
Vol.:(0123456789)1 3

Applied Physics B (2022) 128:15 
https://doi.org/10.1007/s00340-021-07745-z

Investigation of the opto‑thermo‑mechanical properties 
of antimicrobial PET/TiO2 fiber using the transport of intensity 
equation technique

G. M. Abo‑Lila1 · T. Z. N. Sokkar1 · E. A. Seisa1 · E. Z. Omar1,2 

Received: 3 November 2021 / Accepted: 20 December 2021 / Published online: 6 January 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
The transport of intensity equation (TIE) technique is used to investigate the effect of stretching and annealing conditions on 
the optical features and antimicrobial activity of polyethylene terephthalate (PET) fibers treated with  TiO2 nanoparticles. The 
main core of this paper gets the most preferable optical and mechanical properties for PET/TiO2 fiber which maintains its 
antibacterial activity. The variation of the refractive index of untreated PET/TiO2 fiber along its axis is studied. The computed 
tomography technique is used to investigate the morphology of the tested fiber and the distribution of  TiO2 nanoparticles 
inside the fiber. The effect of stretching on the refractive index and the density of  TiO2 nanoparticles of drawn PET/TiO2 
fibers are carried out. The antimicrobial activity of the PET/TiO2 fibers are evaluated before and after stretching. The PET/
TiO2 fibers are annealed at different temperatures and durations. The influence of annealing on the variation of the refractive 
index of PET/TiO2 fiber along its axis and the distribution of  TiO2 is investigated.

1 Introduction

In the shadow of the Covid-19 pandemic and the presence 
of many harmful microorganisms that negatively affect the 
human health, the antimicrobial fibers become a significant 
element to avoid and confront these epidemics [1, 2]. The 
antimicrobial fibers are a mixture between traditional fiber 
materials and antimicrobial agents [3]. These fibers have 
the ability to inhibit the growth of the microorganisms or 
kill them on their surfaces [3–5]. The most common anti-
microbial agents, which are used in the manufacture of anti-
microbial fibers, include silver (Ag), cooper oxide (CuO), 
titanium dioxide  (TiO2), zinc oxide (ZnO), and others [6–8]. 
The mechanism of incorporating the antimicrobial agent into 
fiber matrix relies on the fiber kind and its composition and 
morphology [3, 5]. In the majority cases of polymer fibers , 
the antimicrobial agents are chemically bonded to the fiber 
[6, 7].

The antimicrobial fibers play an important role in medi-
cal field in which fabrics contaminated with microbes that 
medical staff and patients wear in hospitals are considered 
the main source of infection [2, 8]. So, towels, masks, sur-
gical gown, blanket materials, and pillowcases used in hos-
pitals should be manufactured from fibers having antimi-
crobial features. Also, the antimicrobial fibers have many 
applications in industry and everyday uses. These applica-
tions include air filters, food packaging, water purification 
devices, sport equipment and clothes, automotive textiles, 
mechanical and thermal protection systems [1, 8]. Due to the 
extreme importance of antimicrobial fibers and their various 
applications in different fields, the investigation of morphol-
ogy, opto-mechanical and opto-thermal properties of these 
materials becomes a serious task to improve their features.

Transport of intensity equation (TIE) technique is con-
sidered one of the simplest and most accurate techniques to 
investigate the opto-mechincal and opto-thermal properties 
of tested fibers [9, 10]. Many authors have used the TIE tech-
nique to investigate the structural and optical properties of 
fibrous materials with high degree of accuracy [10–12]. This 
technique has the ability to demodulate the phase map of the 
tested samples via linking the variation in axial intensity for 
optical field with phase [9]. To demodulate the phase map 
using this technique, three intensity images for the tested fiber 
are needed. One of them is captured at the focus plane and 
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the other two intensity images are captured at defined defocus 
planes [11, 12]. The demodulated phase object via the TIE 
technique has worthy information such as surface profile, 
refractive index, degree of crystallinity, and polarizability 
[10, 13]. The TIE technique has many unique advantages 
such as stability in measurements, simple optical setup (does 
not need reference beam), produce directly absolute phase 
map, capabilities to work with partially coherent source, and 
does not need iterations (simple calculations) [10, 12, 14].

