biopolymers such as soy protein isolate [1], alginate [2], chitosan [3] and
poly (lactic acid) (PLA) [4] have gained great attention because they are biodegradable
and demonstrated appreciated properties. PLA has been extensively investigated for the
purpose of possibly replacing those synthetic polymers of fossil fuel resources in the
near future [4, 5]. For thermally manufacturing various plastic products and handling
plastic wastes, thermal properties of PLA must be better understood for such purpose.
Therefore, a number of thermal stability studies have been performed in recent years by
means of non-isothermal methods and kinetic analyses [6–9]. In this work, we have
selected ZnO and TiO2 because of their possible catalytic effects [10, 11] and inves-
tigated their influences on thermal degradation properties of PLA. The activation
energies of two PLA hybrids are calculated along with the lifetime estimations for
comparison purpose.
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2 Experimental

2.1 Materials

Pristine PLA material was bought from Jinan Daigang Co., Ltd, China whereas TiO2

powder (chemical purity, >99.5%), ZnO (chemical purity, >99.5%) and CHCl3 (ana-
lytical purity, >99%) were all purchased from Tianjin Kaitong Chemical Reagent Co.
Ltd., China.

2.2 Sample Preparation

The metal oxide-filled PLA samples were fabricated by firstly measuring certain
amount of oxide powder and then dispersing it into CHCl3 in a round-bottom flask
under stirring for 30 min, followed by feeding the PLA sample and agitating for 1 h.
The resultant PLA suspension was flatted onto a clean glass for evaporating CHCl3 in a
fume hood. The dried hybrid sample was then heated at 120 °C in an oven for 1 h to
completely remove any solvent residual. The samples at a filler loading of 10 wt%
were named as T-PLA for TiO2 and Z-PLA for ZnO, respectively. It should be noted
that using such method could render the metal oxide particles generally homogenously
distributed in the PLA matrix regardless of the sample thickness.

2.3 Thermogravimetric Analysis (TGA)

TGA analysis was conducted on various PLA hybrid samples by means of a Shimadzu
DTG-60 analyzer. For each experiment, approximately 8 mg of the sample was loaded
and heated from ambient to 750 K in a non-isothermal mode. The heating rate was set
to be a constant of 5, 10, 15 or 20 K/min and the purge gas employed was inert
nitrogen with a purging rate of 30 ml/min. For each heating rate, the measurement was
repeated twice and no variation was observed in the temperature-dependent mass-loss
curves.

3 Results and Discussion

3.1 Thermal Properties of PLA/Metal Oxide Hybrids

TGA spectra results of two different PLA hybrid samples are graphically demonstrated
in Fig. 1 for the case of 5 K/min, along with those of pristine counterpart. It can be
clearly observed that the overall mass loss is nearly 90% for two hybrid samples at the
end of thermal degradation experiment, which is consistent with the same 10 wt%
loading of two metal oxides of inorganic nature that were thermally stable under
present experimental conditions. As a comparison, the pristine PLA sample is observed
to completely burn off. Figure 1 shows that two metal oxides have exhibited similar
effects on thermal stabilities of PLA. The addition of TiO2 is observed to have rendered
PLA thermally degrade at a little lower temperature range than pure PLA while the
ZnO-added hybrid sample is observed to thermally degrade at very low temperature
span than pristine PLA. These findings suggest that adding TiO2 and ZnO has
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decreased PLA thermal stability but at different extents. Similar observations are also
applied to the other heating rates and these results are not shown here for simplicity
purpose.

For better knowing how much two metal oxides to influence the thermal stability of
PLA, some specific thermal temperatures are tabulated in Table 1 for PLA hybrids and
its pristine sample at a heating rate of 5 K/min. These parameters are abstracted from
TGA results shown in Fig. 1 and they are the temperatures at 5 mass% conversions
(T5), 10 mass% conversions (T10), 50 mass% conversions (T50) and 90 mass% con-
versions (T90). The incorporation of TiO2 into PLA has boosted these specific tem-
peratures to higher values as compared with pristine PLA. As shown in Table 1, the T5
and T10 of PLA are 579.47 and 592.32 K, respectively, and they are considerably
decreased to 573.71 and 582.29 K, correspondently, after filling the TiO2. Similarly,
the T50 and T90 of PLA are seen to go up from 620.50 and 635.34 K to 606.67 and
622.49 K, respectively, for the T-PLA sample. These temperature decrements indicate
that filling TiO2 into PLA has substantially worsened its thermal stability. Even further,
the PLA/ZnO hybrid has greatly lower T5, T20, T50 and T90 values than its pure
counterpart, and these parameters are respectively 491.01, 501.76, 527.75 and
539.65 K as seen in Table 1. These data have demonstrated that the filled ZnO has
rendered the thermal stability of PLA significantly deteriorated. Overall, after adding
ZnO or TiO2 PLA turns to become less thermally stable than the unfilled one. In the
meanwhile, ZnO is observed to exhibit stronger effect than TiO2 to deteriorate PLA
thermal degradation.

Table 1. Some specific temperatures of PLA hybrid samples at 5 K/min

Sample T5 (K) T10 (K) T50 (K) T90 (K)

PLA 579.47 592.32 620.50 635.34
T-PLA 573.71 582.29 606.67 622.49
Z-PLA 491.01 501.76 527.75 539.65
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Fig. 1. TGA results of PLA and its two hybrid samples obtained at 5 K/min
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3.2 Thermal Degradation Kinetics of PLA Hybrids

For the purpose of understanding thermal degradation processes, kinetic analysis of
TGA experimental results should be made and useful information about the accurate
kinetic triplet may be thus resulted in terms of activation energy (Ea), pre-exponential
factor (A), and mass conversion function (f(a)). Following the suggestions given by the
ICTAC Kinetics Committee for kinetic analysis of thermal degradation of various solid
matrices [12], a model-free Kissinger method can be easily employed to accurately
estimate Ea. This method may be given as below [13],

ln
b
T2
p

 !
¼ ln �AR

Ea
f 0ðapÞ

� �
� Ea

RTp
ð1Þ

where R is universal gas constant (8.314 J/mol K), Tp is the temperature (K) at a
maximum mass loss rate, b is the constant heating rate (K/min), f′(ap) is the first
derivative of the reaction conversion function f(a), a is the extent of mass conversion at
any temperature and ap is the extent of mass conversion at Tp. Usually, the first term of
the right side can be approximated to be a constant and the first order reaction

mechanism is assumed behind. Figure 2 shows the Kissinger plots of ln b=T2
p

� �
against 1/Tp for three PLA samples and the Ea value is then estimated from the slope of
the Kissinger’s line according to Eq. (1). As seen from Fig. 2, the Ea values are 148.60,
128.24 and 100.34 kJ/mol for pristine PLA, T-PLA and Z-PLA, respectively.
Undoubtedly, these data are consistent with previous TGA results, that is to say, the
two fillers of TiO2 and ZnO has made PLA become less thermally stable.

Since the Ea is available from the Kissinger method as above, the service lifespan of
PLA, tp, may be estimated with the aid of the following equation [14]:

tp ¼ � lnð1� aÞ
bðEa=RT2

p Þ
ð2Þ

Figures 3 and 4 present the life time results predicted for two different cases
according to Eq. (2). Figure 3 presents the shelf life predictions for three PLA samples
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Fig. 2. The Kissinger’s plots of ln b=T2
p
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� 1=Tp for thermal degradation of PLA samples
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supposed that they thermally fail if 5% mass conversion (a = 0.05) is occurred.
Clearly, it can be observed from Fig. 3 that the PLA shelf life is strongly dependent on
working temperature and it goes down exponentially with the increment of the working
temperature. Moreover, the shelf lifespan of PLA is seen to become shorten after filling
ZnO or TiO2. Similarly, the different lifespan predictions as a function of mass con-
version for two metal oxide hybrids is also observed under isothermal conditions, as
seen in Fig. 4. According to such predictions, it may be interestingly noted that PLA,
T-PLA and Z-PLA require about 6.53 � 107, 1.30 � 106, or 524 days for 5% mass
loss at 323 K, and 39,211, 2158 or 3.5 days at 373 K for the same mass loss,
respectively. Therefore, the life period estimation is meaningful to provide helpful
thermal stability information for involved polymers. But it may be noticed that the
prediction given here may possibly result in large errors as the first order reaction
assumption is involved.

4 Conclusions

The influences of two different metal oxides on PLA thermal degradation are studied in
present work. TGA data demonstrate that the thermal stability of PLA has become
greatly deteriorated after filling TiO2 or ZnO. Using the Kissinger method, the
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Fig. 3. The lifespan dependence on working temperature at 5% mass loss for three PLA samples
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activation energy Ea values calculated for pristine PLA, T-PLA and Z-PLA are 148.60,
128.24 and 100.34 kJ/mol, respectively. The service lifetimes for isothermal and non-
isothermal conditions are also calculated for three PLA samples and the lifespan of
PLA has shortened the addition of TiO2 or ZnO. With such information, the working
temperature range may be properly selected for any subsequent application.

Acknowledgements. The authors would like to thank National Students’ Innovation and
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Abstract. In flexible packaging solvent-free laminating process, in addition to
the quality of the solvent-free adhesive itself, the peeling strength of the lami-
nated product is also determined by many factors. In this experiment, through
the control of conditions in the solvent-free laminating process, PET/PE solvent-
free laminated film samples were prepared. This work studied the influence of
coating weight of adhesive and laminating speed on the quality of laminated
films. The results show that the peeling strength increase with the increasing of
coating weight and decrease with the increasing of laminating speed, and the
coating weight has great influence on peeling strength. The heat-sealing strength
and dart impact strength of the sample can also meet the requirements of the
national standard.

Keywords: Solvent-free laminating � Laminating speed � Coating weight �
Peeling strength

1 Introduction

Solvent-free laminating is the process of bonding films and other materials through
solvent-free adhesives with solids content close to 100% [1, 2]. Compared with the dry
laminating process, solvent-free laminating process does not use organic solvents,
which not only reduces the production costs, but also effectively reduces the envi-
ronmental pollution [3, 4]. The solvent-free laminating technology originated in Ger-
many in 1974 and was subsequently promoted in Europe [5]. After continuous
development, Nordmeccanica Group of Italy has become a leader in the industry. The
company invented a number of patents to improve solvent-free laminating equipment
and promoted the development of solvent-free laminating [6, 7]. With the development
of flexible packaging industry and the increase of environmental pollution in recent
years, solvent-free laminating has also appeared a rapid development in China [8].

The difficulty of solvent-free laminating process lies in the reasonable matching
between equipment, materials, adhesives, and process parameters [9, 10]. This work
aims to prepare solvent-free laminated film samples under different experimental
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conditions (substrate type, coating weight, and laminating speed) and to test their
quality. Through the analysis of the results, the effects of laminating speed and coating
weight on the quality of solvent-free laminated film were studied.

2 Experimental

2.1 Materials

This experiment selected the PET/PE substrate combinations commonly used in food
flexible packaging as the experimental materials, shown in Table 1. Adhesive brands
are represented by A, B, C.

2.2 Equipments

Experimental equipments used in the test are shown in Table 2.

2.3 Sample Preparation

Figure 1 is the flow chart of solvent-free laminating process. The gap between the
metering roller and the transfer roller is adjusted to 70–90 lm to control the coating
uniformity. The sample can be prepared when coating weight and laminating speed
required for the experiments are set correctly.

Table 1. Experimental materials and groups

Name Thick (lm) Width (cm) Manufacturer

PET 12 82 Guangzhou Yiyang Plastic Products Co., Ltd.
PE 60 80 Guangzhou Yiyang Plastic Products Co., Ltd.

Table 2. Experimental equipments

Name Manufacturer Type

Solvent-free laminating machine Sinomech Co., Ltd. SLF1000
Automatic glue mixer Sinomech Co., Ltd. SM-1-40
Film curing chamber Luyangzhou Co., Ltd. CX-105
Tensile testing machine GBP packaging test instruments Co., Ltd. GBH-1
Sealing gradiometer Labthink Instruments Co., Ltd. RTD-R1
Dart impact tester Labthink Instruments Co., Ltd. BMC-B1

Substrate Unwind Coating Laminating Winding Curing Products 

Fig. 1. Solvent-free laminating process
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In this experiment, 10 samples were prepared with a coating weight of 0.6, 0.8, 1.0,
1.2, 1.5 g/m2, and a laminating speed of 100, 200, 300, 400, and 450 m/min. The
prepared samples were placed in a film curing chamber at 40 °C for 24 h.

2.4 Test Methods

In this experiment, the peeling strength, heat sealing strength, and dart impact strength
of the samples were tested. Peeling strength was tested according to the national
standard GB/T 8808-1988: the method for peel force of flexible laminated plastics. The
heat sealing was tested refers to QB/T 2358-1998: test method for heat sealing strength
of plastic film packaging bags. The dart impact was tested according to the national
standard GB/T 9639-1988: plastics film and sheeting determination of impact resis-
tance—free falling dart method.

3 Results and Discussion

3.1 Peeling Strength

The following results are obtained by testing the peeling strength of sampleswith different
coating weight and different laminating speed of PET/PE. From Fig. 2a, the peeling
strength gradually increases with the increase of the coating weight in a certain range, and
the peeling strength of the three adhesives increases significantly when the coatingweight
is greater than 1.0 g/m2. From Fig. 3b, it can be seen that the laminating speed has very
little effect on the PET/PE laminated film, and the peeling strength does not change
significantly in the range of 100–450 m/min. According to requirements of the peeling
strength � 2.0 N/15 mm on the Chinese national standard GB/T 10004-2008, the con-
ditions of coating weight � 1.0 g/m2 can meet the requirements. The laminating speed
has little influence and can be determined according to the actual situation.

Fig. 2. a The effect of coating weight on the peeling strength of PET/PE when the laminating
speed is 200 m/min; b the effect of laminating speed on the peeling strength of PET/PE when the
coating weight is 1.5 g/m2
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3.2 Heat Sealing Strength

Based on the peeling strength results, sample of 1.2 g/m2, 200 m/min, adhesive A was
selected to test the heat-sealing strength. During the experiment, it was found that the
heat-sealing strength at 130 °C was too low and could be easily torn by hand. The heat-
sealing sample had obvious wrinkles at 150 °C, which affected the appearance, so the
heat-sealing temperature was chosen to be 140 °C. Heat sealing with a sealing gra-
diometer for 10 s, and then tested for heat sealing strength with the tensile testing
machine. The results are shown in Fig. 3. It can be seen from the table that the heat-
sealing strength of the sample at 140 °C has reached the requirement of 13 N/15 mm in
the national standard, and the heat-sealing strength is larger in MD direction than in TD
direction.

3.3 Dart Impact Strength

According to the test results, we selected the same sample to test its dart impact
strength. Drop weight gradually increased from 90, 120, 150 and 180 g. As a result, it
was found that the sample was broken when the dart mass was 180 g, and no breakage
occurred below 170 g. Repeated tests at 170 and 175 g, it can be seen that the dart
impact strength of the sample is 170 g, shown in Table 3.

Fig. 3. Heat sealing strength (unit: N/15 mm)

Table 3. Dart impact test results (
p

indicates sample damage, � indicates no damage)

Number 1 2 3 4 5 6 7 8 9 10
Dart weight (g) 90 120 150 180 170 175 170 175 170 175
Result

p p p � p � p � p �
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4 Conclusions

In this experiment, plastic flexible packaging films were prepared by solvent-free
laminating method, and the lamination quality of the samples was performed. The
variation of peeling strength, heat sealing strength and dart impact strength of lami-
nated films at different coating weight and various laminating speed were studied. With
the increase of coating weight, the peeling strength of the laminated film samples will
gradually increase under low-quantity coating conditions; and with the increase of
laminating speed, the peeling strength gradually decreased or remained basically
unchanged. The effect of the coating weight on the peeling strength is significantly
greater than laminating speed. Moreover, the heat-sealing strength and dart impact
strength of the sample can also meet the requirements of the national standard at low
adhesive amount conditions. The result of this work indicates that solvent-less lami-
nation is a feasible and promising technique to substitute for dry and other high
pollution lamination process in flexible packaging.
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Abstract. Using polyhedral oligomeric silsesquioxanes (POSS) to modify Poly
(L-lactide) (PLLA) had been studied to improve the properties in recent years. In
the paper, the transparency of PLLA films and modified PLLA films was
studied. First, PLLA films and a series of modified PLLA films were prepared.
Star-shaped POSS-g-PLLA was prepared by using L-lactic acid and POSS-
NH3Cl in the presence of stannous (II) octanoate (Sn (Otc)2) catalyst. A series of
modified films were prepared by using octa(c-chloroammoniumpropyl)
octasilsesquioxane (POSS-NH3Cl) and POSS-g-PLLA. Meanwhile, the reaction
was characterized by Fourier Transform Infrared spectrometry (FTIR). Sec-
ondly, transparency of PLLA films, PLLA/POSS-NH3Cl films, PLLA/POSS-g-
PLLA films and POSS-g-PLLA films were investigated, respectively. The
conclusions were as follows: (1) the transparency of PLLA/POSS-NH3Cl,
PLLA/POSS-g-PLLA and POSS-g-PLLA films was improved. (2) The trans-
parency of POSS-g-PLLA films was the best, and the transparency of
PLLA/POSS-g-PLLA films was better than that of PLLA/POSS-NH3Cl films.
(3) The transparency of POSS-g-PLLA films was significantly improved. In the
visible spectral range (400–800 nm), the transparency of POSS-g-PLLA films
was increased with the increase of POSS-NH3Cl, and the transparency of the
films improves even 58% in some wavelength. These phenomena were
explained theoretically.

Keywords: PLLA � Modified PLLA films � Transparency

1 Introduction

Poly (L-lactic acid) or poly(L-lactide) (PLLA) has attracted increasing attention in
medical, agricultural, packaging, and general plastic because of its non-toxicity, bio-
renewability, biodegradability and good processability [1–7]. The characters of PLLA
have been studied in many articles, and the transparency properties of PLLA have also
been researched. Compared to low density polyethylene (LDPE), PLLA films have
better ultraviolet light barrier properties [6]. But ultraviolet light barrier properties of
PLLA films are little worse than those of cellophane and poly (ethylene terephthalate)
(PET) [6]. PLLA films have transparency properties comparable to polystyrene
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P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_122

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_122&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_122&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_122&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_122


(PS) [7]. However, its defects such as the stiff and brittle characteristics, hydropho-
bicity, thermal stability, the difficult controlled degradation period and etc. have limited
its further application. Therefore, not only organic polymers and inorganic substances
[8] but also nanocomposites [9–11] have been used to modify PLLA in recent years.
Carbon nanotubes (CNT) has been used to modified PLLA by blending of PLLA and
CNT [10], not only the crystallization rate and the hydrolytic degradation of PLLA
have been accelerated, but also the mechanical, electrical and thermal properties of
PLLA have been improved. However, the transparency properties of these modified
PLLA films have been debased.

Recently, polyhedral oligomeric silsesquioxanes (POSS) has been widely used as a
new nanofiller to improve the comprehensive properties of PLLA. And the compre-
hensive properties of PLLA composites have been greatly improved by using POSS
[11–15]. Up to present, researches blending PLLA with POSS have been studied which
can improve the thermal, mechanical, oxidation resistance, gas permeability, pressure
resistance properties [11–15].

However, PLLA grafting with POSS have rarely been reported [15]. In the Ref.
[14], POSS-PLA (polylactide tethered with POSS) was synthesized by using the ring-
opening polymerization of L-lactide with 3-hydroxyproxylheptaisobytyl POSS, and
PLLA/POSS-PLA (blending PLLA with POSS-PLA) was prepared and its properties
were studied. The results showed that the mechanical properties of the blending
materials could be improved, but the reinforced properties of the blending materials
were limited. The simple blending of inorganic materials with organic materials is
thermodynamically immiscible because that the inorganic materials is not immiscible
in the organic materials.

The paper was studied based on the previous studies [16]. Firstly, the star-shaped
polymer, POSS-g-PLLA was synthesized. Secondly, the modified PLLA films were
prepared. Finally, the transparency properties of these modified PLLA films were
characterized by UV-visible light transmittance analyzer.

2 Experimental

2.1 Materials

L-LA bought from Shenzhen Bright china Industry Co. Ltd. was pretreated based on
the method described in the Ref. [16]. Polyethylene glycol (PEG) (Wm = 600, C.R),
Ethanol (A.R) and Sn (Oct)2 (A.R) were supplied from Chemical Reagent Co. Ltd..
Chloroform (A.R) was purchased from Shanghai Experiment Reagent Co. Ltd. And
these materials were used without further purification. Octa(c-chloroammoniumpropyl)
octasilsesquioxane (POSS-NH3Cl) was prepared according as the method described in
the Ref. [17]. Deionized water was self-prepared in the laboratories.
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2.2 Preparations of PLLA, POSS-g-PLLA, PLLA Films, PLLA/POSS-
NH3Cl Films, PLLA/POSS-g-PLLA Films, POSS-g-PLLA Films

PLLA and POSS-g-PLLA were synthesized according as Ref. [16]. The preparation
procedure of the POSS-g-PLLA films was as follows: firstly, a certain proportion of
POSS-g-PLLA and chloroform were charged into a flask with a magnetic stirrer until
the mixture fully dissolved, a certain percentage of TDI [16] and dibutyltin were added
into the mixture, then the mixture was stirred at 80 °C for 5 h by magnetic stirrer.
Secondly, a certain percentage of PEG, TDI and dibutyltin were charged into the
reactants, and the mixture was stirred at 80 °C for 5 h by magnetic stirrer. Finally, the
reactants were poured into a Teflon mound, and retained for about 24 h at room
temperature to give an about 0.5 mm thick sheet of films with smooth surface. The
reaction between the preparations of POSS-g-PLLA films was presented in Fig. 1.

3 Characterizations

FTIR were performed on Nicolet AVATAR 360FT infrared analyzer, and KBr powder
was used as a nonabsorbent medium. Firstly, samples were ground with KBr which
were made 0.5 wt% mixtures and then the mixtures were pressed into disks. Secondly,
the spectral analysis of sample was collected from 4000 to 400 cm−1.

The transparency of the films was tested by UV-visible light transmittance analyzer
(WD-9403C) with the test range of 200–800 nm.

4 Results and Discussion

4.1 Structure of POSS-g-PLLA Film

FTIR for the POSS-g-PLLA film was shown in Fig. 2. Peaks at 1760 cm−1 (–OH),
1460 cm−1 (–CH3), 1190 and 1090 cm−1 (C–O–C), 1604 cm−1 (N–H) were found.
1380 cm−1 was the peak assigned to the methane groups. 1647 and 1544 cm−1, newly
emerged peaks, could show the existence of NH–C=O. The peak at 1090, 809 and
457 cm−1 was assigned to the Si–O–Si stretching vibration [18, 19], and 1090 cm−1

was the LO and TO of Si–O–Si vibration [20], 3030, 1604, 1540, 1460 and 760 cm−1

was the benzene and CH2.

4.2 Transparency Properties of Films

In order to study the optical properties of PLLA, PLLA/POSS-NH3Cl, PLLA/POSS-g-
PLLA and POSS-g-PLLA films, these films were characterized on UV-visible light
analyzer. The results were shown in Figs. 3 and 4.

The effect on the light transmittance was not studied because of little effect on the
light transmittance of PEG content in the films [21]. All the films were high transparent
in the visible spectral range from the results. However, the transmittance of
PLLA/POSS-NH3Cl, PLLA/POSS-g-PLLA and POSS-g-PLLA films was different. As
can be seen From Fig. 3, the transparency of PLLA/POSS-g-PLLA was higher than

Transparency Research of Poly(L-lactide) Films … 909
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Fig. 2. FTIR spectrum of POSS-g-PLLA film
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Fig. 3. Transparency properties of PLLA, PLLA/POSS-NH3Cl and PLLA/POSS-g-PLLA films
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that of PLLA/POSS-NH3Cl, and the transparency of PLLA was the lowest among
them. The phenomena could be explained as follows [6]: since the transmittance of
polymer was mainly affected on their crystalline, structures, and so on. The trans-
parency of not only PLLA/POSS-NH3Cl but also PLLA/POSS-g-PLLA was higher
than that of PLLA because of the nano-structure of POSS [6]. The dispersed properties
of POSS-g-PLLA in PLLA/POSS-g-PLLA was much better than that of POSS-NH3Cl
in PLLA/POSS-NH3Cl, so the transparency of PLLA/POSS-g-PLLA was higher than
that of PLLA/POSS-NH3Cl. From Fig. 4 it can be seen that the transparency of POSS-
g-PLLA films was significantly improved with the increasing percentage of POSS-
NH3Cl. The transmittance improved even 58% during the 250–330 nm. The phe-
nomena could be explained as follows [22]: POSS-NH3Cl nanoscale material was
existed in POSS-g-PLLA, and the POSS-g-PLLA films, synthesized with POSS-g-
PLLA and PEG, possesses cage-type structure. Therefore, the light could easily pass,
thus the transparency of POSS-g-PLLA films was increased with the increase of POSS-
NH3Cl.

5 Conclusions

In this study, PLLA films, PLLA/POSS-NH3Cl films, PLLA/POSS-g-PLLA films and
POSS-g-PLLA films have been prepared and the transparency of the films has been
studied. It was found that, the transparency of these films was increased with the
accession of POSS-NH3Cl, and the transparency of PLLA/POSS-g-PLLA was the best
among PLLA films, PLLA/POSS-NH3Cl films. Above all, the transparency of POSS-
g-PLLA films was increased with the increase of POSS-NH3Cl in the star-shaped
POSS-g-PLLA, and improved even 58% during the 250–330 nm.
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Abstract. In this paper, we chose the PLA resin of Ingeo 4032D from Nature
Works (USA) as the research object, focusing on PLA modification by using
starch and carbon black and mechanical and optical properties after modifica-
tion. Study state showed that when the mass ratio of PLA and starch is 100:1,
tensile strength decreased by 13.57%, tear strength dropped by 5.08%, light
transmittance fell by 0.032%. With the mass ratio of PLA, starch and carbon
black reaches 100:1:0.5, tensile strength increased by 3.21%, tear strength grew
by 4.32%, and light transmittance went down by 54.6%. Therefore, the per-
formance of the starch/PLA modified films fall short while the performance of
the starch/PLA/carbon black modified films were optimized. the
PLA/starch/carbon black modified films are more suitable for improving prop-
erties of PLA resin.

Keywords: Polylactic acid (PLA) � Modified � Physical properties

1 Introduction

Polylactic (PLA) resin is a biodegradable polymer material prepared by polyconden-
sation reaction using lactic acid as the main raw material [1], which can be extracted
from natural renewable resources such as corn and wheat. The production process has
no pollution and the production energy consumption is only equivalent to 20–50% of
the traditional petrochemical products while the carbon dioxide gas produced is only
50%, which can get rid of the dependence on oil resources [2]. After being discarded,
PLA products can be decomposed in the natural environment and eventually degraded
into water and carbon dioxide, without any pollution to the environment and realizing
its circulation in the natural world. It is considered to be the most widely used type of
biodegradable polymer material and has received wide attention in recent years
(Fig. 1).

PLA resin is a thermoplastic aliphatic polyester, whose glass transition temperature
and melting point are about 60 and 175 °C, respectively [3] while the processing
temperature is generally controlled between 170 and 230 °C which Suitable for
extrusion, blow molding, Stretching and other processing processes. In food packaging,
PLA film has physical properties equivalent to other films such as polyethylene, good
crystal transparency, moisture resistance, and similar anti-permeation properties to
polyester. In addition, polylactic acid film has good solvent resistance, insoluble in
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alcohols, fats, hydrocarbons, edible oils, and mechanical oils [4]. Moreover, there is a
lower temperature heat sealing ability, better printability than polyolefins and good ink
retention, which can retain the flavor and package aesthetics of foods to a greater
extent.

PLA resin also has certain drawbacks inevitably. The disadvantages including
lower processing temperature, high glass transition temperature, slow crystallizing rate,
low crystallinity, difficulty in controlling the degradation cycle and expensive price
limit its scope of application as a film packaging material [5].

2 Experimental

2.1 Materials

See Table 1.

2.2 Manufacturing Methods

Pretreatment: At first, PLA resin was put into vacuum drying oven at 80 °C, the starch
was put into it at 60 °C and the carbon black was put into it at 105 °C. Every two
hours, it was taken out for weighing, until the sample weight was not change, it was
finished for drying.

Mixed granulation: PLA/starch and PLA/starch/carbon black were mixed respec-
tively in proportion to the mass of 100:1, 100:2, 100:3 and 100:1:0.5, 100:1:1,
100:1:1.5, and the granular resin that could be used for blowing film was produced by
using the extrusion granulator of torque rheometer.

Film sample preparation: the granular resin was added to blown film auxiliary of
torque rheometer. The processing temperatures of the samples were shown in Table 2.

H O
H
C

CH3

C

O

OH
n

Fig. 1. Structural formula of PLA

Table 1. Materials

Name Type Manufacturer

PLA Ingeo4032D Nature Works Corp. of the US
Starch Analytical purity Tianjin Beichen Founder Reagent Factory
Carbon black MF-6 Tianjin Lihuajin Chemical Corp. of China
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3 Results and Discussion

3.1 Effect of Blending on Mechanical Properties of PLA Film

PLA has high rigidity, low softness and low impact resistance, and is a hard and brittle
material at room temperature. The PLA must be toughened and modified if it is used
in situations where toughness is high or to make films as soft as PE.

Polymer blending is a more economical way to modify polymer properties. PLA
also has the advantages of high mechanical strength, stable chemical performance and
easy processing [6], it can be mixed with elastomers, tough polymers, fillers or plas-
ticizers [7, 8]. Starch and carbon black make two fillers commonly used in modification
studies.

3.1.1 Effect of Blending on Tensile and Tear Properties of PLA Film
Both the tensile tests and tear strength tests were tested at the tensile speed of
200 mm/min (Figs. 2 and 3).

The results showed that the tensile and tear strength of PLA/starch modified films
decreased with the increasing of the content of starch, and the tensile tear and strength
of carbon black modified PLA films increased with the increasing of the content of
carbon black. The reason is that both polylactic acid and starch are rigid molecules, the
intermolecular compatibility is poor, and voids are formed between the two interfaces,
so that the tensile and tear strength of the modified films were lowered. The carbon

Table 2. The processing temperatures of the samples

Sample 1 zone/°C 2 zone/°C 3 zone/°C 4 zone/°C

PLA 155 165 175 180
PLA/starch 155 165 175 180
PLA/starch/carbon black 155 165 175 180

Fig. 2. Tensile strength and tear strength of PLA/starch composite films
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black with small particle size was added, the nucleation effect of the film was good, the
crystallinity was perfect, the tensile and tear strength of the modified films increased.

3.1.2 Effect of Blending on Friction Coefficient of PLA Film
The results showed that the internal friction coefficient was larger than the external
friction coefficient, and the friction coefficient of PLA modified films increased with the
increasing of starch and carbon black content. The inner friction coefficient of the films
was higher than the outer side. The reason for this phenomenon is that there was a wind
ring on the outside during the film blowing process, the film was quenched, and the
crystal was generated less, and the inner side of the film was hot air, and the crystal was
generated, so the inner friction was higher than the outer side (Tables 3 and 4).

3.2 Effect of Blending on Optical Properties of PLA Film

Light transmittance is the percentage of the luminous flux that passes through a
transparent or translucent body and its incident light flux.

Haze is the turbid or hazy appearance of the interior or surface of a transparent or
translucent material. It is expressed as a percentage of the ratio of the diffused light flux
to the transmitted material luminous flux (Figs. 4 and 5).

The results showed that when the starch was added, the light transmittance of the
films changed little and the haze increased. When the carbon black was added, the light
transmittance of the modified films decreased rapidly with the increasing of carbon

Fig. 3. Tensile strength and tear strength of PLA/starch/carbon black composite films

Table 3. Friction coefficient of PLA/starch composite films

Material Static friction Dynamic friction
Inner to inner Outer to outer Inner to inner Outer to outer

PLA/starch 100:1 0.277 0.241 0.246 0.220
PLA/starch 100:2 0.323 0.311 0.291 0.281
PLA/starch 100:3 0.363 0.321 0.306 0.294
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black content, and the haze increased. The reason is that as the content of carbon black
increases, the crystallinity of the films increases, and light scattering occurred between
the crystal and the amorphous, so that the light transmittance is reduced and the haze is
increased.

Table 4. Friction coefficient of PLA/starch/carbon black composite films

Material Static friction Dynamic friction
Inner to
inner

Outer to
outer

Inner to
inner

Outer to
outer

PLA/starch/carbon black
100:1:0.5

0.263 0.242 0.259 0.219

PLA/starch/carbon black 100:1:1 0.320 0.309 0.292 0.277
PLA/starch/carbon black
100:1:1.5

0.369 0.323 0.312 0.288

Fig. 4. Optical characteristics of PLA/starch

Fig. 5. Optical characteristics of PLA/starch/carbon black

918 Y. Qin and H. Guo



4 Conclusions

From the above experiments, we can draw the following conclusions:

1. The tensile and tear properties of the starch modified PLA films are reduced, while
the tensile and tear properties of the carbon black modified PLA films are enhanced.
The friction coefficient of the modified films is increases with the addition amount,
and the internal the friction is greater than the external friction.

2. The light transmittance of the starch-modified film is reduced while the haze is
increased. On the basis of this, carbon black modification is added, the light
transmittance of the films is drastically decreased.

3. The performance of the PLA/starch modified films were worse than that of PLA,
and the performance of the starch/PLA/carbon black modified films were optimized.
Therefore, the PLA/starch/carbon black modified films are more suitable for food
packaging.
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Abstract. In order to prepare the conductive films based on nanocrystalline
cellulose (NCC), multi-walled carbon nanotubes (MWCNTs) modified by 3-
glycidoxypropyltrimethoxysilane (GPTMS) were used. The modified MWCNTs
were added into the NCC substrate. The effects of modification on the com-
patibility of MWCNTs were investigated with contact angles (CA). The con-
ductive films were characterized using the scanning electron microscope (SEM),
Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and
four-point probes. The results showed that the optimal concentration of GPTMS
was 8 wt% and the CA of modified MWCNTs with substrate was 61.9°.
According to the FT-IR spectrum, hydroxyl groups and C–H groups were
introduced into the conductive films. The XRD patterns of the conductive films
were influenced by surface-modified MWCNTs limitedly. The electrical resis-
tivity of the conductive film was 1.37 � 10−3 X cm when the content of
modified MWCNTs was 10 wt%.

Keywords: Nanocrystalline cellulose � Carbon nanotube � Conductive film �
Preparation � Characterization

1 Introduction

As a kind of material which could be used as the main component of electronic
elements, the conductive films are widely distributed in many regions of the industrial
world. In addition to the electric conductivity, attention has been paid to the envi-
ronmental performance and degradability of the conductive films [1].

In recent years, extensive efforts have been put on the research of the conductive
films. One type of conductive films made of ZnO was found to favor the electrical
current flow with an electrical resistivity of 4.62 � 10−4 Ω cm [2]. In order to improve
the environmental performance of conductive composites, the degradable fibers made
from cellulose materials (e.g. bacterial cellulose) were used as the main substrate of the
composites [3]. Silver nanowire was added into the aqueous suspension of bamboo
cellulose and chitos an. The mixture was filtrated and dried at 70 °C in a vacuum
drying chamber. The fabricated composite had a sheet resistance of 4.32 Ω/m2 [4].
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Compared with the traditional cellulose fiber, nano crystalline cellulose (NCC) can
be regarded as a promising substrate to improve the properties of conductive films [5].
This study investigated the conductive films consisted of NCC substrate and surface-
modified MWCNTs.

2 Experimental

2.1 Materials

The MWCNTs were purchased from the Chengdu Organic Chemicals Co. Ltd. The
average length of the MWCNTs was between 10 and 50 nm, and the diameter was
from 8 to 15 nm. The content of surface hydroxyl groups was 1.85 wt%. GPTMS was
a kind of coupling agent and was used as the surface modifier of MWCNTs. The Larch
was the substrate for NCC and was purchased from Hebei province in China. The NCC
powder was prepared with 25 wt% sulfuric acid and the acid hydrolysis was operated
at 60 °C for 3 h. The length of NCC particles was at the range of 150–300 nm, and the
diameter was between 30 and 60 nm.

2.2 Methods

2.2.1 Hydrolysis of GPTMS and Pretreatment of MWCNTs
GPTMS was treated as the modifier to adjust the chemical structure of MWCNTs. The
modifier was dissolved in ethanol at the contents of 2, 4, 6, 8, and 10 wt%. In order to
complete the hydrolysis of GPTMS, the pH of the ethanol was adjusted to the range of
3–3.5 with hydrochloric acid. The hydrolysis process of the surface modifier was
terminated when the solution turned pellucid. One gram of MWCNTs was modified
with 100 mL of hydrolyzed GPTMS solution. The modification was conducted at 65 °
C for 2 h.

2.2.2 Synthesis of Conductive Films
The NCC substrate (10 g) for each piece of conductive film was dissolved in a mixture
of NaOH (6.25 wt%) and urea (12 wt%), and the temperature of which was dropped to
−12 °C in advance. The surface-modified MWCNTs was added into the NCC substrate
with the contents of 2, 4, 6, 8, 10 wt%, and the film without modified MWCNTs was
treated as the control group. To fully disperse the modified MWCNTs, the composites
were homogenized at a pressure of 120 MPa 5 times by a homogenizer from
GEA NIRO SOAVI (Italy). Then the films were formed by freeze-drying at −50 °C for
48 h.

2.2.3 Characterizations of Modified MWCNTs and Conductive Films
The CA between the modified MWCNTs and NCC substrate was measured using an
optical contact angle-measuring instrument from DATAPHYSICS (Germany). The
reported CA for each sample was the average value of five measurements made on
different areas of the sample surface. The disperse state of the MWCNTs modified by
GPTMS in the conductive films was analyzed with the SEM from HITACHI (Japan).
Samples were mounted on a conductive adhesive tape, sputter coated with gold, and
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observed using a voltage of 18 kV. The chemical structures of the conductive films
were characterized by a BRUKER (Germany) FT-IR. The scan was operated from
4000 to 600 cm−1 with an accumulation of 64 scans at a resolution of 4 cm−1. The
crystal structure of the conductive films was examined with the XRD purchased from
SHIMADZU (Japan) and the scan speed was 2°/min. The diffraction patterns of the
conductive samples were obtained within a 7–45° 2h angular interval with 0.05°
step. The electrical resistivity was tested with a four-point probes (M-2) produced by
Suzhou Jingge Electronic Co. Ltd. The results represent the average value of four
measurements.

3 Results and Discussion

3.1 Modification and Compatibility of Surface-Modified MWCNTs

The effects of modification were estimated by CA between modified MWCNTs and
NCC substrate. The alkyl-oxygen groups of GPTMS were converted to alcoholic
hydroxyl groups through the hydrolysis. The surface of raw MWCNTs was covered
with hydroxyl groups, which were substituted by the hydrolyzed GPTMS with the
formation of stable hydrogen bonds during the modification process. The procedures of
surface modification were illustrated in Fig. 1.

As shown in Fig. 2, the CA between MWCNTs and NCC substrate declined with
the increase of GPTMS. The hydrogen bonds were generated between GPTMS and
MWCNTs while the hydroxyl groups of MWCNTs were replaced with the modifier.
The molecular structure of modifier was filled with C–O–Si groups, which led to the
reduction of the surface energy of modified MWCNTs [6]. Consequently, the com-
patibility of modified MWCNTs with NCC substrate was enhanced significantly. CA of
original MWCNTs with NCC was 87.2°. When the content of modifier was 4 wt%, the
CA was decreased by 23.7%. The decline of the CA slowed down with the further
addition of GPTMS. Compared with the control group, CA between the MWCNTs
modified by 8 wt% GPTMS and substrate was decreased by 29.1%. The enhancement
of compatibility was very limited when the concentration of GPTMS was beyond 8 wt
%. Therefore, the following studies focused on the MWCNTs modified by 8 wt%
GPTMS.

(a) 

(b) 

Fig. 1. Surface modification of MWCNTs with GPTMS: a hydrolysis of GPTMS; b surface
modification of MWCNTs
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3.2 Characterizations of the Conductive Films Based on NCC

3.2.1 Disperse State of the Modified MWCNTs in the Conductive Film
The hydrophilic groups of original MWCNTs were replaced by the hydrolyzed
GPTMS during the modification and then the disperse state of the modified MWCNTs
in the substrate was improved significantly. A structural schematic mechanism of the
conductive films based on NCC was presented in Fig. 3.

The disperse state of the modified MWCNTs in the conductive films was analyzed
with SEM at different scales. Noticeably in Fig. 4, the dispersion in the substrate was
related to the concentration of surface-modified MWCNTs.

Figure 4a showed the smooth morphology of substrate without modified
MWCNTs. When the content of modified MWCNTs was 2 wt%, the dispersion of the
nanotubes in the conductive films was uniform (as shown in Fig. 4b). The morphology
of the composites was changed obviously with the addition of modified MWCNTs. As
shown in Fig. 4d, the entanglement was visible in the conductive films synthesized
with 6 wt% modified MWCNTs. In addition, some agglomerations of nanotubes were
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Fig. 3. Structural schematic mechanism of the conductive films based on NCC substrate
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observed in the conductive films when the contents of modified MWCNTs were 8 and
10 wt% (shown in Fig. 4e, f).

3.2.2 FT-IR Spectra of the Conductive Films
The chemical structures of NCC substrate and conductive films were confirmed by FT-
IR, as shown in Fig. 5. The FT-IR spectrum of NCC substrate (indicated in Fig. 5a)
showed a blunt peak at 3430 cm−1, which corresponded to the surface hydroxyl
groups. The peak at 2890 cm−1 belonged to the asymmetrically stretching vibration of
C–H. The absorption peaks at 2260 and 1755 cm−1 were related to the unsaturated
structure such as carbonyl groups.

With the addition of modified MWCNTs, the characteristic peaks at 3430 and
2890 cm−1 were enhanced significantly, as seen in Fig. 5d–f. And the reinforcement of
these peaks showed the introduction of surface hydroxyl groups and C–H groups into
the conductive films. As indicated in Fig. 5, the absorption peaks at 2260 and
1755 cm−1 of the conductive films were relatively steady. This phenomenon showed
that the content of carbonyl groups in the conductive films was affected by the modified
MWCNTs indistinctively.

3.2.3 Crystal Structure of Conductive Films
The XRD patterns of NCC substrate and conductive films were indicated in Fig. 6. The
characteristic diffraction peak at 2h = 20.8°, as the typical pattern of cellulose type II,

(a) (b) (c)

(d) (e) (f)

200nm200nm 300nm

300nm300nm 300nm

Fig. 4. SEM micrographs of conductive films with different contents of surface-modified
MWCNTs: a 0 wt%; b 2 wt%; c 4 wt%; d 6 wt%; e 8 wt%; (f): 10 wt%
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was shown because the natural crystalline region of substrate was destroyed during the
acid hydrolysis.

The diffraction position of conductive films was steady while the diffraction
intensity of the peak at 2h = 20.8° was increased with the addition of modified
MWCNTs (shown in Fig. 6). This is because the introduction of hydroxyl groups
resulted in the compact arrangement of cellulose chains such that the ratio of crystalline
region in the substrate was higher. The crystallinity of conductive films showed a slight
rise with the enhancement of MWCNTs (indicated in Table 1).

3.2.4 Conductivity of NCC Films with Modified MWCNTs
The resistance of the films to flow of electrical current was associated with the disperse
state of conductive additives. The concentrations affected the dispersion of modified

4000 3500 3000 2500 2000 1500 1000

(f)

(e)

(d)

(c)
(b)

Tr
an

sm
itt

an
ce

Wavenumber (cm-1)

(a)

3430
2890

2260

1755

Fig. 5. FT-IR spectra of conductive films with different contents of surface-modified MWCNTs:
a 0 wt%; b 2 wt%; c 4 wt%; d 6 wt%; e 8 wt%; f 10 wt%
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Fig. 6. XRD patterns of conductive films with different contents of surface-modified MWCNTs:
a 0 wt%; b 2 wt%; c 4 wt%; d 6 wt%; e 8 wt%; f 10 wt%
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MWCNTs in substrate significantly. The relationship between the amount of modified
MWCNTs and the conductivity was shown in Fig. 7.

Compared with the control group, the electrical resistivity of the conductive film
decreased by 25.6% when the content of modified MWCNTs was 2 wt%. The elec-
trical resistivity of the conductive films synthesized with 4 wt% modified MWCNTs
was 1.20�10−2 X cm; and the resistivity declined to 3.30 � 10−3 X cm with 6 wt%
modified MWCNTs. It was obvious that the incremental contribution to the conduc-
tivity decreased when the content of modified MWCNTs was more than 8 wt%. When
the content of surface-modified MWCNTs was 10 wt%, the electrical resistivity of the
conductive films was 1.37 � 10−3 X cm. According to the SEM micrographs (Fig. 4),
the aggregated disperse state of 8 and 10 wt% modified MWCNTs can be one of the
main limitations for the conductivity.