Computed tomography (CT) is considered as an accu-
rate technique to investigate the morphology and the internal 
structures of fibrous materials [15, 16]. It has the ability to 
reconstruct the real 3D shape of tested fibers using sequence 
images of thin sections [15]. The CT has many applications 
especially in biology and medicine sciences [17]. CT can 
be divided into two main processes [18]. The first process 
is tomographic recoding process. In this process, the TIE 
technique is utilized to capture several 2D intensity images 
at different angular orientations about the vertical axis of the 
tested fiber [17]. The second process is tomographic recon-
struction, in which the cross-section of the tested fiber can 
be reconstructed via one of tomographic reconstruction tech-
niques such as the filtered back-projection algorithm [18].

Generally, most of the undrawn fibrous materials are 
not satisfactory and possess unfavourable features such as 
low modulus, high plastic deformability, and low tenac-
ity [19–21]. This is because the random molecular orien-
tation of fiber chains [20]. The mechanical stretching and 
annealing for fibrous materials are pivotal and important 
processes in order to improve its physical properties, espe-
cially the mechanical features [20, 22]. Several authors have 
reported that the tensile breaking strength and the molecu-
lar orientation chains of fibrous materials increased due to 
stretch whereas toughness and plasticity of fibrous materials 
decreased due to stretch [19–22]. Annealing process is also 
a considerable tool to enhance the mechanical properties of 
fibrous materials because the viscoelastic behavior of these 
materials has high sensitivity to annealing process [20, 22]. 
Increasing the viscoelastic behavior of fibrous materials may 
increase its performance and lifetime [19, 22].

On the light of the previous mentioned techniques, this 
research aims to get the optimum optical and structural 
properties for synthetic PET/TiO2 fiber while maintaining 
its antibacterial activity. The stretching and annealing treat-
ments are utilized to improve the optical, mechanical, and 
antimicrobial properties of PET/TiO2 fibers . The TIE tech-
nique is used to carry out investigation for the variations 
in the refractive index due to the stretching. The computed 
tomography technique is used to investigate the morphology 
of the tested fiber and the distribution of  TiO2 nanoparticles 
inside the fiber. The antimicrobial activity of the PET/TiO2 

fiberes are evaluated before and after stretching. The effect 
of annealing on the variation of the refractive index of PET/
TiO2 fiber along its axis and the distribution of  TiO2 are 
investigated.

2  Theoretical considerations

2.1  Demodulating the phase object using 
the transport of intensity equation (TIE) 
technique

The phase of tested fibrous materials can be demodulated 
via the TIE technique using the following equation [9, 12];

where λ is the wavelength of the used light, go is 
the captured intensity image at the focus plane, 
g1
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)
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 are the captured inten-
sity images at defocus planes up and down, respectively, Δz 
refers to the separation distance between the two recoding 
intensity planes, kx & ky are the spatial frequencies in Fourier 
domain, �&�−1 refers to apply Fourier and inverse Fourier 
transforms, respectively.

2.2  Refractive index profile

According to the demodulated phase in Eq. (1), the refrac-
tive index profile of fibrous material can be calculated using 
the following equation [23];

where t is the thickness of the fiber, and nL is the refractive 
index of the immersion liquid.

2.3  Tomographic reconstruction using filtered 
back‑projection algorithm

Using the computed tomography (CT) technique, the 
recorded intensity image at the focus plane can be modified 
to include fiber rotation relative to the direction of measur-
ing beam. So, the intensity image at the focus plane is given 
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�i is 1°–179° with step 1°. To perform this task, the filtered 
back-projection fundamental is used as shown in the follow-
ing equation [16, 18]:

where the function S
(

�,�, zo
)

 can be defined as follows:

where � is the spatial frequency of the func-
tionP(�, w, z0) . By the same way, the next cross-sections 
�(x, y, zo + 1, 2, 3,…Z) are obtained sequentially from the 
sets of projection P(�,w,+1, 2, 3,…Z) , where Z is the num-
ber of recorded intensity images.