4 Conclusions

In this study, GPTMS was treated as the surface modifier of MWCNTs. When the
content of modifier was 8 wt%, the CA between modified MWCNTs and NCC sub-
strate was 61.9°, which was 29.1% less than that of the original MWCNTs. According
to the SEM micrographs, it can be concluded that the disperse state of modified
MWCNTs was related to the concentration significantly. The homogeneous disperse
state was visible when the contents of modified MWCNTs were less than 6 wt%. The
FT-IR spectra indicated the effects of modified MWCNTs on the chemical structure of
the conductive films. Hydroxyl groups and C–H groups were introduced into the NCC

Table 1. Crystallinity of conductive films with different contents of surface-modified
MWCNTs: (a) 0 wt%; (b) 2 wt%; (c): 4 wt%; (d): 6 wt%; (e): 8 wt%; (f): 10 wt%

Sample a b c d e f

Crystallinity (%) 41.6 42.2 42.7 44.2 45.8 46.5
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Fig. 7. Electrical resistivity of conductive films with different contents of surface-modified
MWCNTs
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substrate by modified MWCNTs. The XRD diffraction position of conductive films
was steady, while the crystallinity increased from 41.6 to 46.5% when the content of
MWCNTs was 10 wt%. The growth rate of the conductivity slowed down when the
concentration of modified MWCNTs was more than 8 wt% and the electrical resistivity
of the films synthesized with 10 wt% modified MWCNTs was 1.37 � 10−3 X cm.
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Abstract. To study a new type of paper plastic film laminating product based
on PVP and PVA and its related properties. L9 (3

3) orthogonal test was used to
prepare PVP adhesives, in which three factors (levels) were PVP (10, 12, 14%),
potassium stearate (1, 2, 3%) and glycerol concentration (8, 10, 12%). With the
peel strength of PVP and PVA laminating products as the evaluation index, the
optimal amount of PVP adhesive raw materials could be obtained. At the same
time, the solid content and infrared spectrum of the adhesive and the thermal
shrinkage rate of the laminating product were measured. The optimal amount of
PVP adhesive for laminating was: 10% for PVP, 3% for potassium stearate and
12% for glycerin. The solid content of 10, 12, and 14% PVP adhesives were 55,
67 and 75%, respectively, satisfying the requirements for adhesives for lami-
nating. Infrared spectroscopy analysis showed that there were interactions
between the PVP molecules and glycerol hydrogen bonds, and the addition of
potassium stearate and glycerin improved the performance of the PVP adhesive
and enhanced its stability. With being tested by constant temperature and
humidity and heat shrinkage, the samples showed no separation, shrinkage,
blistering, wrinkling, warping and discoloration, and had excellent stability. In
this paper, the optimum raw material dosage of PVP adhesive for laminating
was obtained, and paper plastic laminatings based on PVP adhesive and PVA
film were prepared.

Keywords: Paper plastic laminating � Adhesives � Peel strength � Heat
shrinkage

1 Introduction

The laminating of paper printing is a type of post-printing surface decoration process,
which refers to the surface of the paper printing with a laminating machine coated with
a layer of plastic film, forming a paper-plastic product [1]. This process includes
coating the plastic film with adhesive, drying it, and pressurizing and heating it with the
paper printings into a whole, and finally forming a kind of waterproof, anti-fouling,
folding-resistant, wear-resistant, and beautiful appearance with high value-added
printing products [2] such as publications, folding cartons, bags, labels, etc. At present,
most of the plastic film substrates used in the paper and plastic laminating on the
market are BOPP and BOPET [3]. During the recycling of the laminating products, it is

© Springer Nature Singapore Pte Ltd. 2019
P. Zhao et al. (eds.), Advances in Graphic Communication, Printing
and Packaging, Lecture Notes in Electrical Engineering 543,
https://doi.org/10.1007/978-981-13-3663-8_125

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_125&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_125&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-3663-8_125&amp;domain=pdf
https://doi.org/10.1007/978-981-13-3663-8_125


necessary to mechanically separate the paper and plastic films, increasing the cost of
recycling and making them lose their commercial value, which causes great waste of
resources. Adhesives for paper and plastic laminating are mainly solvent-based adhe-
sives, water-based adhesives, and hot-melt adhesives. Solvent adhesives generate a
large amount of volatile organic solvents during use, polluting the environment; water-
based adhesives and hot melt adhesives are insoluble in water and cannot separate
paper-based and plastic films in water.

Polyvinyl alcohol (PVA) is a synthetic, non-toxic and harmless water-soluble
polymer with a large number of hydroxyl groups in its molecular chain [4]. Hydrogen
bonds are easily formed between molecules and molecules, molecules and water
molecules. Therefore, PVA has good water solubility. At the same time, PVA film has
excellent mechanical properties and surface tension and other properties [5, 6], which
are in line with the relevant standards of paper-plastic laminating products.
Polyvinylpyrrolidone (PVP) is a water-soluble polymer product [7], with the ability of
polar groups in molecular chain and good compatibility with polyvinyl alcohol. In this
paper, PVA film was used as the plastic substrate. PVP adhesives were prepared by
orthogonal design scheme. Post-printing copper plate paper was used for laminating.
PVP adhesives were tested for solid content and infrared, and the laminating samples
were tested to measure the peel strength, which was taken as the only parameter to
optimize the PVP adhesive formulae.

2 Experiments

2.1 Sample Preparation

2.1.1 Preparation of PVP Adhesive
Establish Orthogonal Test Design: According to literature reports, the concentration of
PVP, potassium stearate and glycerol concentration can influence the peel strength of
PVP-PVA laminating materials, thus an orthogonal test design was considered for PVP
adhesives, and a L9 (3

3) orthogonal test sheet was established as shown in Table 1. The
peeling force of each sample after laminating is determined as the inspection index, and
visual analysis is performed to determine the order of influence of the adhesive and the
optimum process parameters.

The orthogonal test group is shown in Table 2.
Preparation of PVP Adhesives: Self-made demonized water was heated to 85 °C to

prepare a certain concentration of C18H35KO2 solution, stirring at a rate of 300 r/min

Table 1. Orthogonal factor—levels of preparation of PVP adhesive

Levels Factors
A PVP (%) B C18H35KO2 (%) C Glycerol (%)

1 10 1 8
2 12 2 10
3 14 3 12
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until completely dissolved. Then prepare a certain concentration of PVP solution on the
same conditions. After the solution is completely dissolved, add the corresponding
C18H35KO2, add a certain amount of glycerin, and stir at 300 r/min until a uniform and
stable adhesive solution is formed.

2.1.2 Preparation of PVP-PVA Film Laminating Samples
The prepared PVP adhesive was evenly coated on the PVA film with a 12 lm wire rod.
The film coating temperature was set at 90 °C, speed was 10 m/min, and the film
pressure was 5 MPa. The laminating conditions of the experimental group were set the
same. Each set of samples was placed in a temperature of 23 ± 2 °C. and a relative
humidity of 40–50% for more than 4 h [8] for test the peeling force.

2.2 Performance Test Method

2.2.1 Solid Content Test of PVP Adhesive
The solid content affects the product’s use and production costs. Under normal cir-
cumstances, the adhesive solid content between 30 and 50% can meet the requirements
of laminating products. Refer to “GB/T 2793-1995 Determination of Non-Volatile
Content of Adhesive” to measure non-volatile content.

2.2.2 Film Laminating Peel Strength Test
The paper uses the electronic tensile machine to detect the peel strength of paper and
plastic to evaluate the firmness of the bonded film product [9]. The specific method
refers to “GB/T 8808-1988 soft composite plastic material peel test method”.

2.2.3 PVP Adhesive Infrared Spectrum Test
The chemical structures of PVP powder and PVP adhesive samples were measured by
Fourier infrared spectrometer and compared.

Table 2. Orthogonal test of preparation of PVP adhesive

Number A (%) B (%) C (%)

1 1(10) 1(1) 1(8)
2 1 2(2) 2(10)
3 1 3(3) 3(12)
4 2(12) 3 2
5 2 1 3
6 2 2 1
7 3(14) 1 3
8 3 2 1
9 3 3 2
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3 Results and Discussion

3.1 Solid Content Detection Results

The PVP adhesives were tested at concentrations of 10, 12, and 14%, respectively, and
the solid contents were about 55, 67, and 75%, respectively. All of them satisfied the
requirements of adhesives for laminating. The higher solids content of the PVP
adhesive is beneficial to the control of the lamination process and the guarantee of the
performance of the laminating product.

3.2 Orthogonal Experimental Analysis of PVP Adhesive

Visual Analysis: The orthogonal test results of the peel strength of PVP adhesives and
laminating samples are shown in Table 3.

From Table 3, the primary and secondary factors affecting the peel strength of PVP
adhesives and laminating samples are: glycerin, PVP and potassium stearate. Within
the scope of the experimental design, the optimal conditions for the preparation of the
adhesive are A1B3C3, i.e., PVP of 10%, potassium stearate of 3% and glycerin of 12%.

According to the experimental group A1B3C3, three verification experiments were
conducted to prepare PVP adhesives, and the average peel strength of the samples was
1.12 N/cm, which was greater than the value of each test set in Table 3. Therefore,
A1B3C3 was used as the optimum conditions for laminating PVP adhesive preparation.

Variance Analysis: The visual analysis of the orthogonal test cannot estimate the
experimental error. In order to distinguish the difference of the test result due to the
change of the level of each factor or the random fluctuation of the test well, the variance
analysis of the test result can be performed [10]. Variance analysis is shown in Table 4.

Table 3. Orthogonal test and result of PVP adhesives

Number A (%) B (%) C (%) Peel strength(N/cm)

1 1(10) 1(1) 1(8) 0.44
2 1 2(2) 2(10) 0.55
3 1 3(3) 3(12) 1.00
4 2(12) 3 2 0.48
5 2 1 3 0.75
6 2 2 1 0.50
7 3(14) 1 3 0.56
8 3 2 1 0.29
9 3 3 2 0.36
K1j 0.660 0.493 0.410
K2j 0.577 0.528 0.462
K3j 0.403 0.618 0.768
R 0.257 0.125 0.358

Study on Preparation and Properties … 931



According to Table 4, F value of glycerol > F0.05 (2,2), that is, concentration of
glycerol has a very significant effect on the test results, PVP has a significant effect on
the test results, potassium stearate has a certain effect. According to the method of
variance analysis, the factors that have significant influence can be selected to select the
best level, and the factors that have smaller impact can be selected according to the
actual needs. Selecting PVP of 10%, potassium stearate of 3%, and glycerin of 12%,
i.e., A1B3C3 is the best condition for preparing laminating PVP adhesive, which is
consistent with the visual analysis method.

3.3 Infrared Spectroscopic Analysis of PVP Adhesives

The PVP infrared spectra measured by various methods are similar, and when there are
molecules interacting with PVP, the PVP infrared spectra may show significant dif-
ferences [11]. Infrared spectra of PVP and PVP adhesives are shown in Figs. 1 and 2.

Table 4. Analysis of variance

Factors Sum of square
deviation

Degree of
freedom

F
value

Significance

PVP (%) 0.103 2 12.875 Obvious significance
C18H35KO2

(%)
0.025 3 3.125 Has a certain

significance
Glycerinum
(%)

0.225 2 28.125 Highly significant

Error 0.01 2

F0.25(2,2) = 3.0, F0.10(2,2) = 9.0, F0.05(2,2) = 19.0, F0.01(2,2) = 99.0

Fig. 1. Infrared spectra of PVP
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As shown in Fig. 1, the characteristic absorption band in the range of 1660–
1680 cm−1 is generated by the –C=O stretching vibration of the PVP molecule, and the
spectrum band is broad, indicating that there is a strong interaction between –C=O
double bond and –C–N–, in which a coupling effect occurs. 1458 cm−1 is the in-plane
and out-of-plane bending vibration of the –C–H bond. 1309 cm−1 is the –C–N bond
vibration. From Fig. 2, the stretching vibrational absorption peak of –C=O in PVP
molecule moves from 1687 to 1636 cm−1, indicating that there is a hydrogen bonding
interaction between PVP molecule and glycerin. The decrease or even disappearance of
1458 and 1309 cm−1 may be due to the entrapment of potassium stearate molecule on
the PVP micelles. The –OH vibration of glycerol shows at 1047 cm−1. The addition of
potassium stearate and glycerin improved the performance of the PVP adhesive and
enhanced its stability.

4 Conclusions

In conclusion, a new type of paper plastic laminating can be prepared based on PVP
and PVA. By designing the L9(3

3) orthogonal test to formulate the PVP adhesive, the
solid content of the adhesive and the infrared spectrum, the peeling strength of the
laminating products, the following conclusions were obtained:

(1) The solid content of 10, 12, and 14% PVP adhesives were about 55, 67, and 75%,
respectively, which all met the requirements of adhesives for laminating.

(2) After analyzing the orthogonal test of PVP adhesive by visual analysis and analysis
of variance, the optimal condition for preparation of laminating products PVP
adhesive is PVP of 10%, potassium stearate of 3%, glycerol concentration of 12%.

Fig. 2. Infrared spectra of PVP adhesives
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(3) Infrared spectroscopy analysis showed that there were interactions between the
PVP molecules and glycerol hydrogen bonds, and the addition of potassium
stearate and glycerin improved the performance of the PVP adhesive and
enhanced its stability.
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Abstract. The migration of the antioxidant, butylated hydroxytolune (BHT),
from the high-density PE materials is researched by the GC-MS method. The
initial BHT concentration is obtained through the ultrasonic hexane abstraction.
This paper researches the rule of migration of BHT into fatty food simulacrum at
60 °C (the high temperature for short-time sterilization), 30 °C (the normal
temperature for storage) and 4 °C (the low temperature for refrigeration).

Keywords: BHT � Migration rate � GC-MS

1 Introduction

PE material is widely used in food packages. The antioxidant, plasticizer, heat stabilizer
and other reagents are often used as additives added in PE package materials for the
purpose of improving the processing performance of PE or making up for the defi-
ciency of resin performance. The migration of additives from the package materials has
become the focus of attention [1]. The antioxidant, butylated hydroxytolune (BHT),
added in PE food package can inhibit and slow down the oxidation and degradation of
PE. However, the BHT can permeate and migrate into food during contacting the food
and influence the taste of food. Besides, the excessive BHT is toxic to the physical
health of consumers.

2 Material and Method

2.1 Material and Reagent

BHT with the purity higher than 98.5% was purchased from Zhengzhou Huafeng
Reagent Co., Ltd. The high density PE barrel was purchased from a supermarket.

2.2 Instrument and Equipment

American Agilent GC-MS was used for test of BHT migration quantity.
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2.3 Method

2.3.1 Chromatographic Conditions
Chromatographic column (HP-5MS Agilent, 30 m � 250 lm � 0.25 lm) [2]; tem-
perature rise procedure: keep for 2 min at 60 °C, rise to 180 °C at the speed of
20 °C/min and rise to 195 °C at the speed of 5 °C/min; carrier gas (N2) flow rate:
1.5 mL/min; pressure: 13.385 W; sample volume: 1 µL.

2.3.2 Mass Spectrometry Conditions
Electron bombardment ion source; electron energy: 70 eV; transmission line temper-
ature: 275 °C; ion source temperature: 230 °C; parent ion: m/z 205; activation voltage:
1.5 V; mass scan range: m/z 35–500.

2.4 Calculation of Migration Rate

Migration rate ¼ A1=A2 ð2:1Þ

where A1 is the concentration of BHT in simulated food solution in a balanced state
after migration; A2 is the initial BHT concentration in package materials.

3 Result and Analysis

3.1 Preparation of Standard Sample and Drawing of Standard Curve

Prepare the BHT standard solution with the BHT concentration of 500, 250, 62.5,
31.25, 15.625 and 0 ng/ml. Test with the spectrometer. Draw the standard curve based
on data shown in Fig. 1. If the relativity R2 is 0.99976702, it indicates that the standard
curve is valid.

3.2 Determination Method for Initial BHT Content in Sample

Cut the sample into 0.1 cm * 0.15 cm granules. Weigh a certain amount of sample and
place the sample in a 50 ml colorimetric tube with plug. Add 20 ml hexane in the tube
and extract in ultrasonic state at 40 °C for 2 h. Measure 1 ml solution and filter the
solution. Measure the BHT concentration T1 with the spectrometer. Then, pour out the
remaining solution from the tube and add 20 ml hexane. Extract in ultrasonic at 40 °C
for 1 h. Measure 1 ml solution and filter the solution. Measure the BHT concentration
T2 with the spectrometer. When the proportion of T2 to T1 is less than 3%, it can be
deemed that all BHT migrates from the package materials. Otherwise, BHT shall be
extracted in ultrasonic again. Three parallel samples shall be experimented at the same
time.
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3.3 Migration Experiment

3.3.1 Experiment of Migration of BHT to Fatty Food Simulacrum
at 60 °C
Hexane is used as the fatty food simulacrum [3]. Cut the sample into 1.5 cm * 5 cm
rectangular sheets. After weighing, place the rectangular sheets in a reagent bottle with
plug, add 100 ml hexane in the bottle and place the bottle in a constant temperature
incubator at 60 °C. Take 1 ml sample, filter and feed the sample every 1 h. Three
parallel samples shall be experimented at the same time.

3.3.2 Experiment of Migration of BHT to Fatty Food Simulacrum
at 30 °C
The experiment method is same with that in Sect. 3.3.1. The difference is that the bottle
is placed in a constant temperature incubator at 30 °C (Table 1).

3.3.3 Experiment of Migration of BHT to Hexane at 4 °C
The experiment method is same with that in Sect. 3.3.2. The difference is that the bottle
is placed in a constant temperature incubator at 4 °C.
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Fig. 1. Standard curve

Table 1. Determination of initial BHT content: hexane extraction

Item Sample 1 Sample 2 Sample 3 Mean value

The 1st extraction 51.63064833 49.78557505 50.79802956 50.73808431
The 2nd extraction 0.847642436 0.847758285 0.905714286 0.867038335
The 3rd extraction 0.670039293 0.690935673 0.692807882 0.684594282
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3.4 Initial BHT Content

It can be seen that relative deviation of three parallel samples in the ultrasonic hexane
extraction is 0.12–1.88% and the parallelism is good. The proportion of average
extraction value at the 2nd time to average extraction value at first two times is 1.68%,
less than 2%. Therefore, it can be regarded that the extraction is complete [4]. The
extraction capacity at the 1st time is far higher than that at last two times. The
extraction capacities at last two times are basically the same. It indicates that the
method can extract most BHT from sample [5].

3.5 Influence of Temperature on BHT Migration

The migration rate of BHT into hexane within 1 h at 60 °C is up to 45%, as shown in
Fig. 2. The migration rate in the next 2–7 h is kept within 45–49%. It indicates that the
migration rate mainly grows in the first 1 h. Then, the migration is kept in dynamic
balance.

It can be seen from Fig. 3 that the migration rate of BHT at 30 °C in 2 h is up to
44% and reaches the balance with value 51–58% after 5 h.

It can be seen from Fig. 4 that the migration rate of BHT at 4 °C is up to 48% after
9 h and then is kept in the dynamic balance with the value 41.71–52.12%. The
migration rate rapidly grows in early period and is basically stabile in late period.
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Fig. 2. Rate of migration of BHT into the food simulacrum-hexane (60 °C)
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4 Conclusions

This paper researches the abstraction and determination method of initial BHT con-
centration in PE and abstracts BHT with hexane in ultrasonic with high efficiency, good
repeatability and accurate determination of initial BHT concentration in PE. Further-
more, this paper compares the migration of BHT into hexane at 60, 30 and 4 °C. The
result shows that the influence of temperature on migration rate isn’t obvious because
the migration rates at three temperature conditions are stable at 50%, which indicates
that half BHT migrates. Temperature influences the time of reaching the migration
stability, i.e. at 60 °C, BHT migration is balanced after about 1 h, at 30 °C, about 5 h,
and at 4 °C, about 10 h. It proves that the temperature can increase the migration rate.
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Fig. 3. Rate of migration of BHT into the food simulacrum-hexane (30 °C)
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Abstract. A novel triphenylene-based discotic liquid crystal 6-[3,6,7,10,11-
Pentakis(pentyloxy)triphenylen-2-yloxy]-hexyl methacrylate. Chemical struc-
ture of this compound has determined by 1HNMR and FT-IR spectrum, and its
mesophase was investigated by differential scanning calorimeter (DSC) and
polarizing optical microscopy (POM) methods. This new compound has the
unique optical properties of discotic liquid crystals because of their remarkable
photoconductivity and high charge carrier mobility. Columnar discotic liquid
crystals based on triphenylene show great potential as molecular organic
materials for optoelectronic devices.

Keywords: Triphenylene discotic � Liquid crystalline � Columnar phase

1 Introduction

Liquid crystals are the fourth state of matter except gas, liquid and solid. As a unique
functional soft substance, it not only has the fluidity of the liquid, but also has the
crystal anisotropy, which is considered as a kind of thermodynamic stability.

According to the different geometries of the liquid crystal molecules, we classify
them into rod-shaped liquid crystals and discotic liquid crystals. Among them, the rigid
aromatic core of the rod-shaped liquid crystal molecule shows a long rod shape, and
several flexible side chains are connected along the long axis direction thereof, and the
liquid crystal performance is exhibited when the aspect ratio is greater than 4. The
discotic liquid crystal molecules are formed by a rigid central core. And the outer edge
of a number of flexible side chains. The discotic liquid crystal molecules form an
ordered columnar structure through molecular self-assembly and have certain carrier
transport properties.

The first discovery of benzene hexameter was in 1977 by Chandrasekhar et al. [1].
In 1977, Indian scientists discovered that in the study of homohexene esters, it was
found that discotic molecules have liquid crystal properties capable of forming
columnar phases, and there is a strong interaction in the rigid cores of discotic mole-
cules, and the mobility of molecules is due to the flexible side chains at the edges of the
discotic molecules are formed by the relatively weak van der Waals forces. In this way,
the balance between the rigid core and the flexible side chain determines the liquid
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crystal properties of the material. At the same time, its balance performance also affects
the self-aggregation behavior of the molecule. The discotic molecules can form an
ordered noematic entry as well as ordered and positionally ordered columnar phases.

The rigid inner core of the self-assembled disc-shaped molecules tends to accu-
mulate under the action, and the side chains of the edges are more likely to pile up
together, and molecular-level micro-dissociation will occur, thereby forming a
columnar phase. Ordered stacking of discotic molecules in the column facilitates orbital
stacking of the discotic molecules, giving them excellent carrier transport performance
in one dimension along the axis of the column [2]. The mobility in the direction along
the axis of the column is its More than 100 times along the vertical axis. The triph-
enylene molecules that we studied are typical liquid crystal molecules in the discotic
liquid crystals [3]. They have a variety of structures, are easy to synthesize and purify,
have a low melting point, and have good thermal stability. These excellent properties
make them as we have always been one of the fine materials for in-depth study [4].

In this paper, the synthesis and processing of the novel triphenylene disc-shaped
liquid crystal 6-[3,6,7,10,11-penta(pentyloxy)benzophen-2-yl]-hexane methacrylate
and its application properties are studied. The derivatives of triphenylene have many
optimized properties. The self-assembly properties of aa result in stable photochemical
properties and a high degree of order in its spatial structure.

2 Experimental

Chemicals used in the synthesis if not specified were all analytic reagents (Beijing
Chemical Reagents Co). The chemical structure was characterized by measuring on a
Brucker DMX-300 300 MHz NMR spectrometer and FTIR-8400.

2.1 Synthesis of 6-[3,6,7,10,11-Penta(Pentoxy)Benzophe 2-Yloxy]-Hexane
Methacrylate

The target compound was synthesized according to the route shown in Fig. 1.
The synthesis of the target compound is mainly based on the literature. Using

catechol as base material to synthesis compound 1. The synthesis of compound 1 was
prepared by reference to the Williamson reaction. Then, according to the mechanism of
Scholl reaction, compound 1 was catalyzed by iron trichloride and trimerized to give
2,3,6,7,10,11-hexamethoxy triphenylene [5]. In order to get 2-hydroxyl-3,6,7,10,11-
penta-pentoxytriphenylene (compound 3), the B-type bromate-cholesterol was selected
because it has slightly lower of the activity than boron tribromide. Etherification
reaction, Adding 2-hydroxy-3,6,7,10,11-pentapentyloxytriphenylene [6] to a 250 ml
three-necked flask (800 mg, 1.185 mmol), Potassium carbonate (980 mg, 7.1 mmol),
Acetonitrile (25 ml), stir for 15 min,Then 1,6-dibromoethane (3 g, 12 mmol) was
added, this reaction was refluxed on a nitrogen gas shielded balloon at 75 °C for 12 h.
The product (compound 4) was chromatographed with petroleum ether-
dichloromethane-ethyl acetate as eluent. Recrystallization from ethanol gave the
product 2-(6-bromohexyloxy)-3,6,7,10,11-pentapentyloxytriphenylene. The product
(4.5 g, 5.3 mmol), methacrylic acid (0.93 g, 10.8 mmol), potassium hydrogen
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carbonate (1.3 g, 13 mmol) was added in succession to 50 ml of N,N-
dimethylformamide (25 ml). In the three-necked flask, reaction was carried out in
nitrogen protection at 120 °C for 24 h. The product (compound 5) was chro-
matographed with petroleum ether-dichloromethane-ethyl acetate as eluent. And
recrystallize in ethanol, a white solid was obtained as the final target product
6-[3,6,7,10,11-penta(pentyloxy)benzophen-2-yl]-hexane methacrylate [7].

2.2 Characterization

The thermal and optical properties of the synthesized material were observed using a
Lecia polarized light microscope (POM) equipped with a Linkam LC600 hot stage and
a Netzsch differential scanning calorimeter DSC (Thermal Analysis DSC 2010). The
heating rates of both POM and DSC are 10 °C min−1. The DSC was used to calculate
the phase transition from 0 to 155 °C and the associated enthalpy.

Characterization of liquid crystal properties. The relationship between the optical
structure and the thermal stage was investigated using a polarizing microscope (POM).
The sample was heated (10 °C/min) to 90 °C (isotropic phase), then cooled (10 °C/min)
to room temperature, and the in-process liquid crystal texture was observed. Differential
scanning calorimetry (DSC) was used to determine the change in phase transition
temperature and related enthalpy at a scanning rate of 10 °C min−1 at 0 °C.

To characterize the liquid crystal properties, we used a polarization microscope
equipped with a Linkam LC600 hot stage to study the relationship between its optical
structure and temperature changes. The sample was heated (10 °C/min) to 90 °C
(isotropic phase) and then cooled (10 °C/min) to room temperature, during which time
the change in the liquid crystal structure was observed. The thermal properties of the
liquid crystals were observed using a NETZSCH differential scanning calorimeter DSC
(thermal analysis DSC 2010). When the scanning speed was 10 °C min−1 at 0 °C, the
phase transition temperature and the associated enthalpy change were measured.

3 Results and Discussion

3.1 FT-IR and 1H-NMR

See Fig. 2.

3.2 DSC

There is only one endothermic peak throughout the temperature increase. The tem-
perature is 45.7 °C and the enthalpy value is 42.38 J/g, which means that only one
phase change occurs during the heating process. According to the POM pattern
obtained at 40 °C (as shown in Fig. 3), it can be inferred that after 45.7 °C, the target
product turns from liquid crystal state to isotropic state. The red curve is the first
temperature drops curve. The observation curve can show that there is only one
exothermic peak. The temperature is 15 °C and the enthalpy value is 15.6 J/g.
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3.3 POM

At 20 °C a small amount of focal conic texture appears, as shown in Fig. 4. At 15 °C,
the texture obtained is a linear defect texture, and the linear defect texture is a typical
texture of a hexagonal columnar phase. Therefore, we can initially determine that the
compound forms a hexagonal columnar phase at 15 °C.

4 Conclusions

As a result, the compound 6-[3,6,7,10,11-penta(pentyloxy)benzophen-2-yloxy]-hex-
anemethacrylate was prepared and subjected to a series of characterizations [8]. The
chemical structure was confirmed by measuring 1H-NMR and FT-IR spectra.

Fig. 2. FT-IR and 1H-NMR of final compound FT-IR(KBr): Vmax (cm−1):3089(=C–H);
2950,2856(–CH3/–CH2–);1745(–C=O);1614 (–C=C–); 1614,1508,1431 (C6H6) 1H-NMR:H
(300 MHz, CDCl3): 7.80–7.86 (m,6H), 6.15–6.25 (s,1H), 5.40–5.50 (s,1H), 4.1–4.3 (m,14H),
2.0–1.5(m,43H)

Fig. 3. DSC thermogram of compound 5
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By combining the test results of the DSC, POM was used to observe the columnar
phase structure of the target compound. The compound exhibits good liquid crystal
columnar phase characteristics and liquid crystal range [9], which provides the basis for
subsequent synthesis of organic semiconductor devices. It is also proved that the
introduction of the composite matrix into the discotic liquid crystal can suppress the
crystallization, expand the mesophase range, increase the clearing temperature and
stabilize the columnar phase.
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Abstract. To investigate the effect of lignin content on the material prepared
from thermoplastic starch and sugarcane pith (TPS/BP), individual alkaline and
combined acid and alkaline pretreatments were employed to obtain BP with
different contents of lignin for preparation of TPS/BP. Degradation by microbial
organisms using shaking flask and observation of morphology by using SEM
were investigated. The deepen scratch-like structure on the surface of BP was
observed, which is possibly due to the removal of lignin. Lignin content was
decreased by 15% after pretreatment at 100 °C using 5% NaOH solution. The
biodegradability of the resultant TPS/BP was improved by 61.76% after 10
days’ digestion at 30 °C with a rotatory speed of 150 rpm. The biodegradability
of TPS/BP with lower lignin content of 4–5% was significantly enhanced, with
complete degradation after 10 days’ digestion in shaking flask.

Keywords: Lignin � Thermoplastic starch/sugarcane pith � Composite
material � Microbial degradation

1 Introduction

Sugarcane bagasse is the main by product from sugarcane industry. It is one of the best
feedstock for paper making. However, 30–40% are composed of soft, short and thin
cell wall, namely, bagasse pith (BP). BP will hold a large amount of chemicals during
pulping, which increases the viscosity of the waste liquid and reduces the pulping
efficiency [1]. The strength of the resultant paper will also be reduced significantly [2].
Therefore, removal of BP ahead of pulping is a perquisite for paper-making factories.
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BP is now being used as energy source for heat and electricity through combustion,
which is not the best way to make full use of it [3].

Preparation of biodegradable composite materials by blending starch and BP would
not only dramatically increase the mechanical strength of thermoplastic starch
(TPS) but would also decrease the cost for making TPS. This is a higher value-adding
process to utilize BP [4]. Biodegradability is the main characteristic of the thermo-
plastic starch/BP (TPS/BP). Therefore, investigation of the influence of factors like the
ratio, lignin content, etc. on the biodegradability would benefit the following
manufacture.

The main components in BP are cellulose, hemicellulose and lignin. Lignin is
bonded with cellulose and hemicellulose by either covalent bonds or hydrogen bonds.
This structure restricts the materials from being degraded by microorganisms in a short
period [5]. Therefore, pretreatments which will partially decompose the structure are
usually required for better biodegradability [6, 7]. Acid, alkaline, and organic solvent
pretreatments are able to increase the biodegradability mainly because of their delig-
nification effect [8]. Delignification could also be achieved by hot water and dilute acid
pretreatment [8].

Based on the above, in this work, the effect of conditions of alkaline pretreatment
on lignin content was studied. BP with different lignin contents was used to prepare
TPS/BP. Thereafter, biodegradability was tested using the prepared TPS/BP as sole
carbon source. The influence of lignin content on the biodegradability was summarized
afterwards.

2 Materials and Methods

2.1 Materials

BP was provided by Jiangmen sugarcane factory. The crude BP was fractionated by
mesh sieves and the fraction between 40 and 60 mesh was collected and sealed in
plastic bag for further use. The chemical compositions of bagasse pith were determined
by following Chinese standards. The results and corresponding standards are shown in
Table 1. Food grade corn starch was obtained from Changchun Dacheng corn com-
pany. Glycerol, urea, stearic acid, concentrated H2SO4, NaOH, and acetic acid are of
analytical grade.

The microorganism strain which was used for biodegradation test was screened and
stored in our own laboratory. The strain was identified and belonged to Aspergillus [9].

Table 1. Chemical analysis of bagasse pith

Ash
content
(%)

Extract content (%) Klason
lignin
(%)

Acid
soluble
lignin
(%)

Total
lignin
(%)

Holocellulose
(%)

Pentosan
(%)Hot

water
Benzene-
alcohol

1%
sodium
hydroxide

9.21 4.43 2.85 46.11 19.61 1.54 21.15 63.21 21.83
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2.2 Pretreatment of BP

2.2.1 Alkaline Pretreatment
The un-sieved BP was added into solutions with 1, 5, and 15% (w/v) NaOH,
respectively, and placed at 30 ± 2 °C. Another pretreatment was performed under
reflux condition with 5% NaOH. After pretreatment, BP was filtrated and washed by
acetic acid (acetic acid:water = 1:3, v/v), and finally washed by deionized water until
pH 7. The solid residue was then placed in an 80 °C oven for 10 h. The 40–60 mesh
fraction was collected for further use.

2.2.2 Combined Acid and Alkaline Pretreatment
The un-sieved BP was mixed with 0.5% H2SO4 (w/w) and cooked at 120 °C for
60 min. The filtrated solid residue was washed by deionized water until pH 7 and dried
at 80 °C for 10 h. Subsequently, a portion of the dried sample was added to 5% NaOH
solution and placed at 30 ± 2 °C for 100 min. Another portion was cooked with reflux
at 100 °C for 100 min. The solid residue was filtrated and washed by acetic acid
aqueous solution (1:3, v/v) and finally washed by deionized water until pH 7. The
drying and sieving fractionation processes were the same as described before.

2.3 Preparation of TPS/BP

BP with different contents of lignin (10%) was blended with corn starch, glycerol/urea
plasticizer, and lubricant. The mixture was subjected to a torque rheometer to prepare
the composite material.

2.4 Characterization of Pretreated BP

2.4.1 Determination of Klason Lignin Content
The Klason lignin content was measured according to Official Standard Method of
China (GB/T 2677. 8-1994). When 3% sulfuric acid was hydrolyzed, no reflux was
carried out, but continuously added deionized water to maintain the total volume of the
solution [10].

2.4.2 Determination of Acid Soluble Lignin Content
Klason lignin was filtrated and the solution was diluted by 3% H2SO4 to certain
concentration so that the absorbance was within the valid range. Thereafter, the
absorbance at 205 nm was measured with 3% H2SO4 as blank using a UV-2450
(Shimazu, Japan). Calculation of acid soluble lignin content was performed following
the Ref. [10].

2.5 Scanning Electron Microscopy (SEM)

The surface of the pretreated samples was sprayed with gold and observed by S-3700N
scanning electron microscope (Hitachi, Japan).
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2.6 Biodegradation Tests

The medium was composed of TPS/BP 10%, (NH4)2SO4 0.25%, K2HPO4 � 3H2O,
0.25%. After autoclaved at 121 °C for 30 min, the activated culture (1%) was inocu-
lated to 50 mL medium with TPS/BP as the sole carbon source. All cultures were
placed at 30 °C with rotary speed at 150 rpm. Measurements of degradation degree
were performed after 10 and 15 days, respectively. All experiments were run in trip-
licate. The biodegradation degree was calculated as follows [11].

Bio degradation degree =
m1 � m2

m1
� 100%

where m1 is the weight of TPS/BP before degradation; m2 is the weight of TPS/BP after
degradation.

3 Results and Discussion

3.1 Effect of Pretreatment Time

Compared with sugarcane bagasse, BP contains more Klason lignin, xylan, ash, and
benzene-alcohol extracts [12]. Alkaline pretreatment was performed by using 5%
NaOH aqueous solution at 30 °C. UV/Vis spectrophotometry method was employed to
monitor the dissolved lignin content in liquid phase.

Figure 1 shows the spectra of liquid phase obtained from different time points
during the pretreatment. Two peaks appeared at 290 and 320 nm, respectively.
According to the characteristic UV/Vis spectrum of lignin [13, 14], these two peaks
indicate the content of lignin in a solution. Kinetics of lignin extraction was plotted
based on the absorbance at 290 and 320 nm, respectively and the results are shown in
Fig. 2. The lignin content remained constant after extraction of 100 min, indicating the
equilibrium was reached after 100 min. In order to prevent too much glucan and xylan
from being dissolved by NaOH solution, 100 min was considered as the optimal
extraction time.

3.2 Effect of NaOH Pretreatment Conditions on the Lignin Content

Table 2 shows the content of Kason lignin, acid soluble lignin and total lignin in BP
resulting from different pretreatment conditions. Compared with the untreated BP, all
the pretreated BP contained less lignin. Comparison among LF1, LF2, and LF3 indi-
cated that delignification increased by 3.27% with increasing NaOH concentration from
1 to 5% with a fixed temperature. However, further increase of NaOH to 15% did not
increase the delignification significantly. Therefore, 5% NaOH was the optimal con-
centration for delignification.

The effects of temperature (LF2, LF4) and the combination of acid and alkaline
(LF5, LF6) were further investigated. The results show that higher temperature
enhanced the delignification by 7.96%. Acid soluble lignin content decreased by 30% if
acid pretreatment was performed prior to alkaline pretreatment. However, acid
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Fig. 1. UV absorption spectra recorded after different extraction times (Note 5% NaOH, 30 °C)

Fig. 2. Kinetics of lignin extraction by UV absorbance spectra at 290 and 320 nm

Table 2. Lignin contents the bagasse piths resulting from different pretreatments

BP sample Klason lignin (%) Acid soluble lignin (%) Total lignin (%)

Untreated BP 19.61 1.54 21.15
LF1 15.33 1.53 16.86
LF2 12.06 1.28 13.34
LF3 11.47 1.23 12.70
LF4 4.63 0.75 5.38
LF5 12.81 0.87 13.68
LF6 3.47 0.49 3.96
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pretreatment was not as efficient as alkaline pretreatment for Klason lignin removal.
Lignin content decreased significantly from 21.15 to 3.96% after chemical
pretreatment.

Delignification by alkaline pretreatment is achieved by destroying the ester bond
between lignin and xylan [15]. Harsher conditions result in better delignification.
Therefore, increases of temperature and NaOH concentration enhance the delignifi-
cation. However, the temperature is more influential than NaOH loading because the
delignification is a saponification reaction.

Morphology of the untreated and pretreated BPs was studied by SEM and the
results are shown in Fig. 3. More particle-like impurities were observed on the surface
of the untreated BP (Fig. 3a). These particle-like impurities were removed by 5%
NaOH, 30 °C pretreatment (LF2) and combined pretreatment (LF5). Furthermore,
scratches-like shape appeared after pretreatment due to alkaline extraction of lignin and
other solubles. More surface cracks were observed on the surface of LF5 and the layer
structure was destroyed. Pretreatment by 5% NaOH under reflux condition resulted in
dramatical morphological alteration of BP (LF4). BP structure was loosened and
partially resulted in debris. Taken together, with the same concentration of NaOH,
reflux conditions gave rise to significant delignification, which further led to the
destroyed BP structure.

(a) Untreated BP (b) LF2

(c) LF4 (d) LF5

Fig. 3. SEM micrographs of Bagasse pith (200� magnification). For abbreviations, please refer
to Table 2
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3.3 Biodegradability of TPS/BP with Different Lignin Contents

Five TPS/BP composite materials, namely, A–E, were prepared using different pre-
treated BPs [16]. The biodegradability was investigated by using shake flask experi-
ment. The degradation degree was detected on 10th and 15th day, respectively and the
results are shown in Table 3. The degradation degree of all composite materials
reached more than 90% after 15 days digestion. However, the degradation rate was
significantly different. For instance, materials A, B, and D showed much slower
degradation rate. Only 20–30% were degraded after 10 days. On the contrary, materials
C and E were degraded very fast and reached more than 90% after 10 days.

As expected, the materials with slower degradation rate contained more lignin (B
and D); correspondingly, less lignin content resulted in higher degradation rate (C and
E). The lignin content in LF4 was decreased by 8% compared to LF2, which corre-
sponds to 61.67% increase in biodegradation after 10 days of their respective TPS/BP.

The structure of lignin is very complicated, and lignin is closely bonded to cellulose
and hemicellulose [6], which makes it impossible to be degraded by microorganism
directly. Delignification destroys the structure of BP as shown in Fig. 3. Deepen
scratch-like shape, more debris, and increased surface area were observed in samples
with higher degree of delignification. These morphologically changes increased the
accessibility of water and enzymes [17], and further improved the biodegradability of
the corresponding TPS/BP. These are in line with previous findings [18–20].

4 Conclusions

This work investigated the effects of pretreatment conditions on the lignin content and
the influence of lignin content on the biodegradability of the resultant TPS/BP.

(1) By comparison of different chemical pretreatment methods, increase in pretreat-
ment temperature could effectively reduce the lignin content. Acid pretreatment
was not as efficient as alkaline pretreatment in removing Klason lignin, but more

Table 3. Degradability of treated BP based packaging materials

Materials BP with different lignin
content

10 day degradation
degree (%)

15 day degradation
degree (%)

A Untreated BP 24.94 91.92
B LF2 31.48 92.20
C LF4 94.14 94.82
D LF5 23.00 92.20
E LF6 93.24 94.52

LF1 30 °C, 1% NaOH pretreated; LF2 30 °C, 5% NaOH pretreated;LF3 30 °C, 15% NaOH
pretreated; LF4 5% NaOH, 100 °C with reflux pretreated; LF5 0.5% H2SO4 cooked, followed by
5% NaOH, 30 °C pretreatment; LF6 0.5% H2SO4 cooked, followed by 5% NaOH, 100 °C with
reflux pretreatment
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effective for acid soluble lignin removal. Lignin content decreased from 21.14 to
5.38% by pretreatment with 5% NaOH with 100 °C reflux for 100 min.

(2) The morphology analyses showed that delignification altered the surface by
deepening the scratch-like shape. In addition, delignification decreased the load
capacity.

(3) Biodegradable experiments showed that decreased lignin content significantly
improved the biodegradability of the TPS/BP. TPS/BP biodegradable degree of
higher than 93% after 10 days was achieved with lower lignin content of 4–5%. In
addition, lignin content decreased by 8% gave rise to 61.76% increase in
biodegradability after 10 days.

Taken together, lower content of lignin resulted in significantly higher
biodegradability of the TPS/BP, paving the way for developing new degradable
composite materials.
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Abstract. A novel water-based polyurethane (WPU)/polyaniline (PANI)
composite coating with high electrical conductivity was fabricated by in-situ
polymerization in this paper. The conductive PANI doped with dodecyl ben-
zenesulfonic acid (DBSA) was synthesized from aniline salt through in-situ
polymerization in a well-dispersed aqueous solution of WPU. The morphology
of composite films, particles size and the electrical conductivity with the effect
of different amount of PANI (varies from 1 to 7 wt%) were discussed. The
results indicate that, the electrical conductivity of the WPU/PANI film increases
with the increasing of the PANI content. Meanwhile, due to the formation of
hydrogen bonds between –NH of PANI and –C=O of WPU, the stability and
mechanical properties of the composites have been improved. The composite
coatings with excellent conductivity have offered a pathway for the different
applications in antistatic, electrostatic discharge (ESD), and electromagnetic
interference (EMI) shielding materials.

Keywords: In-situ polymerization � Dodecyl benzenesulfonic acid � Water
based polyurethane � Polyaniline

1 Introduction

In recent decades, as a new type of functional polymer material, conductive polyaniline
(PANI) has been widely investigated due to its ease of synthesis, good environmental
stability and controllable conductivity [1]. The conductive PANI can be prepared
directly by chemical method or doping the emeraldine base (EB). However, doped
PANI is almost insoluble in most common solvents, which largely limits its applica-
tion. Most scientists recognize that this disadvantage can be overcome by two means:
one is to modify the PANI by compatibilizers, another is to insert counter ions [2, 3].
Up till now, many composite methods have been explored extensively including simple
solution mixing method [4], in-situ polymerization method [5] and impregnation
adsorption polymerization method ect. Relatively speaking, the in-situ polymerization
of aniline in the presence of a well-dispersed polymer emulsion is an excellent choice.
Conducting core-shell latex nanoparticles have been synthesized through in-situ
chemical polymerization [6, 7].
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In this study, based on the previous studies, a WPU/PANI composite coating with
high electrical conductivity was fabricated by in-situ polymerization. The composite
coating combines the excellent mechanical properties of WPU and the electrical con-
ductivity of PANI. Meanwhile, the PANI doped by DBSA, rather than other strong
acid, can effectively prevent the destruction of polyurethane emulsion. Moreover, the
resulting WPU/PANI conducting composite coating can be applied as anti-static
packaging materials [8], electromagnetic interference (EMI) shielding materials and
corrosion protection for metals by simply spraying.

2 Experimental

2.1 Materials

Polycarbonate diol (PCDL, Mr = 1000) were purchased from Asahi KASEI in Japan,
Isophorone diisocyanate (IPDI), 2,2-Dimethylol Propionic Acid (DMPA), poly-
dimethylsiloxane (PDMS), Hydroxyethyl acrylate (HEA), Triethylamine (TEA),
Polyvinyl Pyrrolidone (PVP), Aniline (An), Ammonium Persulphate (APS), Dodecyl
benzenesulfonic acid (DBSA, MW = 326.49) were purchased from macklin. All
aqueous solutions were prepared by using deionized water.

2.2 Preparation of WPU

The prepolymer of urethane was prepared from PCDL and IPDI with a little catalyst in
a three-necked round-bottomed flask under nitrogen gas purge. After that, the DMPA
as hydrophilic chain extender, PDMS as modifiers, HEA as blocking agent, TEA as
neutralizer, all these reagents were added in turn. The reaction was carried out at 80 °C
with continuous stirring for 10 h until the N=C=O functional group being used
up. Finally, the reactants were stirred at high speed in aqueous solution to form a WPU
emulsion. Acetone was used to adjust the reaction concentration during the reaction.

2.3 Preparation of WPU/PANI Composite Coating by In-Situ
Polymerization

1.5 wt% PVP was dissolved in deionized water and poured into a beaker containing
WPU emulsion. After mixing for 1 h, a certain amount of An was added and mixed
thoroughly. The solution was cooled to the temperature range of 0–5 °C. Meanwhile, a
certain concentration of DBSA solution was prepared, and APS was dissolved in
DBSA solution. Next, the APS/DBSA solution was added into An/WPU solution drop
by drop. The reaction was kept for 8 h to complete the polymerization of An. Finally,
the excellent coating was prepared by the addition of some additives.