(3)

Δ�
(

x, y, zo
)

= ∫
�

0 ∫
∞

−∞

S
(

�,�, zo
)

|�| exp (j2�w�)d�d� ,

(4)S
(

�,�, zo
)

= ∫
∞

−∞

P
(

�,w, zo
)

exp (−j2�w�)d� ,

3  Materials

The samples used in this work are polyethylene tereph-
thalate (PET) fiber which was obtained from PET chips 
supplied by FIBERTEX Company and (PET) fiber treated 
with  TiO2 nanoparticles [24]. The manufacture of the fiber 
is carried out at spinning line located in FIBERTEX Com-
pany, Abo-Rawash, Egypt [24]. The percentage of  TiO2 
added to PET is 1.0% on the weight of polymer chips. 
The melting point (Tm) of the PET materials ranged from 
250 to 260 °C and its glass transition temperature (Tg) is 
70 °C [24].

Fig. 1  A Schematic diagram 
for the optical system setup of 
TIE technique. B Stretching and 
rotation unit
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4  Experimental techniques

Here, the TIE technique is preferred over the optical inter-
ferometric techniques to perform the current study. This 
is because the nanoparticles present in the tested samples 
might cover the shifts of the interference fringes, which 
makes it difficult to extract their phase maps. The optical 
system of the modified TIE technique [12] is utilized to 
investigate the optical properties of the tested samples as 
shown in Fig. 1A. In this optical system, the polarizer is 
used to adjust the angle between the direction of the light 
wave vibration and the fiber’s axis, the focus knob is used 
to generate intensity images at various focus planes, and the 
charge coupled device (CCD) camera is used to acquire the 
intensity images. The wavelength of the used monochro-
matic light is 546 nm. The microscope stage in this optical 
system is movable to change the position of tested sample 
each 1 mm ± 0.05 mm.

The optical system of the modified TIE technique is fitted 
with stretching and rotation unit as shown in Fig. 1B. This 
unit is used to draw the tested samples at a defined draw ratio 
and capture intensity images at different angular orientations 
about the vertical axis of the tested sample. The stretching 
and rotation unit includes two stepper motors  (SM1 &  SM2). 
Only, the  SM1 is used to stretch the fiber sample. Both  SM1 
&  SM2 are utilized to rotate the fiber in steps each 10°. A 
Matlab software is designed to automatically control the 
stretching and the rotation values.

5  Results and discussions

5.1  Evaluating antimicrobial activity of the PET/
TiO2 fiber using the shaking flask method

In this work, the shake flask method [25–27] is used to 
evaluate the antibacterial activity of the PET/TiO2 fibers by 
investigating the rate of reduction (Rp %) in the number of 
bacteria [26]. This method is selective to observer growth 
inhibition by the fibrous (fabrics) materials [27]. In this 
method, 0.4 g of tested samples are sufficient to inhabit 
the bacterial growth. Here, 0.4 g of PET/TiO2 and 0.4 g of 

blank PET fibers are placed in contact with 20 ml of sterile 
saline in two individual shaking flasks. Then, the PET/TiO2 
and blank PET fibers are inoculated with 1 ml of bacte-
rial inoculums and the two flasks are incubated in a rotary 
shaking incubator at 37 °C for 24 ± 1 h. The result for this 
test is taken as optical density (O. D) at which absorption 
(turbidity) checked at 600 nm is given in Table 1. In this 
table, the reduction percentage of Bacillus subtilis growth 
is 80.5% that indicates the antibacterial activity for PET/
TiO2 fiber.