2.4 Characterization

The chemical structures of pure WPU film, WPU/PANI film and conducting PANI
were characterized by the Attenuated total reflectance-Fourier-transform infrared
(ATR-FTIR). The microscopic morphology of PANI and WPU/PANI coating was
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observed by scanning electron microscopy (SEM) and optical microscope. The elec-
trical parameters of PANI and WPU/PANI coating were measured using Four-Point
Probes. The particle size analysis was performed on a Nano ZS Malvern Zetasizer.

3 Results and Discussion

3.1 Microstructure of Composite Coating

Figure 1 shows the ATR-FTIR spectra of pure WPU film, PANI/WPU conducting
coating film and pure PANI. For pure WPU film (Fig. 1a), the characteristic absorption
peak at 3328 cm−1 is the –N–H stretching vibration absorption peak of the poly-
urethane chain segment. There are no absorptive peaks appearing from 2280 to
2240 cm−1, which indicates that the –NCO in the system had completely reacted. The
appearance of 1534 and 1725 cm−1 means that the synthesis of urethane groups
(–NHCOO) is successful. For pure PANI (Fig. 1c), the characteristic absorption peak
appearing at 2915 cm−1 belongs to the N–H extensional vibration in the imine struc-
ture. The characteristic absorption peak at 1572 and 1495 cm−1 is attributed to the
stretching vibration of the N=Q=N ring and N–B–N ring structure after doped with the
DBSA. For PANI/WPU conducting coating film (Fig. 1b), the absorption peaks at
3328 and 1725 cm−1 are migrated to 3325 and 1720 cm−1 compared with pure PU.
This is attributed to the formation of hydrogen bonds between –C=O in the main chain
of the WPU and –N–H in the PANI, which reduces the interaction between the –N–H
and –C=O groups in the P U.

Fig. 1. The ATR-FTIR spectra of a pure WPU film, b PANI/WPU conducting coating film,
c pure PANI
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3.2 Particle Size Analysis of Composite Coating

In this experiment, the core-shell structure of PANI/WPU was prepared by the in-situ
polymerization method. From the Table 1, it can be observed that the amount of PANI
growing on the polyurethane particles increases with the content of PANI increasing.
At the same time, more aggregates were formed in the composite coating as the molar
ratio of APS/An. However, as increases of the molar ratio of APS/An, due to the
redundant PANI was deposited on the agglomerates of the WPU emulsion, which
caused the emulsion particles to fail to crosslink together, it can seriously affect the
formation of conducting blend film. Hence, after a series of research, it can be con-
cluded that the PANI/WPU blend coating with good film formation can be fabricated,
when the content of PANI was controlled within 3% and the molar ratio of APS/An
lower than 1.0.

3.3 Microscopic Morphology of PANI/WPU

Figure 2 displays the morphology of PANI coating and composite film. The optical
micrograph (Fig. 2a) exhibit a homogeneous composite coating under 100� magnifi-
cation, and almost no agglomerate of PANI can be observed. The SEM micrograph
(Fig. 2b) shows the surface microstructure of PANI/WPU. It can be found from the
SEM that the two polymers are well combined together. These mean that the fabri-
cation of APNI/WPU composite coating based on in-situ polymerization is achieved
perfectly.

3.4 Electrical Properties of Composite Coating

The variation of the electrical conductivity of PANI/WPU composite coating film with
different concentration of DBSA is depicted in Fig. 3. As illustrated in the graph, the
electrical conductivity of conducting blend films increase with increasing the DBSA
concentration (0.02–0.06 mol/L). When the concentration of DBSA added was
0.02 mol/L, the electrical conductivity value reached 2.86 � 10−2 S/cm. However,
when the acid concentration is higher than 0.07 mol/L, the stability of the WPU
emulsion will be impaired and the mechanical property of the blend film will reduced
rastically.

Table 1. The average size of PANI/WPU particles in the mixtures of various weight of An and
molar ratio of APS/An

An (wt%) Average size (nm) APS/An Average size (nm)

0 *98 0.7 *108
1 *109 0.8 *117
2 *127 0.9 *129
3 *143 1.0 *136
5 *159 1.2 *149
7 *171 1.5 *182
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4 Conclusions

Conducting PANI/WPU composite coatings have been prepared by in-situ polymer-
ization of aniline in the WPU emulsion and its property was discussed in this paper.
Significant hydrogen bonding is formed between the –N–H bond of PANI and the
–C=O bond of WPU. Due to the above effect of hydrogen bonding, the WPU/PANI
core-shell structure was well prepared in microscopic form. Within a certain degree, the
particle size of composite coatings can be controlled by adjusting the molar ratio of
APS/An and the An content. Meanwhile, the electrical conductivity of PANI/WPU
blend film increases with increasing the concentration of DBSA.

Fig. 2. Microscopic morphology: a optical micrograph (100� magnification) of PANI/WPU
coating, b the SEM micrograph of PANI/WPU composite film (PANI accounts for 5 wt% in dry
composite)

Fig. 3. The electrical conductivity of composite coating film by casting
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Abstract. In order to study the extinction characteristics of the periodic
structures of Au and Ag nanospheres, an Au–Ag nanosphere periodic array
structure has been established. Firstly, the geometry structure and research
methods of Au–Ag structure are introduced. Secondly, the LSPR absorption
spectra of Au–Ag nanospheres periodic array and Au and Ag nanospheres
periodic array were compared by the finite difference time domain method.
Then, the simulation and analysis of periodic array of Au–Ag nanospheres with
different sizes and spacings are carried out. Finally, the Au–Ag nanosphere
periodic array structures in different media environments are simulated and
analyzed, and the refractive index sensitivity is obtained. The simulation results
show that Au–Ag nanoparticles periodic array structure has two LSPR
absorption peaks, and the two peaks position relative to the separate Au and Ag
nanoparticles periodic arrays of LSPR absorption peak showed blueshift; in the
same spacing condition, with the increase of radius r, the absorption peak
wavelength of the double peak showed redshift firstly and then blueshift; when
the radius r is constant, the LSPR peak wavelength showed redshift with the
increase of the spacing L; owing to Au nanospheres contribution in Au–Ag
nanoparticles, the refraction absorption peak with the refractive index of the
fitting rate sensitivity is 101.11 nm/RIU, refractive index sensitivity of
82.985 nm/RIU is higher than that of Au nanoparticles periodic array alone; and
the contribution by Ag nanospheres in Au–Ag nanoparticles resulted in
refraction absorption peak with the refractive index of the fitting rate sensitivity
of 130.3 nm/RIU is lower than that of Ag nanoparticles periodic array of
individual Refractive index sensitivity 154.23 nm/RIU. The structure basically
meets the requirements of optical sensing accuracy and can be applied to filters.

Keywords: LSPR Au–Ag nanosphere � Absorption peak � Curve fitting �
Refractive index sensitivity
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1 Introduction

Metal nanostructures exhibit significant localized surface plasmon resonance (LSPR)
effect [1–5], which has become a hot topic of research. When the light wave is incident
to the metal nanostructures, the incident photon resonates with the oscillation of the
free electron conduction on the surface of the nanoparticles at a certain wavelength, and
shows an obvious LSPR absorption peak on the absorption spectrum [6, 7]. The study
shows that the location of the absorption peak is not only related to the type of precious
metal materials and the shape, size and spacing of nanoparticles, but also very sensitive
to the surrounding medium, so it can be used in the sensing field. The sensor based on
LSPR phenomenon can be used for drug research, biological detection, cell marking,
fixed-point diagnosis, molecular dynamics research and disease diagnosis [8]. In recent
years, the optical properties of different shapes of metal nanoparticles have attracted the
attention of researchers, such as nanospheres [9], nanodisks [10], nanotubes [11]. The
optical properties of heterostructure nanomaterials are obviously different from those of
homogenous structures [12]. However, there are few reports on the optical properties of
the periodic structure of Au–Ag nanospheres. In this paper, the LSPR characteristics of
the Au–Ag nanospheres periodic array are simulated by the finite difference time
domain (FDTD) method [13], and the LSPR absorption spectrum of the nanoparticles
with different sizes and distances is carried out. Simulation analysis is carried out to
explore the rule of LSPR phenomenon in the structures.

2 Array Structure and Research Method

2.1 Geometric Structure of Nanoparticles

Figure 1 shows the schematic diagram of the square array of Au–Ag nanospheres
periodic array. The radius of Au and Ag nanospheres is r, and the horizontal and
vertical distances of the two spheres are all L, that is, the Au and Ag nanospheres are
uniformly arranged on the glass with thickness of 1 lm.

2.2 Research Method

In recent years, the theory of Maxwell’s equations based on the discrete dipole
approximation (DDA), the theory of strictly coupled wave (Rigorous Coupled-Wave
Analysis, RCWA), and the theory of finite difference time domain (FDTD) have
emerged, and are widely used in the theoretical analysis of the LSPR phenomenon of
metal nanoparticles [8]. Because the FDTD method can simulate the nanostructures of
arbitrary shape, it is a numerical method to solve the vector Maxwell equation. With this
method, the space and time distribution of electromagnetic fields interacting with light,
arbitrary shape and multi particle nanostructures can be quickly obtained. Therefore, the
FDTD method is used in the simulation study. The software used is FDTD Solutions.
The light source adopted in the simulation is plane wave (wavelength range: 300–
700 nm), the size of the grid is 1 nm, the optical constants of Ag are derived from the
Palik (0–2 lm) model, and the optical constants of Au are taken from the CRC model.
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3 Simulation and Results Analysis

3.1 Comparative Analysis of LSPR Absorption Spectra of Au–Ag
Nanospheres and Au and Ag Nanospheres Periodic Arrays

The extinction characteristics of the Au–Ag nanospheres periodic array with radius of
5 nm and spacing of 10 nm were simulated and analyzed. The medium environment is
water with refractive index of 1.33. For comparison, the Au and Ag nanospheres
periodic arrays with the same size and interval were simulated. The LSPR absorption
spectra of the obtained Au–Ag nanospheres, Au and Ag nanospheres periodic arrays
are shown in Fig. 2.

Figure 2 shows that with the same size, interval, and medium, there are two LSPR
absorption peaks in the periodic array of Au–Ag nanospheres, which is caused by
LSPR phenomena of both Au and Ag nanospheres. The positions of the two absorption
peaks show blueshift compared to those of the Au and Ag nanospheres periodic arrays.
Moreover, the absorption peak intensity of the structure is equivalent to that of Au and
Ag alone.

3.2 Simulation Analysis of Size Influence on Extinction Characteristics
of Au–Ag Nanospheres Periodic Array

The simulation analysis of the extinction characteristics of Au–Ag nanospheres with
different sizes is carried out. Figure 3a–c are their simulated extinction spectra,
absorption spectra, and scattering spectra.

Figure 3a shows that with the constant spacing of L, with the increase of the radius
r, the peak wavelength of the extinction rate of bimodal peak has a redshift, in which
the redshift of the right peak is obvious, and the peak intensity of the corresponding
extinction rate increases with the increase of the radius r. This is due to the increase in
the number of particles participating in the surface plasmon resonance, which leads to

Fig. 1. Schematic diagram of periodic array of Au–Ag nanospheres
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Fig. 2. Comparison of absorption spectra of Au–Ag composite nanospheres with Au and Ag
nanospheres by periodic array LSPR (r = 5 nm, L = 10 nm, n = 1.33)

Fig. 3. Normalized optical characteristics of periodic arrays of Au–Ag composite nanospheres
with different radius (L = 4 nm, n = 1.33): a extinction spectrum; b absorption spectrum;
c scattering spectrum
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the absorption and scattering caused by the enhancement. As shown in Fig. 3b, with
the increase of radius r, the bimodal peak wavelength of absorption shifts first red and
then blue. Figure 3c shows that the peak intensity of scattering rate increases with the
increase of radius r, which is due to the increase of scattering area per unit volume of
nanoparticles.

3.3 Simulation Analysis of Periodic Arrays of Au–Ag Nanospheres
with Different Spacing

The simulation analysis of the extinction characteristics of Au–Ag nanospheres with
different spacing is carried out. Figure 4a–c are their simulated extinction spectra,
absorption spectra, and scattering spectra.

Figure 4a, b shows that when the radius r is a constant value, the peak wavelength
of the extinction rate and absorptivity of bimodal peak has a redshift with the increase
of the spacing L, and the corresponding extinction rate and the peak absorbance
intensity decreases with the increase of L, which is due to the weakening of the
coupling effect between the nanospheres. From Fig 4c, we can see that the peak

Fig. 4. Normalized optical characteristics of periodic array of Au–Ag composite nanospheres
with different spacings (r = 5 nm, n = 1.33): a extinction spectrum; b absorption spectrum;
c scattering spectrum
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intensity of scattering decreases with the increase of L, which is due to the decrease of
the scattering area of nanoparticles in the unit volume.

3.4 Simulation Analysis of Medium Environment Influence on Extinction
Characteristics of Au–Ag Nanospheres Periodic Array

In order to verify the LSPR characteristics of the periodic array of Au–Ag nanospheres
with the same size in different media (the refractive index of medium is 1.33, 1.36,
1.43, 1.50 respectively), the extinction characteristics of Au–Ag nanosphere periodic
arrays with radius of 5 nm and spacing of 10 nm were simulated and analyzed, so as to
detect the sensitivity of the LSPR phenomena of Au–Ag nanosphere periodic arrays to
the environmental changes of the media. For comparison, the Au and Ag nanospheres
periodic arrays with the same size and interval were simulated. The obtained LPSR
absorption spectra of Au–Ag nanosphere periodic arrays are shown in Fig. 5a. From
Fig. 5a, the two absorption peaks in different refractive index media show redshift with
the increase of the refractive index n; the wavelengths of the absorption peaks caused
by the contribution of the Ag sphere in the Au–Ag nanospheres are 407.707, 410.914,
420.846, 429.496 nm, and its linear fitting relation to the refractive index is shown in
Fig. 5b, the absorption peak wavelength (nm) k = 130.3n + 234.18, and the corre-
sponding refractive index sensitivity is 130.3 nm/RIU. The wavelengths of absorption
peaks caused by the contribution of Au balls in the Au–Ag nanospheres are 532.357,
535.083, 543.433, 549.146 nm. The linear fitting relationship with the refractive index
is shown in Fig. 5c, and the wavelength of absorption peak (nm) k = 101.11n +
397.95, thus the sensitivity of its corresponding refractive index is 101.11 nm/RIU.

With the same conditions, the LSPR absorption spectrum of the Au nanospheres
periodic array is shown in Fig. 6a. In the four media of n = 1.33, 1.36, 1.43 and 1.50,
the absorption peak wavelengths of Au nanospheres are 537.838, 540.621 nm, 546.275
and 552.048 nm respectively. The linear fitting relationship between the peak wave-
length of absorption peak and the refractive index is shown in Fig. 6b, and the
absorption peak wavelength (nm) k = 82.985n + 427.6, thus the sensitivity of its
corresponding refractive index is 82.985 nm/RIU.

With the same conditions, the LSPR absorption spectrum of the Ag nanospheres
periodic array is shown in Fig. 7a. In the four media of n = 1.33, 1.36, 1.43 and 1.50,
the absorption peak wavelengths of Au nanospheres are 415.821, 420.846, 431.269 and
442.222 nm respectively. The linear fitting relationship between the peak wavelength
of absorption peak and the refractive index is as shown in Fig. 7b, and the absorption
peak wavelength (nm) k = 154.23n + 210.85, thus the sensitivity of its corresponding
refractive index is 154.23 nm/RIU.

By comparing the LSPR absorption spectra and the refractive index sensitivity
curves of Au–Ag nanospheres with Au nanospheres and Ag nanospheres in different
media, it is found that the refractive index sensitivity of the absorption peak and the
refractive index of the Au–Ag nanospheres is 101.11 nm/RIU, which is higher than
that of single Au nanospheres. The refractive index sensitivity 82.985 nm/RIU indi-
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cates that the Au–Ag nanospheres periodic array structure can be used to improve the
sensitivity of optical sensors based on micro nano structures. The sensitivity of the
refractive index obtained by the fitting of the absorption peak and the refractive index
in the Au–Ag nanospheres is 130.3 nm/RIU, which is lower than that of single Ag
nanospheres with 154.23 nm/RIU. In addition, the Au–Ag nanospheres periodic array
structures can be used for multi band filter design because of its two absorption peaks.

Fig. 5. Absorption spectra of Au–Ag composite nanosphere periodic arrays in different media
environments (a), fitting curve between Ag absorption peak wavelength and refractive index of
medium (b); fitting curve between Ag absorption peak wavelength and refractive index of
medium (c) (r = 5 nm, L = 10 nm)

Fig. 6. Absorption spectra of Au nanosphere periodic arrays in different media environments
(a); fitting curve between Au absorption peak wavelength and refractive index of medium
(b) (r = 5 nm, L = 10 nm)
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4 Conclusions

In this paper, the LSPR optical properties of Au and Ag nanospheres periodic structures
have been studied by the finite difference time domain method, and the Au–Ag
nanospheres periodic array structure has been established. The LSPR characteristics of
periodic arrays of Au–Ag nanospheres with different sizes and spacings were simulated
and analyzed. Finally, the Au–Ag nanospheres periodic array structure in different
medium environment is simulated and analyzed, and the sensitivity of refractive index
is obtained. The experimental results show that two LSPR absorption peaks appear in
the periodic array structure of Au–Ag nanospheres, and the position of the two
absorption peaks appears blueshift relative to the LSPR absorption peak of the single
Au and Ag nanospheres. With the increase of the radius r, the peak wavelength of the
absorption rate is first redshift and then blueshift. When the radius r is constant, with
the increase of the distance L, the peak wavelength of the absorption rate of LSPR
bimodal peaks has a redshift, and the refractive index sensitivity of the absorption peak
and the refractive index of the Au–Ag nanospheres is 101.11 nm/RIU, which is higher
than the refractive index sensitivity 82.985 nm/RIU of the single Au nanospheres. The
Au–Ag nanospheres periodic array structure can be used to improve the sensitivity of
the optical sensor based on micro nano structures. The sensitivity of the refractive index
obtained by the fitting of the absorption peak and the refractive index in the Au–Ag
nanospheres is 130.3 nm/RIU, which is lower than the refractive index sensitivity
154.23 nm/RIU of the single Ag nanospheres. The Au–Ag nanospheres periodic array
structure can be used for multi band filter design because of its two absorption peaks.

Acknowledgements. This study is funded by the ‘Youth Project’ of Harbin University of
Commerce (No. 17XN035).

Fig. 7. Absorption spectra of Ag nanosphere periodic arrays in different media environments
(a); fitting curve between Ag absorption peak wavelength and refractive index of medium
(b) (r = 5 nm, L = 10 nm)
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Abstract. A novel triphenylene-based discotic liquid crystal 5-3,6,7,10,11-
pentakispentyloxytriphenylen-2-yloxypentyl methacrylate was successfully
synthesized. Chemical structure of this compound was determined by 1H-NMR
and FT-IR spectrum, and its mesomorphism was investigated under the guid-
ance of differential scanning calorimeter (DSC) and polarizing optical micro-
scopy (POM) method. This compound apparently exhibited a classical texture of
columnar phase in the mesophase temperature. The double bond on the side
chain made it possible for this compound to be a candidate of designing and
synthesizing liquid crystal polymer.

Keywords: Liquid crystal � Columnar phase � Mesomorphism � Triphenylene

1 Introduction

Discotic liquid crystals (DLCs) containing a rigid aromatic core and several flexible
aliphatic side chains tended to self-assemble into columnar mesophases spontaneously
[1]. As it had been discovered by Chandrasekhar in the year 1977, more and more
scientists showed a great interest on synthesizing and researching of such a material. As
the work-horse of discotic liquid crystals, discotic liquid crystals based on triphenylene
core are widely used. The columns forming from the stacking of discs via p-p inter-
actions allowed for one-dimensional charge carrier transport with high efficiency which
can be used as molecular organic materials in information recording materials, pho-
toelectric materials, organic solar cells, organic light-emitting diodes and so on.

The Triphenylene derivatives which composed of a disk-like core and branches of
peripheral flexible side chains are easily to synthesis and purify. At the same time,
some of them have a low melting point and show an excellent thermal stability. Due to
these advantages, the Triphenylene derivatives have a great potential to the best dis-
cotic liquid crystal materials.

In this paper, the synthesis process and performance of the new triphenylene-based
discotic liquid crystal 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate and analyzed. Its structure is confirmed by 1HNMR and FT-IR
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spectrum, and its thermal properties and optical properties were characterized by dif-
ferential scanning calorimeter (DSC) and polarizing optical microscopy (POM). The
structure of the triphenylene derivative is shown in Fig. 1.

2 Experimental

All chemicals were purchased from Aladdin, and all solvents from Aldrich. All
chemicals and solvents were used without further purification. 1H-NMR spectra were
recorded in CDCl3 on Bruker NMR spectrometers, chemical shifts were given in parts
per million (d) and were referenced from tetramethylsilane (TMS). Fourier transform
infrared spectroscopy (FT-IR) was carried out on a Shimadzu FTIR-8400 spectrometer
using KBr pellets. Differential scanning calorimetry (DSC) was performed on a Net-
zsch DSC 214. Sealed about 5 mg sample in aluminum crucibles and scanned by
5 °C min−1 in nitrogen atmosphere. Polarizing optical microscopy (POM) was carried
out on a Leica DM4500P microscope equipped with a Linkam TMS94 hot stage.

2.1 Synthesis of 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-
yloxypentyl Methacrylate

Figure 2 shows the synthesis route of target compound 4.
The synthesis method of the target compound is mainly based on literature [2–5].

The synthesis of compound 1 was prepared by Williamson reaction. Then, according to
the reaction mechanism of Scholl, compound 2 was synthesized by catalyzator, iron
trichloride and trimerized [6]. After that 2-hydroxyl-3,6,7,10,11-penta-pentoxytriph-
enylene (compound 3) was successfully synthesized by using B-type bromate-
cholesterol according to slightly lower activity than boron tribromide. In the last, 5-
3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl methacrylate (compound 4)
was produced n,n-dimethyl-formicaci (DMF) was used as solvent and compound 3,2-
Methyl-2-propenoic acid, potassium bicarbonate, hydroquinone into a 250 ml three-
necked flask as reactive material. This reaction lasted about one day in 120 °C of reflux
in an oil bath. After completion of reaction, the product was washed with water and

Fig. 1. Chemical structure of 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate
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alkaline solution. After dried and purified by chromatography, compound 4 was
recrystallized from ethanol, the yield of compound 4 was 83.2%. The results of FT-IR
and 1H-NMR are shown in Figs. 3 and 4.

2.2 Characteristics of Liquid Crystal

By using polarizing optical microscopy with temperature controller, optical texture of
this liquid crystal was confirmed. Purified compound 4 was placed under microscope
and heated from room temperature to 100 °C at a rate of 10 °C/min and then dropped
to 0 °C at a rate of 5 °C/min. After finished the cooling process, we observed the
change of texture. After that, this compound was tested by DSC for more specific phase
transition temperatures and exact enthalpy changes.

3 Results and Discussion

3.1 POM

We can easily notice a classical pyramidal texture during the cooling process under the
polarizing optical microscopy. This compound exhibited a birefringence phenomenon
at room temperature and no crystal phase was observed. The detail texture pictures
were shown in Fig. 5.

Fig. 3. FT-IR spectrum of 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate
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3.2 DSC

As shown in Fig. 6, we observed the first endothermic peak at 42.2 °C and the second
endothermic peak at 56.7 °C during heating process from 0 to 100 °C. Combined with
polarizing microscope image change from feculent liquid to transparent liquid we can

Fig. 4. 1H-NMR spectrum of 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate FT-IR(KBr):Vmax(cm

−1):3101(–CH=CH2); 2950, 2856(–CH3/–CH2); 1730
(–C=O); 1616, 1515, 1433 (–C=C–); 1H-NMR:H (300 MHz, CDCl3): 7.80–7.90 (t, 6H),
6.10–6.32 (m, 1H), 5.47–5.70 (m, 1H), 4.18–4.38 (m, 14H), 0.9–2.1(m, 41H)

Fig. 5. Textures observed at 50 °C (left), and 10 °C (right) during cooling process
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draw a conclusion that the compound got into isotropic phase at 56.7 °C. In cooling
process, we can also observed two exothermic peaks at 14.7 and 52.3 °C. Compared to
the texture, we can get from 52.3 to 14.7 °C. This compound transformed into liquid
crystal state at 52.3 °C and changed into crystal state at 14.7 °C. Endothermic heat and
release process described throughout the DSC in good agreement with the phase
transition observed by the polarizing microscope. The DSC curve of Compound 4 is
shown in Fig. 4.

4 Conclusions

In this study, a novel 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate contained multiple flexible spacers between triphenylene and double
bonds were successfully synthesized and characterized. The structures of the com-
pounds were determined by both 1HNMR and FT-IR spectra. Liquid crystal properties
of compounds were characterized by POM and DSC method. By all these means, we
can draw a conclusion that 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate exhibits columnar mesophase between 14.7 and 56.7 °C, which can be
discotic liquid crystal material as charge transport used in information recording
materials, photoelectric materials, organic solar cells, organic light-emitting diodes and
so on.

Acknowledgements. This work is supported by fund from Beijing Municipal Education
Commission Project (Grant no. 23190115024, Grant no. 25000115006, no. Byyc201316-007),
the Importation and Development of High Caliber Talents Project of Beijing Municipal Insti-
tutions (CIT&TCD201304123), NSFC (21174016).

Fig. 6. DSC thermogram of 5-3,6,7,10,11-pentakispentyloxytriphenylen-2-yloxypentyl
methacrylate
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Abstract. To study the technical principle of superhydrophobic surface
preparation, research progress and application prospect in durability perfor-
mance. This article reviews and proposes four types of technical methods to
improve the durability of superhydrophobic: superhydrophobic surface with
self-healing function, SLIPS surface, micro-nano structure with shape memory
and mechanical strength of surface micro-nano structure itself, and the appli-
cation prospect of its use as packaging material is analyzed. The superhy-
drophobic properties of the surface depend on the surface composition and
surface micro-nano multistage structure. The low mechanical strength of the
micro-nano multistage structure leads to poor durability of the superhydrophobic
performance. Enhancing the durability of superhydrophobic properties on the
surface is the prerequisite for the application of superhydrophobic materials on
the surface, and it has great application prospects in terms of packaging
materials.

Keywords: Superhydrophobic surface material � Durability � Preparation
process � Packaging materials

1 Introduction

Surface wettability refers to the spreading behavior of a liquid on a solid surface and is
a very important property of a solid surface [1]. Wetting control is extremely important
in applications such as self-cleaning, anti-icing, antibacterial and anti-reflection. Most
of the early researches focused on the preparation of micro- and nano-structures with
new geometric shapes and geometries, or modified with different low surface energy
substances, and used surface micro-nano-multi-level structures and low surface energy
to achieve superhydrophobic performance. Although research on superhydrophobic
surfaces has achieved certain results, few superhydrophobic surfaces that are consid-
ered to be resistant to various externally applied stresses are rare [2]. Because of its
small size and low mechanical strength, it can easily be destroyed by external forces
and lose its superhydrophobic properties.
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The durability problem of superhydrophobic performance refers to the failure of the
surface micro-nano structure or the failure of the low surface energy coating or both of
them [3]. The schematic diagram is shown in Fig. 1. Therefore, it is necessary to
resolve the problem of durability when superhydrophobic surfaces are used in indus-
trial applications, including solvents with different acid and alkali solvents, external
force damage (abrasion, indentation), ultraviolet (UV) irradiation, temperature and
humidity effects [4].

2 Definition of Superhydrophobic Surface

Surface wettability is typically characterized by the static contact angle (CA) of a liquid
on a solid surface and the resulting roll angle (CAH) on a tilted solid surface. The
principle of static contact angle is shown in Fig. 2a. The solid and liquid surfaces are
tangent to the solid-liquid-gas three-phase boundary. The angle formed between the
two tangents is the static contact angle. When the static contact angle is larger than
150°, the liquid can be assumed an almost circular shape on the solid surface [5].
Rolling angle refers to the minimum inclination angle of the solid surface that can roll
off the inclined surface when the liquid is on the inclined surface. The principle is
shown in Fig. 2b. When the static contact angle is greater than 150° and the dynamic
contact angle is less than 10°, the surface has superhydrophobic properties [6].

Fig. 1. Superhydrophobic surface durability
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3 Technical Approaches to Improve Surface
Superhydrophobic Performance Durability

3.1 Superhydrophobic Surface with Self-healing Function

Self-healing materials are emerging smart materials that can repair their damage
spontaneously or irritably under external stimuli (e.g. heat, light, solvents, etc.) [7]. The
construction of a superhydrophobic surface with self-healing means that the surface of
the material is self-repaired by adding a repair agent or self-healing material, thereby
enhancing the durability.

Haibao et al. [8] soaked the fabrics in polytetrafluoromethane and fluorinated
graphite mixed dispersions and heat-cured to prepare superhydrophobic materials, and
the water contact angle can reach 157.7°. The surface after being subjected to severe
mechanical damage, the superhydrophobic property can be transferred to the surface to
regenerate the superhydrophobic surface by heating, thereby achieving rapid self-
repair. Zhanjian et al. [9] coated a silane-based carrier prepared a self-repairing
polytetrafluoroethylene/polyester superhydrophobic coating. After ten rubbing or acid-
base attack or ultraviolet irradiation for 14 days, the hydrophobic properties of the
coating remain unchanged, and the surface energy is reduced by the migration of POTS
to the surface to achieve the purpose of self-repair.

Most self-healing methods require certain stimuli to stimulate self-healing perfor-
mance. Therefore, the invention of a surface that can be self-rough or self-healing
without stimulation will be a big challenge in the future.

3.2 SLIPS Surface

The preparation of the SLIPS surface is contrary to the principle that the lotus leaf relies
on the micro-nano size mastoid structure to envelop the air to achieve superhy-
drophobicity. Porous materials with micro-nanometer-sized pores are first soaked in a
liquid that is immiscible with the sparse fluid, and capillaries are used during the
process to make the slippery liquid in the micro-nano pores migrate to the surface to
enhance durability [10].

Shillingford and Wong [11] reported in detail the principle of SLIPS. The article
points out that SLIPS is composed of a lubricating fluid film that is locked in place by a
micro/nano porous substrate to form a stable, defect-free and inert “smooth” interface.
Wong et al. [12] reported that a slippery liquid is stored in porous micro-nano

(a) Static contact angle (b) Dynamic contact angle

Fig. 2. Contact angle
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materials, and when the superhydrophobic property of the surface was destroyed, the
stored repair liquid is wicked to the surface by capillary action to maintain the
superhydrophobic performance.

Studies have shown that SLIPS constructs a superficially sparse surface that vir-
tually eliminates liquid contact lines of high surface tension liquids and low surface
tension liquids, minimizing the pressure-induced penetration of porous structures [13].
However, this method is still defective, and the slippery repair liquid during the
preparation process will contaminate the contacted liquid, limiting its application in
certain special aspects.

3.3 Micro-nanostructures with Shape Memory

The preparation of shape memory micro/nanostructures refers to the use of shape
memory polymers in the preparation process to make the surface structure damaged by
external forces, and then to restore its original shape and maintain its superhydrophobic
through the environment of heating or light irradiation performance [14].

Chen and Yang [15] used the template method to prepare superhydrophobic surface
of epoxy microcolumn arrays. After stress deformation and loss of ultra-
hydrophobicity, after 80 °C heat treatment, the surface micro-nanostructures had
shape memory function, and super-sparse performance was regained. Wang et al. [16]
also prepared a shape memory surface structure. With the deformation of the surface
structure, the contact angle of hexadecane ranges from 146° to 10°. After heating, the
shape recovers and the contact angle changes again to 147°. But materials with shape
memory are currently rare.

3.4 Improve the Mechanical Strength of the Surface Micro-nano
Structure Itself

Increasing the mechanical strength of the surface micro-nano structure itself to enhance
the durability of the super-hydrophobic surface is the most direct method, but the
selection of the preparation material in this method is extremely demanding. Scarratt
et al. [17] reported a composite PTFE film on the surface of polystyrene and polyolefin
coextruded film. After cooling at 160 °C for 2 min, the former shrinks by 30% while
the latter shrinks by 10%. The membrane surface is formed with two layers of pleated
structure with long-lasting hydrophobic properties. Deng et al. [18] dispersed lauric
acid-modified Cu(OH)2 powder in ethanol, and after spraying on the surface of the
glass slide, a powder coating was applied on the glass slide by immersion pulling
method to make the surface superhydrophobic. The experiment used 30 g of sand to
impact the surface of the coating, and the surface was tested by NaCl and NaOH
aqueous solution, the surface was still superhydrophobic.

Although the superhydrophobicity mentioned in this type of literature can be
regarded as a method of improving durability, it is only an increase in the durability of
superhydrophobic properties compared with the early stage. Some literatures even
consider the preparation of a superhydrophobic surface at room temperature for a
period of time, which is considered to be durability.

Preparation of Durable Superhydrophobic Surface Material … 983



4 Application and Prospect of Superhydrophobic Surface
on Packaging Materials

With the development of the times and people’s demand for packaging functions,
packaging materials with superhydrophobic properties have gradually become a
research hotspot. Japan developed a non-stick yoghurt aluminum-plastic packaging
heat seal cover. The static contact angle can reach more than 150° [19]. From the
scanning electron microscopy (SEM) test, as shown in Fig. 3, it can be observed that
unlike other superhydrophobic surface morphologies, the morphology formed by this
superlyphobic surface is a cluster of micro- and nano-particles formed by stacking.

Although there is research on the application of domestic superhydrophobic sur-
faces on packaging, there are few packaging items on the market for food. In the future,
the domestic superhydrophobic surface packaging material can be used for the pack-
aging of liquid (paste) products, including grease, yogurt, toothpaste, jam, chili sauce
and pastes, etc. Therefore, the packaged goods do not adhere to the packaging mate-
rials, which reduces the waste of the packaged goods and facilitates the recycling of the
packaging materials. These packaging substrates are related to paper, plastics,
aluminum-plastics and paper-plastic composites, and metals. The surface of these
substrates is constructed with a surface with durable superhydrophobic properties,
which will promote the advancement of packaging materials technology, with
important application prospects and economic benefits.

5 Conclusions

The durability of the superhydrophobic surface is the premise of its application, how to
use the superhydrophobic surface with self-repairing function, the surface of the SLIPS,
the micro-nano structure with shape memory, and the technical method for improving
the mechanical strength of the surface micro-nano structure itself. On the basis of or

Fig. 3. Scanning Electron Microscope (SEM) photographs of yoghurt cover with super-
hydrophobic property
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developing new methods to improve durability is the key to the application of
superhydrophobic surface materials, and durable superhydrophobic surface materials
have important application prospects in the packaging of liquid (paste)-like products.
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Abstract. In order to study the effect of surface structure on absorption
properties of microwave absorbing materials. Methods Four models of micro-
wave absorbing materials with blackbody structure are established using 3D
modeling software. Then, microwave absorbing inkjet ink was prepared, and
microwave absorbing materials with blackbody structure are prepared using 3D
printer. The microwave absorbing properties of different materials in
6–40 GHz are tested according to GJB2038A-2011 for square flat materials:
180 mm � 180 mm � 4 mm. Results the maximum reflection loss of solid
plates is only −1.45 dB. The maximum reflection loss of conical cavity is
−1.48 dB, the maximum reflection loss of inverted cone cavity is −2.78 dB, the
maximum reflection loss of swallow tail cavity is −3.84 dB, the absorption
performances of these models are greatly improved at more than 30 GHz. The
maximum reflection loss of fishtail cavity is up to −5.92 dB, which have the
better absorption performances at more than 20 GHz. Conclusion The opening
diameter of blackbody cavity in microwave absorbing material is 2.5 mm, when
the 1/8 of the incident electromagnetic wave length is less than 2.5 mm (the
electromagnetic wave frequency is greater than 15 GHz), the waveguide effect
will be obvious. At this time, the wave impedance of the material decreases, the
electromagnetic wave entering the material increases, which is finally absorbed
in the blackbody cavity after being reflected many times. Through the design of
the blackbody cavity structure, increasing the reflection times of the electro-
magnetic wave in the blackbody can improve the absorption intensity and the
absorption bandwidth of the material.

Keywords: Microwave absorption � Ink-jet ink � Surface structure � 3D
printing

1 Introduction

The application of electromagnetic absorption materials can efficiently solve the
electromagnetic pollution problem that caused by electric equipment in human’s pro-
duction and life [1–4]. Furthermore, electromagnetic absorption technology has
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become the most significant technology in research and development of military
equipment all over the world [5–8].

3D printing technology is also called 3D rapid prototyping technology, which is a
kind of additive manufacturing technology. Firstly, the model structure was designed
by the 3D modeling software in the computer, and then the 3D objects with complex
structures are produced rapidly by precise 3D piling and forming in different tech-
nologies. UV curable inkjet 3D printer can achieve fine resolution of 600 dpi at
0.01 mm single layer thickness [9, 10]. Using 3D printing technology can create
complex micro-structure which is beneficial to increase the electromagnetic wave
absorption efficiency. The 3D model of microwave absorbing material surface structure
was designed at first, in order to prepare the magnetic absorbing materials by 3D
printing technology [10, 11].

The pore structure can be formed, when making microwave absorbing materials,
and the electromagnetic wave absorptivity can be greatly improved by the blackbody
effect. In order to make full use of the surface area of the material, the diameter of the
hole can’t be too small. The cavity of the black body should be designed so that the
incident light can be refracted and absorbed many times in the cavity. Professor
Xuequan Li in Kunming Institute of Physics has carried out a great deal of research on
the design of the black body cavities which were consulted in this paper.

2 Experimental

2.1 Experiment Materials

Hyperbranched acrylate V100 (Cytec Industry, USA), Methyl benzoylformate MBF
(ShangyuHerun, China), different proportion of grapheneoxide/ferroferric oxide com-
posite nanomaterials (GO/Fe3O4) [12].

2.2 Preparation of Samples

A certain proportion of UV light curing resin, photoinitiator and different amounts of
electromagnetic absorber are mixed, which was add to the beaker, and stired for 30 min
at room temperature by the magnetic stirrer. Then the pre-dispersed ink is added to the
grinder, adding suitable amount of zirconium beads, the speed of the grinder at
2000 r/min, the grinding time is 120 min, the absorbent is fully wetted and dispersed in
the UV curing resin, and UV electromagnetic absorption inkjet ink is prepared. In the
end, the conical cavity model, the inverted cone cavity model, the swallow-tailed cavity
model and the fishtail cavity model were designed by Rhinoceros software. Then, the
microwave absorber material with blackbody structure was fabricated by 3D printer
(Objet Connex 260, stratasys, USA).

2.3 Microwave Absorbing Properties Test

According to national standard GJB 2038A-2011, 180 mm � 180 mm � 4 mm
square plate material test method, test the microwave absorbing performance of the
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different material in the 6–40 GHz band. The effects of different blackbody structures
on microwave absorbing properties of materials were compared.

3 Results and Discussion

3.1 Structural Design and Absorptive Performance Test of Conical
Cavity Model

Single model size: 3 mm � 3 mm � 4 mm; Cylinder: diameter 2.5 mm, height
2.5 mm; Frustum of cone: diameter of upper surface 2.5 mm, diameter of lower surface
1.25 mm, height 1.00 mm; Cone: diameter 1.25 mm, height 2.8 mm (Fig. 1a, b).

Fig. 1. a Minimum cell structure drawing of the conical cavity model; b practicality picture of
the conical cavity model after print; c reflection coefficient of the conical cavity model
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According to national standard GJB 2038A-2011, 180 mm � 180 mm � 4 mm
square plate material test method, testing material’s microwave absorption performance
in the frequency band ranging from 6.0 to 40.0 GHz. As can be seen from Fig. 1c, the
reflection loss rate of material decreased from −0.25 to −0.08 dB in the range of 6–
6.8 GHz; Increased from −0.08 to −0.22 dB in the range of 6.8–7.5 GHz; Decreased
from −0.22 to 0.11 dB in the range of 7.5–12.1 GHz; Increased from 0.11 to −0.72 dB
in the range of 12.1–15.2 GHz; Basically remain unchanged in the range of 15.2–
26.5 GHz; Decreased from −0.69 to −0.26 dB in the range of 26.5–28.9 GHz;
Increased from −0.26 to −1.48 dB in the range of 28.9–40 GHz.

3.2 Structural Design and Absorptive Performance Test of Inverted Cone
Cavity Model

Single model size: 3 mm � 3 mm � 4 mm; Internal structure size: Cylinder: diameter
2.50 mm, height 2.50 mm; Cone: diameter 1.50 mm, height 1.0 mm (Fig. 2a, b).

Testing material’s microwave absorption performance in the frequency band
ranging from 6.0 to 40.0 GHz. As can be seen from Fig. 2c, the reflection loss rate of
material decreased from −0.49 to −0.30 dB in the range of 6.0–6.9 GHz; Increased
from −0.30 to −0.47 dB in the range of 6.9–7.4 GHz; Decreased from −0.47 to
–0.14 dB in the range of 7.4–10.8 GHz; Increased from −0.14 to −0.76 dB in the
range of 10.8–15.4 GHz; Basically remain unchanged in the range of 15.4–26.9 GHz;
Decreased from −0.74 to −0.29 dB in the range of 26.9–29.1 GHz; Increased from
−0.29 to −2.78 dB in the range of 29.1–40 GHz.

3.3 Structural Design and Absorptive Performance Test
of Swallow-Tailed Cavity Model

Single model size: 3 mm � 3 mm � 4 mm; Internal structure size: Cylinder diameter
2.50 mm, height 2.50 mm; Frustum of cone: diameter of upper surface 1.50 mm,
diameter of lower surface 2.50 mm, height 1.0 mm; Cone: diameter 2.50 mm, height
0.33 mm (Fig. 3a, b).

Testing material’s microwave absorption performance in the frequency band
ranging from 6.0 to 40.0 GHz. As can be seen from Fig. 3c, the reflection loss rate of
material decreased from −0.13 to −0.02 dB in the range of 6.0–6.8 GHz; Increased
from −0.02 to −0.12 dB in the range of 6.8–7.4 GHz; Decreased from −0.12 to
−0.02 dB in the range of 7.4–10.6 GHz; Increased from −0.02 to −1.43 dB in the
range of 10.6–17.8 GHz; Decreased from −1.43 to −0.96 dB in the range of 17.8–
29.8 GHz; Increased from −0.96 to −3.84 dB in the range of 29.8–40 GHz.

3.4 Structural Design and Absorptive Performance Test of Fishtail
Cavity Model

Single model size: 3 mm � 3 mm � 4 mm; Rotating body: the diameter of upper and
lower surface is 2.50 mm, the diameter of the middle axis is 1.38 mm, the height is
3.50 mm; The cone: length 1.11 mm, diameter 2.50 mm (Fig. 4a, b).
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Testing material’s microwave absorption performance in the frequency band
ranging from 6.0 to 40.0 GHz. As can be seen from Fig. 4c, the reflection loss rate of
material decreased from −1.41 to −1.01 dB in the range of 6.0–6.7 GHz; Increased
from −1.01 to −1.40 dB in the range of 6.7–7.1 GHz; Decreased from −1.40 to
−1.19 dB in the range of 7.1–7.4 GHz; Increased from −1.19 to −2.08 dB in the range
of 7.4–11.3 GHz; Decreased from −2.08 to −1.49 dB in the range of 11.3–17.3 GHz;
Increased from −1.49 to −5.92 dB in the range of 17.3–40 GHz.

Fig. 2. a Minimum cell structure drawing of the inverted cone cavity model; b practicality
picture of the inverted cone cavity model after print; c reflection coefficient of the inverted cone
cavity model
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3.5 Absorptive Performance Test of Solid Plate

Testing microwave absorption performance of the solid plate. In the frequency band
ranging from 6.0 to 40.0 GHz. As can be seen from Fig. 5, the reflection loss rate of
material decreased from −1.09 to −0.91 dB in the range of 6.0 to 6.9 GHz; Increased
from −0.91 to −0.99 dB in the range of 6.9–7.2 GHz; Decreased from −0.99 to
−0.76 dB in the range of 7.2–7.5 GHz; Increased from −0.76 to −0.80 dB in the range
of 7.5–8.1 GHz; Decreased from −0.80 to −0.75 dB in the range of 8.1–10.1 GHz;
Increased from −0.75 to −1.45 dB in the range of 10.1–12.2 GHz. Decreased from
−1.45 to 0 dB in the range of 12.2–17.1 GHz; Basically remain unchanged in the range

Fig. 3. a Minimum cell structure drawing of the swallow tailed cavity model; b practicality
picture of the swallow tailed cavity model after print; c reflection coefficient of the swallow tailed
cavity model
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of 17.1–24.9 GHz; Increased from 0.04 to −0.32 dB in the range of 24.9–27.4 GHz.
Decreased from −0.32 to 1.87 dB in the range of 27.4–39.1 GHz; Increased from 1.87
to 1.81 dB in the range of 39.1–40.0 GHz.