5.2  Investigation of the variation of the refractive 
index of antibacterial PET/TiO2 fiber 
along the fiber axis using the TIE technique

To investigate the influence of the  TiO2 particles on the PET 
samples, the TIE technique is used to explore the variation of 
the refractive index of PET/TiO2 fiber along its axis. Here, 
a mono filament of PET/TiO2 fiber is fixed on a glass slide 
and immersed in liquid (1-Bromonaphthalene) of refrac-
tive index 1.65 at room temperature and then transferred to 
the microscope stage in Fig. 1A. In this optical system, the 
microscope stage is utilized to shift the position of the PET/
TiO2 fiber each 1 mm ± 0.05 mm along its axis. Also, the 
polarizer is adjusted to allow the light waves to vibrate in 
parallel direction with respect to the fiber axis.

For each position, three two-dimensional intensity images 
for the PET/TiO2 fiber separated via 50 microns from focus 
at the parallel (∥) polarization direction are captured using 
the optical system of TIE technique as shown in Fig. 2. 
Using Eq. (1), the phase map of PET/TiO2 fiber at each posi-
tion is extracted as shown in Fig. 3A. Using the extracted 
phase maps in Fig. 3A, the 3D visualization of refractive 
index for PET/TiO2 fiber at each position is calculated using 
Eq. (2) and the results are shown in Fig. 4. In this figure, 
it is obvious that the refractive index values change from 
one segment to another along the fiber for each fibre posi-
tion. For example, the segment R4 in the 3D visualization of 
refractive index at position d = 1 mm has the higher refrac-
tive index value compared to the segments R1, R2, R3. With 
the same manner, segment R1 in the 3D visualization of 
refractive index at position d = 5 mm has the higher refrac-
tive index value compared to segment R2 and so on and so 
forth for the other fiber positions.

To interpret and understand the reason for these signifi-
cant changes in the refractive index values, the filled contour 
method is used. This method is a topographical technique 
for representing a three-dimensional surface via plotting z 
slices (contours lines) on a flat two-dimensional surface [28] 
in which, the regions between lines are filled with colors. 
Figure 3B shows the filled contour plots for the extracted 

Table 1  Results of shaking flask test for untreated of PET and PET/
TiO2 fiber in terms of percentage growth reduction

Test microor-
ganism

O.D after 24 h. 600 nm Reduction (Rp) 
% for PET/TiO2 
fibersBlank PET 

fiber
PET/TiO2 fiber

Bacillus sub-
tilis

0.360 0.070 80.5%
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phase maps of PET/TiO2 fiber in Fig. 3A. In this figure, each 
degree of color refers to a certain segment along the fibre 
that has the same composition, concentration, and features. 
According to the given color map above the filled contour 
plots of phase maps, it is obvious that each segment along 
the fibre axis has different color or in other words has dif-
ferent optical phase values, where the higher optical phase 

(deeper red color) segments have different composition and 
features compared to the lower optical phase (cooler blue 
color) segments.

Here, we considered that the deeper red color segments 
have higher concentration and density of  TiO2 nanoparticles 
compared to the cooler color segment. This is because  TiO2 
nanoparticles have high refractive index value (high optical 

d=1 mm

d=2 mm

d=3 mm

d=4 mm

d=5 mm

d=6 mm

d=7 mm

d=8 mm

d=9 mm

d=10 mm

Defocus under 50 μm  In focus Defocus above 50 μm  

Fig. 2  Recorded three two-dimensional intensity images for the PET/TiO2 fiber separated via 50 microns from focus at the parallel (∥) polariza-
tion direction at different position along the fiber
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phase) compared to refractive index of blank PET material. 
From the given filled contour plots of phase maps in Fig. 3B 
at fiber position d = 1 mm, it is clear that segment R4 has the 
deeper red color (high concentration of  TiO2 nanoparticles) 
compared to the other segments. In the same manner, the seg-
ment R1 in its filled contour plot at d = 5 mm has the deeper 
red color compared to the R2 segment. This explains why the 
refractive indices of segment R4 at d = 1 mm and segment R1 
at d = 5 mm have the higher values compared to their other 
segments. The mean refractive index of PET/TiO2 fiber which 
is calculated from taking the average of refractive index values 
for the center line along the fiber at each position is given in 

Fig. 5. From this figure, it is noticed that there are large varia-
tions in the refractive index values along the fiber. From above, 
one concludes that the distributions and concentrations of  TiO2 
nanoparticles is random along the fiber and this considered the 
main reason for the variation in refractive index values along 
the fiber. Also, segments containing higher concentrations of 
 TiO2 nanoparticles (deeper red color) have higher refractive 
index values.