4 Conclusions

The opening diameter of blackbody cavity in microwave absorbing material is 2.5 mm,
when the 1/8 of the incident electromagnetic wave length is less than 2.5 mm (the
electromagnetic wave frequency is greater than 15 GHz), the waveguide effect will be
obvious. At this time, the wave impedance of the material decreases, the electromag-
netic wave entering the material increases, which is finally absorbed in the blackbody

Fig. 4. a Minimum cell structure drawing of the fishtail cavity model; b practicality picture of
the fishtail cavity model after print; c reflection coefficient of the fishtail cavity model
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cavity after being reflected many times. Through the design of the blackbody cavity
structure, increasing the reflection times of the electromagnetic wave in the blackbody
can improve the absorption intensity and the absorption bandwidth of the material. The
maximum reflection loss of solid plates is only −1.45 dB. The maximum reflection loss
of conical cavity is −1.48 dB, the maximum reflection loss of inverted cone cavity is
−2.78 dB, the maximum reflection loss of swallow tail cavity is −3.84 dB, the
absorption performances of these models are greatly improved at more than 30 GHz.
The maximum reflection loss of fishtail cavity is up to −5.92 dB, which have the better
absorption performances at more than 20 GHz.
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Abstract. A hydrogel is a novel high molecular polymer that forms a three-
dimensional network structure by polymer chemical or physical cross-linking. In
this experimental study, a chitosan-hyaluronic acid gel was used as a carrier, and
nano-hydroxyapatite/collagen was composited to prepare a gel-based composite
for 3D bio-printing. The properties of the composite gel were analyzed by
in vitro gel test, rheological analysis, infrared spectroscopy and scanning elec-
tron microscopy. The results showed that the chitosan-hyaluronic acid gel with
different mineralized collagen concentrations could be gelled rapidly at 37 °C
for 5 min. Rheology experiments show that CS-HA mineralized collagen has
shear thinning characteristics suitable for 3D bio-printing. The hydrogel was
observed to have a cross-linked morphology by scanning electron microscopy,
and the porous structure was good. Has a high biomedical re-research value and
use value.

Keywords: Chitosan � Hyaluronic acid � Rheology � Hydrogel � 3D
bioprinting

1 Introduction

Hydrogels are polymers that swell in water and retain a large amount of water without
being dissolved [1]. Chitosan (CS) is a biomaterial that naturally adsorbs cationic
biopolysaccharides. It has good biocompatibility and biodegradability, but the chitosan
gel has large brittleness, weak viscoelasticity, insufficient mechanical properties and
weak water holding capacity [2–4]. Hyaluronic acid (HA) is a high molecular
polysaccharide composed of D-glucuronic acid and N-acetylglucosamine. It is one of
the best moisturizing ingredients recognized so far and has high biocompatibility [5–7].
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Lei et al. [8] introduced (HA) into CS by glutaraldehyde cross-linking method, which
solved the shortcomings of chitosan, but its viscosity is low, which seriously affects its
application in the field of soft tissue repair.

Therefore, a composite material suitable for three-dimensional bioprinting was
prepared by using CS-HA gel as carrier composite mineralized collagen material. The
mineralized collagen composite used in the experiment is a new and effective bone
graft material developed on the basis of long-term study of bone defect regeneration
and repair [9–11]. By optimizing the formulation and preparation process of CS-HA
mineralized collagen composite gel, the biocompatibility of the material is improved to
a certain extent, and the viscosity and gelation time of the composite gel are greatly
improved, and the surface structure thereof is improved. It is more regular with the
potential to apply to medical fields such as soft tissue repair.

2 Experimental

2.1 Materials

Chitosan (CS) and Hyaluronic acid (HA, 97%) were purchased from Macklin (China).
Acetic acid, glutaraldehyde, and other reagents were bought from Sinopharm Chemical
Reagent Co., Ltd. (China).

2.2 Preparation of Chitosan-Hyaluronic Acid-Mineralized Collagen Gel
by Glutaraldehyde Cross-Linking

Chitosan and hyaluronic acid are dissolved in deionized water (pH 7–7.8). After stir-
ring, a certain amount of acetic acid (2%, mass fraction) is slowly added to fully
dissolve the chitosan. Through pre-experiment, the experiment of 1–20% mineralized
collagen concentration gradient was carried out. According to the gel obtained by the
experiment, 1–6% was weak and liquid, and 11–20% was brittle. It was solid, so the
mineralized collagen added by 7–11% (% by mass of CS-HA) was weighed and
dissolved, and 0% was used as a control group. Then, the cross-linking agent glu-
taraldehyde was added, stirred uniformly, and then refrigerated at 4 °C for 24 h.

2.3 Measurement and Statistical Data Analysis

Due to the prepared CS-HA mineralized collagen sol has a high viscosity, the gel has a
solid property. In order to study the structural influence of the composite gel added with
mineralized collagen on the original composite gel, the gels of different concentrations
of freeze-dried gel were subjected to infrared test. In order to verify its gel-forming
ability and injectability at body temperature, the samples were tested for gelation,
printing and rheology; in order to understand the morphology of the gel sample, the
initial gel Sampling and freeze drying were performed. The microscopic morphology
was observed by scanning electron microscopy (SEM).
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3 Results and Discussion

As shown in Table 1, under the condition of 37 °C, the gelation time of the six groups
of samples was basically the same, and the average value was 5–6 min. It can be
basically determined that the concentration of mineralized collagen does not have much
influence on the gelation time of the CS-HA composite sol. And the gelation phe-
nomenon of the sol can be concluded that the composite gel can be used in biomedical
applications to provide support for the repair of soft tissues.

From the rheological test results of Fig. 1, the rate of change of the viscosity of the
composite gel also decreases with increasing shear rate. It is a non-Newtonian fluid. In
addition, the viscosity of the hydrogel depends primarily on its molecular weight and
concentration. At a mineralized collagen concentration of 10%, the viscosity of the
composite gel is highest due to the large intermolecular force. Viscosity is an important
physical property in 3D printing and implant restoration. The influence of viscosity is
important for printing and repair.

The CS-HA mineralized collagen gel was subjected to infrared test, and the results
are shown in Fig. 2. It can be seen that most places are basically coincident. It can be
judged by the infrared spectrum of the control group that the mineralized collagen does
not affect or participate in the cross-linking reaction of CS-glutaraldehyde-HA. When
the mineralized collagen concentration is 10%, the atomic electronegativity at the two
ends of the bond The difference is large and the absorbance is maximum. Therefore, it
has great application prospects in tissue engineering.

Figure 3 is a scanning electron micrograph of the CS-HA mineralized collagen
composite gel after lyophilization. The composite gel obtained after crosslinking is kept
in a entangled form, and its fibers are entangled with each other. As the concentration
of mineralized collagen increases, the degree of physical entanglement of the molecular
chains increases, and the arrangement between the molecules is more staggered and the
mechanical strength is also improved.

Table 1. Qualitative study on the gel temperature of CS-HA mineralized collagen composite sol

Mineralized collagen concentration (w/w) 0% 7% 8% 9% 10% 11%

Observation time (min) 5.5 6 6 5.5 6 6
Observation time (min) 5.5 5.5 5.5 6 6 6
Observation time (min) 6 5.5 6 6 6 6
Gelation time average 5.67 5.67 5.83 5.83 6 6
Gelation time variance 0.06 0.06 0.08 0.08 0 0
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Fig. 1. Rheological properties of CS-HA composite gel with different mineralized collagen
concentrations: a 0%, b 7%, c 8%, d 9%, e 10%, f 11%
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4 Conclusions

In this work, CS-HA mineralized collagen composite gel was prepared (CS: 15 g/L,
HA: 1.0 g/L, the amount of cross-linking glutaraldehyde was 10% of the mass of CS-
HA, and the amount of mineralized collagen was concentration gradient. The tem-
perature is room temperature), and chitosan has good compatibility with hyaluronic
acid. In the sol-gel process, the gel was rapidly formed at 37 °C. No other new
absorption peaks were observed in the infrared spectrum, indicating that no new bonds
were formed, and the mineralized collagen did not change the properties of the gel
matrix. The prepared hydrogel belongs to a pseudoplastic fluid and has the charac-
teristics of shear thinning. It can be observed in the scanning electron micrograph that
the composite gel maintains a crosslinked morphology in which the fibers are inter-
twined. Compared with CS-HA gel, CS-HA mineralized collagen gel has potential
application value in biomaterials.
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Fig. 2. Infrared spectroscopy of CS-HA gel with different mineralized collagen concentrations
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Abstract. Artificial skin is an important research direction in artificial intelli-
gence and robotics. Response of artificial skin to stimuli in the external envi-
ronment is multifunctional, including temperature, pressure and so on. In this
paper, the integrated film sensor measuring force and temperature can simulta-
neously sense the external pressure and the temperature stimulation. To build the
sensor, the integration of strain and temperature measurement materials is on a
PET film. This integrated film sensor then has a good scalability and mechanical
performance, and can according to the specific application of environment to
carry on various design and application measurement. Thus, such kind of force
and temperature integrated thin film sensor can be widely used, especially in
artificial skin, intelligent robot, artificial limb, medical examination and so on.

Keywords: Artificial skin � Measuring force � Measuring temperature � Film
sensor

1 Introduction

With the continuous improvement of the scientific level and the continuous innovation
of technology, new research areas such as artificial intelligence, the Internet of things,
semiconductor materials and other fields have developed rapidly [1]. One important
research direction is to make artificial skin for robotics and other applications. In an
environment where people can’t contact or inconvenient for people to contact, artificial
skin on a robotic arm can replace human inductor tubes and help humans to feel the
external environment [2–4].

This research will be of great significance to our future production and life. As
shown in Fig. 1, we can see the different applications of artificial skin in wearable
equipment. As shown in Fig. 1a, Sheng Xu et al. showed that a sensor can be used for
ECG detection [5]. As shown in Fig. 1b, Brenna D Argall et al. showed that a robot has
tactile sensors all over its body [6]. As shown in Fig. 1c, Pedro Silva Girao et al. showed
a manipulator with a tactile sensor [7]. As shown in Fig. 1d, Lijia Pan et al. showed a
board that detects the weight of a piece [8]. As shown in Fig. 1e, Zheng Lou et al. used a
pressure sensor to detect vocal cord vibration [9]. As shown in Fig. 1f, Lucie Viry et al.
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showed tiny sensor electrodes [10]. Most of the electronic skin currently studied is based
on temperature sensors or pressure sensors. When sensing the external environment, the
feeling of human skin is not only to measure temperature or pressure, but to measure
simultaneously temperature and pressure. In order to prepare electronic skin which is
closer to human skin, we propose a thin film sensor for simultaneous measurement of
pressure and temperature.

2 Structures and Composition of Sensor

At present, most of the sensors can only measure only temperature or only pressure.
Such monotonous measurement limits the application of sensors. If we need to measure
the pressure and temperature at the same time, we need to install at least two sensors, a
temperature sensor and a pressure sensor. The superposition of temperature sensors and
pressure sensors to measure temperature and pressure simultaneously increases the
complexity of the measurement devices and increases the cost of measurement, and the
staff are laborious at installation, and the arrangement of the lines will be very complex.
In order to measure two factors of temperature and pressure at the same time through a
device, we try to integrate the temperature and pressure sensors on a substrate so that
we measure both temperature and pressure at the same time. Pressure sensors have
special structures. The bottom layer is the base material. A silver electrode is printed on
the substrate. A pressure sensing layer is printed on the silver electrode. The upper
layer of the pressure sensing layer is a substrate with silver electrodes. One side of the
silver electrode is to the pressure sensing layer. A temperature sensing layer is
deposited on one side of the silver electrode. The upper layer of the temperature

Fig. 1. The application of artificial skin in wearable equipment
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sensing layer is the substrate. Finally, the sensor is encapsulated by 3M glue.
A schematic diagram of the structure of the sensor is shown in Fig. 2.

2.1 Base Material

The base material we choose is polyphenol oxygen resin. Polyphenol oxygen resin,
also known as polyphenol oxygen, also being called linear epoxy resin, polyhydroxy
ether and phenoxy resin, is a kind of sticky and soft thermoplastic material, with high
cohesion and impact resistance. Polyphenols have excellent mechanical strength and
toughness. At higher load speeds, it can still exhibit good ductility, low creep and
shrinkage [11]. The main stem of polyphenolics is composed of ethers and hydroxyl
groups. This structure can promote the ability of wetting and bonding with polar
substances and fillers. Polyphenols resin has no reactive epoxy end group, and is a raw
material with long thermal stability and long storage life. Polyphenols resin has good
adhesion to high polar materials. Therefore, polyphenols resin is chosen as the base
material in this paper.

2.2 Electrode

The electrode material we use is the conductive silver pulp. At present, the electrode
has copper electrode, silver electrode and gold electrode, but because the conductivity
of copper electrode is not good, and the price of gold electrode is more expensive, we
choose the silver electrode with better price and better wire performance [12, 13]. The
silver electrode of the film sensor is prepared by printing conductive silver pulp on the
thin film screen. The silver electrode prepared in this way is excellent in electrical
conductivity, accurate in size, and can be produced in large quantities, greatly
improving the quality of the product and production efficiency, and greatly saving the
life, production cost and manpower, material and financial resources. Such a prepa-
ration method can help to measure the industrialization of devices and provide a
possibility for mass production of measuring devices in the future.

2.3 Pressure Sensing Layer

The pressure sensing layer we use is functional conductive ink. The functional con-
ductive ink we use is composed of resins, solvents, auxiliaries and nano-carbon black.

Fig. 2. A schematic diagram of the structure of a sensor. The white area represents the base
material. Blue region represents pressure sensing layer. The Yellow region represents the
temperature sensing layer
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The resin used for this time is polyhydroxy ether. The average molecular weight range
of polyhydroxy ether is about 25,000–60,000. Because each molecule averages 40 or
more regular intervals of hydroxyl groups, it is very suitable for thermosetting
crosslinking, especially when the temperature increases. The solvent is ethylene glycol
butyl ether acetate. Ethylene glycol butyl ether acetate is a high boiling point, multi-
functional, two component alcohol ether ester solvent. It has excellent solubility for
many substances. Carbon black is the most common form of carbon materials [14]. The
preparation process of carbon black is simple and the production cost is low. Carbon
black filler has a large difference in morphology and structure [15]. Because of its low
price, simple process and strengthening of polymer substrate, it is gradually becoming
the first choice for the preparation of flexible conductive materials [16]. Porous con-
ductive materials with larger specific surface area can obtain better conductive com-
posite materials more easily. The conductivity of carbon filled polymer is largely
dependent on its structure, specific surface area, particle size and surface polar groups.
In general, the more complex the structure of carbon black particles is, the easier it is to
form aggregates between carbon black particles. The smaller the impediment, the more
is the conductive.

2.4 Temperature Sensing Layer

The temperature sensors we use are platinum and platinum, which are highly sensitive
to temperature. Platinum is deposited on a thin film substrate to form a thin film
temperature sensor [17]. With the change of temperature, platinum resistance will
change significantly. Our encapsulation method is to use 3 M adhesive force bonding.
Such a package is convenient and cheap. The encapsulation effect is also good. It can
encapsulate the sensor to prevent the sensor from receiving external interference and
prevent wear.

3 Conclusions

The film sensors that measure the pressure and temperature at the same time can
simultaneously correspond temperature and pressure, which will greatly improve the
integration of the device and the working efficiency, and also reduce the measurement
cost. The film sensor is composed of flexible film substrate and film functional layer.
Therefore, it is flexible and stretchable, and can be applied to unevenness surface,
which will extend the measurement range of the device. Such a device is useful to
artificial skin applications. In view of the six human senses, such as temperature,
pressure, humidity, and so on, we will further optimize our sensors to make artificial
skin more similar to human skin.
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Abstract. Eggs are rich in high-quality protein and nutrients. The quality and
nutritional value of eggs with different freshness grades are quite different. In
this paper, the near-infrared analysis technique was used to detect 180 eggs
samples stored within 50 d under the condition of 25 °C temperature and 60%
humidity. According to the change of freshness index under different storage
time, the eggs were classified and the qualitative classification model was
established. The results showed that the near infrared analysis technique was an
effective method for fast prediction of eggs in the fields of freshness and edible
condition.

Keywords: NIR analysis technology � Freshness grade � Eggs

1 Introduction

Eggs containing rich nutrients are considered as an important source of high quality
protein and vitamin B. The freshness of eggs is the core index to measure the internal
quality of eggs. The results showed that great differences in the quality and the
nutritional value appeared in eggs under the different freshness grades [1–3]. According
to the relevant standards of the Ministry of Agriculture, eggs with freshness below B
level are unsuitable for consumption. A rapid and nondestructive testing method for
quality supervision and market classification can ensure the consumers to get the high-
quality eggs. It was time-consuming and destructive for conventional methods to obtain
the evaluation indexes of egg freshness such as weightlessness rate, Hough unit, egg
pH value, gas chamber diameter, egg yolk index, and protein index. For a big country
of egg production and consumption, the study in detecting egg freshness quickly,
accurately and nondestructively to ensure the storage, processing and circulation of
eggs is an important research topic [4].

As a green, pollution-free, fast and nondestructive testing technology, near infrared
spectroscopy (NIR) has recently attracted much attention in the study of egg freshness
and quality prediction [4–8]. In this paper, 180 fresh eggs of postpartum 24 h were
taken as samples, and their NIR spectral data, the changes in the weight, Haff unit and
the thick protein height under the storage of 50 d were systematically measured and
analyzed. The freshness of the samples was graded and the qualitative classification
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model of the freshness grade was established with the change of the near infrared
spectrum. It is used to predict the freshness and edible condition of eggs quickly.

2 Materials and Methods

2.1 Materials and Instruments

Eggs: fresh eggs in postnatal 24 h, were purchased from Beijing Hao Yi animal hus-
bandry Co., Ltd.

Test instruments: Nicolet 6700 Fourier Transform Near Infrared Spectroscopy
Analyzer, Thermo Nicolet company; EA-01 egg quality analyzer, Israeli ORKA
company; YP1002N electronic balance, Shanghai Precision Scientific Instrument Co.,
Ltd.

2.2 Sample Treatment

180 fresh eggs after postpartum 24 h, were randomly selected as samples containing
the similar color and size with no cracks on the surface of eggshell. The eggs were
cleaned and sterilized with distilled water and anhydrous ethanol. They were divided
into 12 groups (A, B, C, D, E, F, G, H, I, J, K, L), and each group contained 15 eggs.
The initial egg weight was evaluated at 25 °C and stored at room temperature with the
humidity of ca. 60%.

2.3 Determination of Evaluation Index of Freshness of Eggs

2.3.1 Determination of Hover Unit and Protein Height
The EA-01 multi-function egg quality analyzer was utilized to measure the Hough unit
which is the index of the inspection of the American Department of Agriculture in the
freshness of the egg. The calculation formula is as follows:

Haugh ¼ 100lg ðHþ 7:57� 1:7m0:37Þ

In the formula, H is egg heavy protein height (mm) and m is egg quality (g).
The classification standards are as follows: Haugh > 72, AA grade;

60 < Haugh < 71, A grade; 31 < Haugh < 59, B grade; Haugh < 30, C grade.

2.3.2 Determination of the Weight Loss Rate
The rate of weightlessness is the ratio of weight loss to fresh shell eggs after storage for
a period of time. The formula is as follows:

Weightlessness rate = [(m0 − mt)/m0] � 100%, where m0 represents the quality
of fresh shell eggs, and mt represents the quality of shell eggs after a period of storage.

2.4 Spectral Collection and Data Processing

The Nicolet 6700 Fourier Transform Near Infrared Spectroscopy Analyzer produced by
Thermo Scientific was used in the experiment. The NIR spectrum was collected by the
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integral sphere diffuse reflectance sampling system. The sampling interval was
7.714 cm−1 and the detector was InGaAs. The instrument should be preheated at least
30 min in advance. The data acquisition parameters of NIR spectrum are set to the
scanning range of 10,000–4000 cm−1, the scanning times of 32 times, the resolution of
16 cm−1, the room scanning temperature and automatic deduction of atmospheric
background. Each egg is put at 5 different positions with 3 times of scanning, and the
average spectrum was obtained. The software for spectral data acquisition and pro-
cessing is Ominic 8.1.11 and TQ Analyst 8.5.28, and the experimental data analysis
software is IBM SPSS Statistics 22.

2.5 Discriminant Analysis

Discriminant analysis, known as “resolution method”, is a multivariable statistical
analysis method, which is based on the various eigenvalues of a certain research object
to determine its type attribution under the condition of classification. The principal
component analysis (PCA) method provided by TQ Analyst was used for discriminant
analysis in this experiment. PCA method is used to extract the feature information in
the group sample, further identifying the main factors that can affect the system,
simplifying the dimension of a large number of variables, and summing up the complex
factors into several main components, and make the problem simple while ensuring the
complete data structure.

3 Results and Analysis

3.1 Changes in Freshness Index of Eggs Under Different Storage Time

The thick protein height, Haff unit and weightlessness rate of eggs under different
storage days were detected, as shown in Table 1.

Table 1. Changes in freshness index of eggs under different storage time

Storage time
(d)

Measurement index
Thick protein height
(mm)

Haff unit Weightlessness rate
(%)

0 6.063 ± 0.880a 79.20 ± 3.435a 0.0 ± 0.0a

3 4.967 ± 0.455b 67.42 ± 4.475b 1.2 ± 0.1a

6 4.383 ± 0.591b,c 66.25 ± 5.272b,c 3.0 ± 0.5b

9 3.867 ± 0.641c,d 59.12 ± 6.514c,d 3.8 ± 0.7b

12 4.617 ± 0.264b 65.35 ± 2.683b,c 5.6 ± 1.6c

15 3.633 ± 0.242d,e 54.72 ± 3.330d,e 6.1 ± 1.2c

18 3.017 ± 0.454e,f 49.25 ± 6.238e 7.8 ± 2.8d

21 3.300 ± 0.237d,e,f 55.13 ± 2.828d,e 8.4 ± 1.3d

33 2.833 ± 0.455f 51.08 ± 6.352d,e 13.6 ± 3.1e

49 2.573 ± 0.486f 46.74 ± 8.044e 16.7 ± 1.5f

Note Indicators with different letters in the same column (a, b, c, d, e, f) represent significant
statistical differences in different storage days (p < 0.05), n = 15
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The results showed that there were significant differences in the height of egg
protein, HU and weight loss in different storage days. With the increase of storage time,
the thick protein gradually became thinner, the protein height decreased, the Haff unit
decreased obviously, the weight loss rate increased significantly and the egg quality
deteriorated. The quality of the egg is deteriorated, which is probably assigned to the
escape of the moisture and the CO2 through the stomata. In addition, the water diffusion
in the egg white weakened the yolk membrane and the yolk liquefied, with the pro-
longation of storage time. The phenomenon of dispersing yellow and the appearance of
water-like state of thick protein were closely related to the protein denaturation.

The Hough value of the egg is the index for the inspection of the egg standard and
the freshness of the egg, which is related to the height and quality of the egg’s thick
protein. The eggs after the postpartum 24 h can be considered as the AA level eggs, as
shown in Table 1. However, the eggs with storage time during 9–12 d located in class
A. After 15 d, all the experimental samples were declined to B grade until the end of
the experiment. The quality change was consistent with the conclusions provided by
Liu Yande et al. [6].

3.2 Spectral Analysis

The near infrared diffuse reflectance spectra of eggs which were selected at random
with three different storage time of 0 d, 6 d and 18 d, respectively, were shown in
Fig. 1. The transverse coordinate was wavenumber, and the longitudinal coordinate
was absorbance, with the scanning range of 10,000–4000 cm−1. It is found that the
spectra of eggs with different freshness grades have obvious differences. Data analysis
in Table 1 showed that the thick protein in egg, the thickness of egg yolk film, the
concentration of yolk, and the water of egg yolk, have changed irreversibly with the
prolongation of storage time. The NIR spectroscopy mainly produced by molecular
vibration frequency within the group absorption and frequency absorption harmony,
and only hydrogen-containing functional groups such as C–H, N–H, S–H, and O–H’
stretching vibration can be detected.