For confirming that the high refractive indices in some 
regions of PET/TiO2 fiber are correlated to high concentra-
tion of  TiO2 nanoparticles, the refractive index of the blank 
PET fiber is determined. Figure 6 shows three recorded 

Fig. 3  A, B Demodulated phase 
map of PET/TiO2 fiber at dif-
ferent position along the fiber 
and their filled contour plots, 
respectively

5

(A) Phase map 

d=2 mm

d=3 mm

d=4 mm

d=5 mm

d=6 mm

d=7 mm

d=8 mm

d=9 mm

d=1 mm

d=10 mm

(B) Filled contour for phase map 

R1
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two-dimensional intensity images for blank PET fiber sepa-
rated via 50 microns from focus at the parallel (∥) polarization. 
Using Eqs. (1, 2) the phase map and refractive index of blank 
PET fiber are calculated, respectively. Here, the average refrac-
tive index is determined and found to be 1.56. On the other 
hand, the literatures have reported that  TiO2 nanocomposites 

have a high refractive index equal to ~ 2.45 [29–31]. Therefore, 
any region in the PET/TiO2 fiber have high concentration of 
 TiO2 nanoparticles compared to the concentration of PET will 
show relative high refractive index. These results are in good 
agreement with published data in References [29–31].

Fig. 4  The 3D visualization of refractive index for PET/TiO2 fiber at different positions along the fiber
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5.3  Investigation of the morphology and internal 
structure of PET/TiO2 fiber by using 
tomographic transport of intensity equation 
technique

To cross-check the random distribution of  TiO2 nano-
particles along the PET fiber, the tomographic transport 
of intensity equation technique is utilized to investigate 
the morphology and internal structure of PET/TiO2 
fiber. In this experiment, the ends of PET/TiO2 fiber is 
fixed between the clamps of the rotating device unit (see 
Fig. 1B) and immersed in liquid of refractive index 1.65 
at room temperature and then they are transferred to the 
microscope stage in Fig. 1A. Here, signals are sent to the 
both stepper motors  (SM1 &  SM2) to rotate the PET/TiO2 
fiber at different angular orientations from 1° to 179° with 
rotation resolution of 10° ± 0.2°.

For each angular orientation, three two-dimensional inten-
sity images for the PET/TiO2 fiber separated via 50 microns 
from focus are captured using the optical system of TIE tech-
nique. Figure 7A shows some of the extracted phase maps 
using Eq. (1) of the PET/TiO2 fiber at angular orientations 
1°, 30°, 60°, 90°, 120°, and 179°, respectively. The 3D phase 
Δ�

(

x, y, zo
)

 of PET/TiO2 fiber is reconstructed via the fil-
tered back-projection technique using Eqs. (3) and (4). Fig-
ure 7B(I–IV) shows the 3D visualization of PET/TiO2 fiber 
by longitudinal planes at distances 4 μm, 12 μm, 18 μm, and 
27 μm, respectively, from the core of the fiber. Also, lateral 
slices along the PET/TiO2 fiber at distances 10 μm, 20 μm, 
30 μm, 40 μm, 50 μm, and 60 μm are displayed as shown 

in Fig. 7B(V). These longitudinal and lateral slices clarify 
the random distribution and concentrations of  TiO2 particles 
(deeper red color) inside the tested sample. This confirms that 
the main reason for the variation in refractive index along the 
fiber in the abovementioned study is the random distribution 
of  TiO2 particles inside the tested sample.

Fig. 5  Relation between the mean refractive index of PET/TiO2 fiber 
as a function of fiber position

Defocus under 50 μm

In focus

Defocus above 50 μm

Fig. 6  Recorded three two-dimensional intensity images for blank 
PET fiber separated via 50 microns from focus at the parallel (∥) 
polarization
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5.4  Influence of the cold drawing process 
on the composition and optical properties 
of PET/TiO2 fiber

Here, the optical system of the TIE technique in Fig. 1A 
with aids of mechanical device unit in Fig. 1B are used 
to perform opto-mechincal study for PET/TiO2 fiber. In 
the current study, a mono filament of PET/TiO2 fiber is 
fixed between the clamps of the stretching device unit 

and immersed in liquid of refractive index 1.65 at room 
temperature and then they are transferred to the micro-
scope stage in optical system of TIE technique. Signals are 
sent to the stepper motor  SM1 to draw the PET/TiO2 fiber 
at different draw ratios. For each draw ratio, three two-
dimensional intensity images for the PET/TiO2 fiber sepa-
rated via 50 microns from focus at the parallel (∥) polari-
zation direction are recorded using the optical system of 

θ=1o θ=30o θ=60o

θ=120o θ=179oθ=90o

(A)

I IV VIIIII

(B)

Fig. 7  A Extracted phase maps of the PET/TiO2 fiber at angular orientations 1°, 30°, 60°, 90°, 120°, and 179°, respectively. B The 3D visualiza-
tion of PET/TiO2 fiber by longitudinal planes at different distances from the core and lateral slices along the PET/TiO2 fiber, respectively
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TIE technique as shown in Fig. 8. The phase map of PET/
TiO2 fiber at each draw ratio is retrieved and the results 
are shown in Fig. 9A. Also, their filled contour plots are 
shown in Fig. 9B.

According to the extracted phase maps in Fig. 9A, the 
3D visualization of refractive index for PET/TiO2 fiber at 
each draw ratio is calculated as shown in Fig. 10. Also, 
the mean refractive index of PET/TiO2 fiber is plotted as 
a function of draw ratio as shown in Fig. 11. These figures 
clarify that the refractive index decreases with increases 
the draw ratio. To interpret this result, the filled contour 
plots in Fig. 9B will be used. In this figure, it is obvious 
that the presence and concentration of  TiO2 nanoparticles 

(deeper red color) decrease with the increase the draw 
ratio value. Hence, the refractive indices of PET/TiO2 
fiber decreases with increases the draw ratio value due to 
decreasing the concentration and size of  TiO2 nanopar-
ticles. The main reason for decreasing the concentration 
and size of  TiO2 nanoparticles may be attributed to the 
breakup of the aggregates of  TiO2 nanoparticles into much 
smaller particles (like the glass smash) and redistributed 
along the fiber due to the drawing process and these results 
are in good agreement with results that obtained by Ver-
millac et al. in Ref [32]. 

The antibacterial activity of the stretched PET/TiO2 fiber 
at DR = 1.3 is evaluated using the shaking flask method and 

Defocus above 50 μmDefocus under 50 μm In focus 

DR=1.05

DR=1.1

DR=1.15

DR=1.2

DR=1.25

DR=1.30

DR=1.35

DR=1.0

Fig. 8  Recorded three two-dimensional intensity images for the PET/TiO2 fiber separated via 50 microns from focus at the parallel (∥) polariza-
tion direction at different draw ratios
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the results are shown in Table 2. This table clarifies that 
the reduction percentage increased to reach 91.6% compar-
ing to undrawn fiber (80.5%) in Table 1. This is because 
the drawn process leads to smash nanoparticle groping that 
increase surface to volume ratio. Also, the small size of 

the nanoparticles’ aggregation (see region R1 at DR = 1.25, 
1.3 and 1.35 in Fig. 10) helps to increase the antibacterial 
activity and these results are in good agreement with results 
obtained by Yetisen et al. and Vermillac et al. in Refs [6, 
32].