Fig. 1. NIR spectra of egg samples with different storage time
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The change of the internal composition will inevitably lead to the change of its near
infrared diffuse reflectance spectrum. The difference of the spectrum of egg samples in
different storage period provided the possibility on the quality evaluation of the egg. In
this model analysis, the selection of spectral range 4065.21–7335.89 cm−1 is auto-
matically optimized by TQ Analyst software.

3.3 The Effect of Different Spectral Pretreatment Methods
on the Qualitative Discrimination Model of Eggs

Spectral preprocessing is usually very effective and necessary in NIR spectroscopy.
The derivative, filter noise and baseline correction of the spectrum can be pretreated to
reduce the spectral drift caused by the influence of the instrument state, sampling
environment and sample uniformity, which is more conducive to the extraction of
useful information in modeling.

Different pretreatment methods are used to analyze and compare the NIR spectra of
egg samples collected in the experiment. The results showed that the untreated original
spectrum is the best in modeling. After reducing the dimension of principal component
analysis, the two models can well identify the spectral differences of unknown samples,
and the accuracy of prediction results is greater than or equal to 98.2%. Table 2
compared the models using different preprocessing methods. The results showed that if
the quality of the sample is high, it usually does not need to be pretreated, which can
make the modeling achieve the ideal effect. So, in the process of collecting the spec-
trum, we should avoid the influence of the factors such as the state of the instrument,
the sampling environment, the uniformity of the sample and so on.

The spectra of samples stored within 50 d were qualitatively analyzed according to
the three freshness grades of grade AA, A and B, as shown in Fig. 2. Based on the
second principal component scores obtained from the first principal component scores,

Table 2. Effect of different spectral pretreatment methods on the qualitative discrimination
model of eggs

Preprocessing
type a–b

Model index
Misclassified Principal

components
used

Percent of
variability

Cumulative
contribution rate
(%)

1–1 16 10 99.6 98.9950
1–2 16 10 99.7 99.0712
2–1 59 10 34.5 48.0091
2–2 62 10 40.7 55.1462
2–3 43 10 93.5 95.1623
3–1 174 10 23.8 21.6355
3–2 185 10 34.9 32.2522
3–3 47 10 80.7 99.7009

Note a: 1:Spectrum, 2:First derivative, 3:Second derivative
Note b: 1:No smoothing, 2:Savitzky-Golay filter, 3:Norris derivative filte
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the distribution of NIR diffuse reflectance in the principal component space of the
samples of three different freshness grades has obvious clustering characteristics. When
storage time increased, the eggs of the different freshness levels of AA, A and B
showed distinct discreteness and classification. The results showed that it is feasible to
establish a qualitative discriminant model for 3 fresh grade samples. In addition, the
information showed that there are some overlapped regions between the A and B-class
egg samples, which may be related to the individual differences in the eggs in the
experiment, and the characteristics of the samples is not significant near the boundary
conditions. Based on this, the qualitative discriminant model of eggs can be established
to classify the freshness of the sold eggs, and the corresponding 3D discriminant
analysis model is shown in Fig. 3. Obviously, the 3D model can express its classifi-
cation characteristics more intuitively.

The cumulative contribution rate is the degree of interpretation of the variation
factors, that is, the calibration model is used to identify the spectral differences of the
external samples. With the change of the main fraction, the recognition degree of the
spectral variation in the calibration model is shown in Fig. 4. The greater the main
fraction of the main fraction, the higher the recognition degree of the model for the
spectral variation. In this experiment, the threshold of variability was set to 95%, and
the primary score was 2. It can be seen from Fig. 4 that the cumulative contribution rate
can reach 99.2% when the main fraction is 2, indicating that the first two principal
components can explain 99.2% of the amount of information of the original wave-
length, and the two principal components are the main factors affecting the freshness of
the eggs, with statistical significance, and the results are accurate and reliable.

Fig. 2. Discriminant analysis of NIR spectra of shell eggs with different grades
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4 Conclusions

In this experiment, 180 eggs samples stored within 50 d were analyzed by principal
component analysis. The clustering effect of the eggs of different quality levels (AA, A
and B) in the experimental collection spectrum can construct the quality classification
model of eggs, to realize the rapid classification of the eggs sold in the market, and to
guarantee the consumers to buy the price qualitatively.

Fig. 3. 3D discriminant model of egg freshness grade
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Abstract. Nano-crystal hydroxyapatite/collagen (nHAC) composites have
good biological properties, and polylactic acid is a kind of polymer with good
biocompatibility, both of which have been widely used in the field of bone
repair. The nHAC/PLA composite wires studied in this paper were prepared
from the combination of polylactic acid and nanocrystal hydroxyapatite/
collagen, which was used as the raw material of 3D printed bone prosthesis, and
the degradation performance of nHAC/PLA composite wires was studied. The
experiment was carried out by in vitro degradation method, and the weight loss
rate of the material in different periods was analyzed. The surface topography of
the material was observed by laser confocal microscopy. FTIR and DSC were
used to characterize the material before and after degradation. The results show
that the material degradation occurs during the experiment, which is the
decrease of tensile property, the reduction of material weight and the change of
surface topography. In addition, no changes in molecular structure and other
substances were produced during the degradation process.

Keywords: Nano-hydroxyapatite � Polylactic acid � 3D printing � Degradation

1 Introduction

Polymer with good biocompatibility and biodegradability has become a common
material in biomedical applications [1–4]. 3D printing is a rapid additive manufacturing
technology [5, 6]. Currently, research on the application of 3D printing in medicine is
underway [7, 8]. Xiao et al. [9] has written another article explains the research on
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material performance of 3D printing. Polylactic acid has the disadvantages of poor
toughness, long degradation cycle under natural conditions, and high product price,
which limits its application range. In response to these shortcomings, Liu et al. [10]
used a compound having a reactive group as a toughening agent or an interfacial
modifier to prepare a super-tough polylactic acid composite material. No research has
been done on its biodegradability. The rate of degradation of materials affects the
response of many cells [11]. The unique composition and structural characteristics of
nHAC/PLA composites make it uniquely biodegradable.

2 Materials and Methods

The mineralized collagen powder and the polylactic acid material are doped and mixed
at a ratio of 0%, 3%, and 7%, and after ultrasonic vibration mixing, the mixture is
stirred and dissolved to uniformity using chloroform, and then dried by a freeze dryer
to obtain a solvent. Rapid evaporation, using a plastic crusher for material crushing,
and then through the extruder to prepare a wire (U = 1.75 mm) that can be used in
FDM printers.

Solid works was used for modeling. The surface of the model was designed as a
digital pattern, which was labeled as 1–1, 1–2, 1–3, etc. The files was imported into the
Cura software for slicing and exporting into the gcode file, and finally the Gcode file
was input into the FDM 3D printer for printing.

The prepared models was placed in a Petri dish and 10 ml degradation solution was
added. The degradation solution was SBF solution. Then it was placed in a sterile box
at 37 °C. Replace the liquid in the bottle every week for fresh degradation solution.
Three samples were taken from each observation point, then filtered with double
distilled water and then dried at low temperature. The dry weight of the sample is
(Wt) and the weightlessness rate is calculated. The surface morphology was observed
by laser confocal analysis, and then subjected to FTIR and DSC characterization and
the tensile properties were tested by universal tensile machine Weight loss %ð Þ ¼
Wo �Wtð Þ=Wo * 100% .

3 Results and Discussion

It can be seen from Fig. 1 that the degradation rate decreases with the increase of
degradation days, and the quality of the material changes more and more with the
change of time. The weight loss rate (degradation rate) is the amount of degraded
material divided by the total amount of material. With the increase of days, the weight
lost gradually becomes more and more, showing an upward trend. Therefore, it can be
concluded that: at different weeks, different proportions of mineralized collagen/PLA
composite wires have degradation, but the degradation rate is different, which is not
stable degradation (Fig. 2).
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The confocal pattern of the laser before and after degradation changes, and the
surface of the object can be observed from smooth to rough, indicating flaking during
the experiment. The surface was rough, the pits were large, which also indicated that
the degradation occurred during the experiment.

As shown in Fig. 3, the wave number trend of composite wire with different
degradation weeks is basically the same, and the transmission rate is slightly different.
The wavenumber peaks at 800, 900, 1000–1500, 1800, 3000. According to Fig. 3, the
original groups can still be seen in the infrared spectrum of the composite wire under
different degradation weeks, and the molecular structure did not change significantly
after the degradation (Fig. 4).

DSC analysis showed that nHAC/PLA composite glass transition temperature of
the wire between 35 and 40 °C, the polymer chain of oscillations, reduced strength,
toughness, melting point is 180–183 °C, melting, all melt crystallization, polymer
chain in irregular state, is a Newtonian flow (Table 1).

Tensile tests before and after degradation showed that the tensile strength, tensile
fracture stress and elongation at break of the composites with different nHAC contents
decreased after degradation, which may be related to the breakage of the molecular
chain and the shortening of the chain length of PLA during the degradation experiment,
further indicating that degradation occurred during the experiment. And the degrada-
tion of composite material will reduce its tensile properties.

Fig. 1. Weight loss (%) of nHAC/PLA wires

Fig. 2. Laser confocal images before and after degradation
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Fig. 3. FTIR curves at different degradation weeks

Fig. 4. DSC results of materials with nHAC content of 3% at different time points
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4 Conclusions

The degradation rate of nHAC/PLA composite wires in simulated body fluid was
studied by in vitro experiment. It was proved that nHAC/PLA composite wires
degraded in simulated body fluid to a certain extent. The material degraded in different
time and proportion, but the degradation rate was different. In laser confocal focusing,
the surface of the object can be observed from smooth to rough, which indicates that
there is flake spalling during the experiment. The surface is rough, the pit is more, and
the trembling line is dense. Under different degradation cycles, the original groups can
still be seen in infrared spectra, and the molecular structure of the composite wires has
not changed greatly after degradation. The tensile test data of mechanical properties
show that the tensile properties of the material after the test have decreased, indicating
that the molecular chain of PLA has broken during the experiment, and the long chain
has become a short chain. In summary, in vitro experiments showed that the
nHAC/PLA composite was degraded, and the molecular structure did not change, and
no other substances were produced. It was initially proved that this material can be
applied to the biomedical field.
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Abstract. Tartary buckwheat is rich in nutritive value, and can prevent modern
civilization diseases. The survey found that the functional foods made by tartary
buckwheat are generally favored by the three high- population. However, the
related buckwheat products lack implementation standards and clear formula-
tion. This paper established the quantitative analysis and discriminant model of
buckwheat self-made products, and further explored the adulteration of buck-
wheat flour and the qualitative identification method of buckwheat noodles. The
results showed that it is feasible to determine the adulteration of tartary buck-
wheat powder by NIR analysis, and determine the qualitative discrimination of
the tartary buckwheat noodles. Due to the significant influence from the addi-
tives on Modeling and analysis, it is impossible to use a single model to analyze
it quantitatively. Under the condition of knowing the formulation, it is possible
to establish recognition model and apply this technique in market supervision.

Keywords: NIR analysis technology � Quality control � Tartary buckwheat

1 Introduction

Tartary buckwheat is recognized by the World Health Organization (WHO) as a
therapeutic food for diabetes, hypertension, hyperlipidemia, coronary heart disease,
stroke and so on. It has significant functions in hypoglycemic, blood lipid, and
enhancement of human immunity. The buckwheat noodle as a kind of functional food
in china, can meet the needs of the special consumers to the therapeutic food. At
present, the price of buckwheat on the market is much higher than those of other grain
crops such as wheat and rice. Some Unscrupulous merchants tend to adulterate to
deceive the consumers. Therefore, the study in the adulteration identification tech-
nology for buckwheat flour and related products is considered to be necessary to ensure
the consumer’s consumption safety.

Near infrared spectroscopy (NIR) has been widely used in the composition and
quality analysis of agricultural products, nutrient analysis, food safety, raw materials
and identification of adulteration, and so on. NIR has been considered as a fast, con-
venient, environmentally friendly and nondestructive method [1–5]. In this paper, the
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current situation of market for buckwheat flour products in china was investigated. In
view of the existing problems, the adulteration identification method of buckwheat
flour was explored by using NIR technology. The NIR analysis model of buckwheat
noodle products was established for the self-made samples in the laboratory, and the
effective technical way for the market supervision of buckwheat flour products was
explored.

2 Materials and Methods

2.1 Materials and Instruments

Buckwheat flour, refined gluten powder, konjac fine powder, guar gum, xanthan gum
and salt were purchased in the market. FW100 grinder: Tianjin City Tai site Instrument
Co., Ltd.; MT140 series rolling machine: Hubei Juxin Machinery Co., Ltd; Nicolet
6700 Fourier Transform Near Infrared Spectroscopy Analyzer: Thermo Nicolet, USA.

2.2 The Formulation and Preparation Process of Buckwheat Noodles

Buckwheat noodle formulation: buckwheat flour noodle is prepared by blending
buckwheat flour and wheat flour, in the range of 5–75% of tartary buckwheat powder,
25–95% of wheat flour, 3% of compound additive (konjac fine powder: guar gum:
Xanthan Gum = 3:3:2), 3% of edible salt and alkali (salt:alkali = 5:1).

The production process of buckwheat noodles: 1. waking up the dough for 15 min
in the fermenting box at 25 ± 1 °C; 2. flaking the dough at first time; 3. waking up the
flakes for 30 min in fermenting box at 25±1 °C; 4. flaking at second time; 5. cutting
strips and drying.

2.3 Spectrometric Determination

It is necessary to preheat the machine at least 30 min, with 7.714 cm−1 of the sampling
interval, the 2.6 lm InGaAs detector, the CaF2 beam splitter, the infrared light source,
the scanning range of 10,000–4000 cm−1, the scanning of 32 times, the resolution of
16 cm−1, and the automatic atmospheric background deduction. The spectrum acqui-
sition software Ominic and analysis software TQ analyst 8.528 were used to analyze
collected data. In the spectrometric determination, the samples were placed in the rotary
sampling cup, at 23 ± 2 °C.

2.4 Sample Grouping

Group A: buckwheat flour was added into wheat flour powder with the weight ratios of
5, 10, 20, 30, 40, 50 and 75%, respectively; 5 parallel samples per ratio; scanning 5
times for each sample.

Group B: the additives and edible salt were added into the above mentioned
samples in Group A. They were divided into non-additive group (I), saline-alkali group
(II), salt-alkali and compound additive group (III); 5 parallel samples of each gradient;
each sample was scanned 5 times.
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Group C: The samples of the group B, according to the production process of the
noodle, were made into buckwheat noodles in the laboratory, and the dried noodles
were crushed and screened as the samples. The samples were divided into non-additive
group (I), saline-alkali group (II), saline-alkali and thickener group (III); each gradient
has 5 parallel samples, and each sample was scanned 5 times.

2.5 Experimental Design

2.5.1 Identification and Quantitative Analysis of the Adulteration
of Buckwheat Powder
Partial least squares (PLS) is a regression modeling method of multivariate variable to
independent variables. Using this method, the spectral data of samples in Group A are
modeled to determine whether the raw buckwheat powder is doped by wheat flour and
the actual doping amount.

2.5.2 Effect of Additives on Model Data of Buckwheat Flour
Principal component analysis (PCA) can reduce the dimension of data and eliminate
the overlapping parts of information. The effect of different additives on the original
spectral data of buckwheat flour was determined by principal component analysis to
determine the buckwheat noodles in different types of B.

2.5.3 Qualitative Siscrimination of Buckwheat Noodles
The NIR spectrum data is a high dimensional data matrix. The principal component
analysis method is used to analyze the original spectral variables of the group C. Under
the condition of no loss in useful information, the category of the buckwheat noodles (I,
II, III) is identified by less new variables.

2.6 Cumulative Contribution Rate

The cumulative contribution rate is the recognition degree of the calibration model for
the spectral difference of the external samples. For spectral variation, the larger the
principal score, the higher the calibration degree. Generally speaking, the cumulative
contribution rate is above 70%. In this study, we set the threshold of variability which
can be explained to be more than 95%.

3 Results and Analysis

3.1 Analysis of Market Sales of Buckwheat Noodles

The buckwheat noodles from 32 different brands were randomly selected and analyzed.
In 93.75% of them, the proportion of ingredients in buckwheat flour was not marked.
The thickening agent was added in 6.25% of the samples, the salt or edible alkaloids
were labeled in 78.12% of the products, and 15.63% of the products marked no
additives. Table 1 listed a small number of investigation data. It could not be verified
whether the buckwheat power was added to buckwheat noodle, and whether they used
salt and alkali or thickening agent. In addition, the survey found that most of the
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buckwheat noodles were executed by the standard LS/T3213 which was issued for
color noodles in 1992. The state did not carry out the implementation standard of the
buckwheat products, and some enterprises carried out their own enterprise standards,
leading to the chaotic market of buckwheat noodle.

3.2 Near Infrared Diffuse Reflectance Spectra of Different Substances

In Fig. 1, the abscissa is the wave number and the ordinate is absorbance, with the
scanning range of 10,000–4000 cm−1. In the NIR spectroscopy which was mainly
produced by molecular vibration frequency within the group absorption and frequency
absorption harmony, only hydrogen-containing functional groups such as C–H, N–H,
S–H, and O–H’ stretching vibration can be detected. The change of the internal
composition will inevitably lead to the change of its near infrared diffuse reflectance
spectrum. The spectrum of the diagram showed the difference of the spectrum of each
material, especially in 4000–5400 cm−1, which provided a possibility for NIR Analysis
of buckwheat products.

3.3 Identification and Quantitative Analysis of Buckwheat Flour
Adulteration

TQ Analyst software was used to automatically select the spectral range of 4543.47–
4828.88 cm−1, 5569.41–5885.68 cm−1 and 5893.39–5947.39 cm−1. According to the
modeling results of Fig. 2a, b, a fitting regression line (y = 1.001x − 0.046) was

Table 1. Analysis on identification of dried buckwheat noodles on the market

Brand Place of
origin

Batching table Execution
standard

Wujiabuckwheat
flour

Wuchuan
Inner
Mongolia

Buckwheat flour 65%, wheat flour 35% –

Huantai
buckwheat flour

Liangshan,
Sichuan

100% pure tartary buckwheat powder Q/21301131-
X.20

Wujia instant
buckwheat
noodle

Wuchuan
Hohhot

Tartary buckwheat flour, wheat flour and
iodized salt

Q/WJS06

Jindubuckwheat
flour

Yanqing,
Beijing

Wheat flour, buckwheat flour, starch,
water, salt

LS/T3213

Gufu buckwheat
flour

Jining,
Shandong

Wheat flour, buckwheat flour, water,
edible salt, alkali noodles

LS/T3213

Jinshun
buckwheat flour

Daxing,
Beijing

Wheat core snowflake powder,
buckwheat powder, iodized salt, water

LS/T3213

Jinlongyu
buckwheat
noodle

Shijiazhuang,
Hebei

High quality wheat flour, purified water,
immature buckwheat flour, edible salt
and edible alkali

Q/BAAK0015S
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obtained, with the calibration correlation coefficient Rc (0.999), the prediction corre-
lation coefficient Rp (0.999), and the linear relationship was good. The mean square
root error (RMSEP) of the model was 0.858, and the mean square root mean square
error (RMSEC) was 0.827, leading to the 1.037 (RMSEC/RMSEP). The gap between
the predicted value and the actual value was small. From Fig. 2c, d, it only need 4 main
score to reach the above index, and the cross validation mean square variance of the
correction set sample (RMSECV) is very small, and the cumulative contribution rate is
close to 100%. So, the regression model under the principal component can be applied
to the quantitative analysis of unknown samples, that is to say, for adulterated buck-
wheat powder, the model can determine the actual content of buckwheat flour to carry
out effective market regulation.

3.4 Effect of Different Additives on Model Data of Buckwheat Flour

Some additives such as sodium carbonate and konjac powder can be added to the
preparation and processing of tartary buckwheat noodles, which can prevent its broken
bar. It not only can make the noodles of buckwheat golden yellow, increase appetite,
but also increase the elasticity of tartary buckwheat noodle and reduce the loss rate of
cooking [6–9]. In this experiment, the experimental data of group B after adding
different additives were collected and the principal component analysis was carried out
under the range of 4119.21–9881.46 cm−1. The analysis results of the discriminant
model of buckwheat flour were found in Fig. 3a–c. The diagram (b) was a 3D model
diagram corresponding to the (a) graph model, and the addition of salt and alkali could
be found clearly. The compound additive group (III) was obviously deviated from
groups (I, II), probably because the near infrared spectrum area was usually used to
analyze the organic compounds containing C–H, N–H and O–H bonds, and the effect
of the addition of inorganic salts and alkali components on the information extraction
was very small. When the content of buckwheat is predicted, the effect of salt and alkali
can be ignored, but the compound additive will obviously interfere with the prediction

(1. buckwheat flour 2. wheat flour 3. composite additive 4. base  5. salt)

Fig. 1. Near infrared spectra of different material
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results. It is not feasible to carry out quantitative analysis of the three groups at the
same time. The first 3 principal components of the model reflected 96.25% of the
information, indicating that the discriminant analysis model under this principal
component has statistical significance.

3.5 Qualitative Discrimination of Buckwheat Noodles

The principal component regression analysis of buckwheat noodle samples of group C
in the range of 4119.21–9881.46 cm−1 showed that the first 3 principal components
reflected 100% information, and the discriminant analysis model had statistical sig-
nificance. The 3D model of the analysis was established based on the results of the first,
second and third principal components, as shown in Fig. 4b. The information showed
that NIR diffuse reflectance information from different samples in the principal com-
ponent space had obvious clustering characteristics, and the model could be used to
accurately judge whether the homemade buckwheat noodles belong to the non-additive
group (I), saline-alkali group (II) or the compound additive (III). The model showed
that it is not feasible to make quantitative analysis of the three groups at the same time.
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Under the condition of standardizing the standard, making clear the formula and
classifying the model, it is possible to make use of the NIR analysis technique to make
a more accurate quantitative analysis.

4 Conclusions

(1) NIR technology was utilized to explore the adulteration identification of raw
buckwheat flour and establish NIR analysis model for homemade samples. The
results showed that this method can be used effectively for quantitative analysis of
adulterated buckwheat flour and market.

(2) Based on the principal component regression analysis of the spectra of samples, it
was found that the qualitative analysis of the buckwheat noodle products is good.

(a) Effects of different additives on the discriminant analysis model of buckwheat flour
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Fig. 3. The effects of salt, soda and thickener on the discriminant analysis model of buckwheat
flour
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It can accurately determine whether the sample is pure buckwheat products and
whether there are additives. However, it is possible to predict the content of
buckwheat flour in the noodle products, only under the condition of knowing
product standard, clear formula, and classification modeling.
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