(A) Phase map 

DR=1.0

DR=1.05

DR=1.1

DR=1.15

DR=1. 20

DR=1.25

DR=1.30

DR=1.35

(B) Filled contour for phase map 

R1

R1

R3R2R1

R2R1

R3R2R1

R1

R1

R1

Fig. 9  A, B Demodulated phase map of PET/TiO2 fiber at different draw ratios and their filled contour plots, respectively
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5.5  Effect of annealing treatment on the optical 
properties, mechanical properties, 
and antibacterial activity of PET/TiO2 fiber

Here, an electric oven is used for annealing undrawn PET/
TiO2 fibers with free ends at the following temperatures: 
70 °C, 80 °C, 90 °C, 100 °C, 110 °C, and 120 °C with 
accuracy ± 3 °C. Four annealing durations: 30 min, 60 min, 
90 min, and 120 min are performed for each annealing 
temperature. These temperatures are selected according to 

the Tg and the Tm of the tested fiber. Also, the selection of 
annealed temperatures should be in the range that maintains 
the antimicrobial activity of PET/TiO2 fiber. Previous stud-
ies reported that the  TiO2 nanoparticles treated at 120 °C 
showed a maximum antibacterial activity while those treated 
at temperatures higher than 120  °C showed no activity 
against the examined selected bacteria [33]. After the heat 
setting, the annealed PET/TiO2 fibers are allowed to cool 
away from the oven to the ambient temperature.
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Fig. 10  The 3D visualization of refractive index for stretched PET/TiO2 fiber at different draw ratios



Investigation of the opto‑thermo‑mechanical properties of antimicrobial PET/TiO2 fiber…

1 3

Page 13 of 17 15

To investigate the variation in refractive indices of 
treated PET/TiO2 fibers along its axes, each treated fiber 
at specific annealed temperature and duration is fixed on a 
glass slide and immersed in liquid of refractive index 1.65 
and then they are transferred to the microscope stage in 
optical setup of TIE in Fig. 1A. At each annealed tempera-
ture and duration, three two-dimensional intensity images 
for the treated PET/TiO2 fiber separated via 50 microns 
from focus at the parallel (∥) polarization direction are 
captured at each position along the fiber. The phase 
maps of the treated PET/TiO2 fibers at each position are 
extracted and their 3D refractive indices are calculated. 
Figure 12 shows the mean of refractive index at each posi-
tion along the treated PET/TiO2 fibers after annealing 
at 70 °C, 80 °C, 90 °C, 100 °C, 110 °C, and 120 °C for 
durations of 30 min, 60 min, 90 min, and 120 min. From 
this figure, it is observed that the thermally treated PET/
TiO2 fibers at 80 °C for duration 60 min, and 120 °C for 
durations 60 min and 120 min have the highest stabil-
ity for variations in the refractive indices along the fiber 
axis compared with the other annealing temperatures and 
their durations. This indicates that the distribution and 
diffusion of  TiO2 nanoparticles along the fiber axis at 
these annealing temperatures and durations become more 

regular and homogeneous compared to untreated samples. 
To ensure these results, for example, the extracted phase 
map and its filled contour plot at fiber position d = 9 mm 
for thermally treated PET/TiO2 at 120 °C for duration 
120 min are compared with the extracted phase map and 
its filled contour plot for untreated PET/TiO2 as shown 
in Fig. 13. This figure clarifies that the distribution and 
diffusion of  TiO2 nanoparticles of the treated fiber have 
more homogeneous. 

The antibacterial activates of the most preferable anneal-
ing temperatures and durations for the PET/TiO2 fiber 
are evaluated using the shaking flask method as given in 
Table 3. This table clarifies that the reduction percentages 
for annealed samples (Rp1 = 86.1%, Rp2 = 88.1%, and 
Rp3 = 89.7%) are higher than the reduction rate for untreated 
fiber (Rp = 80.5%) in Table 1. This indicates that the anneal-
ing process not only improves the optical properties but also 
improves the antibacterial activity of fibers. Furthermore, 
Table 3 illustrates that the annealed fiber at 120 °C for dura-
tion 120 min (Rp3) has the higher antibacterial activity com-
pared to the other annealing conditions.

5.6  Influence of the cold drawing process 
on the optical properties of thermally treated 
PET/TiO2 fibers 

For selected annealing conditions in above study, opto-
mechincal investigations for treated PET/TiO2 fibers at these 
temperatures and durations are performed. Here, each single 
treated fiber is fixed between the clamps of the stretching 
device unit and immersed in liquid of refractive index 1.65 
and then they are transferred to the optical system of TIE 
technique. Signals are sent to the stepper motor  SM1 to draw 
each treated PET/TiO2 fiber at different draw ratios. For each 
draw ratio, three two-dimensional intensity images for each 
treated PET/TiO2 fiber separated via 50 microns from focus 
at the parallel (∥) polarization direction are recorded.

The phase map and the 3D refractive index for each 
treated fiber at each draw ratio are calculated. Figure 14 
shows the relationship between the mean refractive index 
and draw ratio of treated PET/TiO2 fibers at annealing tem-
peratures 80 °C for duration 60 min, and 120 °C for dura-
tions 60 and 120 min. This figure clarifies that the fracture 
point for annealed PET/TiO2 fiber at 80 °C for duration 
60 min occurred at draw ratio 1.2, while for annealed PET/
TiO2 fibers at 120 °C for durations 60 and 120 min, the 
fracture points occurred at draw ratios 1.3 and 1.55, respec-
tively. Also, comparing untreated sample in Fig. 11 that 
has fracture point at draw ratio 1.35 with treated sample 
at 120 °C for duration 120 min in Fig. 14, that has fracture 
point at draw ratio 1.55, one concludes that the annealed 
PET/TiO2 fibers at 120 °C for durations 120 min has the 
most preferable mechanical properties. Furthermore, the 

Fig. 11  Relation between the mean refractive index of PET/TiO2 fiber 
as a function of draw ratio

Table 2  The reduction percentage in the growth of Bacillus subtilis 
for stretched PET/TiO2 fiber at DR = 1.3

Test microor-
ganism

O.D after 24 h. 600 nm Reduction (Rp) 
% for PET/
TiO2 fibers at 
DR = 1.3

Blank PET 
fiber

PET/TiO2 at 
DR = 1.3

Bacillus subtilis 0.360 0.030 91.6%
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Fig. 12  Relation between the mean refractive index of PET/TiO2 fiber as a function of fiber position for different annealing conditions
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trend of the refractive index for annealed PET/TiO2 fib-
ers at 120 °C for durations 120 min at each draw ratio is 
improved compared to the trend of the untreated sample 
in Fig. 11. These improvements in the mechanical and the 
optical properties can be attributed to increased mobility 
of the polymer chains at higher annealing temperatures and 
durations.

The shaking flask method is used to evaluate the anti-
bacterial activates for the most preferable annealing tem-
peratures and durations of the stretched PET/TiO2 fibers at 
the draw ratios that precede the fracture process for each 
sample and the results are given in Table 4. This table clari-
fies that the drawn fiber at draw ratio 1.45 after annealing 
at 120 °C for duration 120 min has the higher antimicrobial 
activity value compared to the drawn fiber without annealing 
or drawn fibers at other annealing conditions.

Fig. 13  The phase maps and their filled contour plots for untreated PET/TiO2 fiber and annealed PET/TiO2 fiber at 120 °C for duration 120 min 
for d = 9 mm

Table 3  The reduction 
percentage in the growth 
of Bacillus subtilis for the 
most preferable annealing 
temperatures and durations for 
the PET/TiO2 fiber

Test microorganism O.D after 24 h. 600 nm Reduction (Rp) % for PET/
TiO2 fibers 

Blank PET fiber Different annealing conditions 
for PET/TiO2 fibers 

80 °C
60 min

120 °C
60 min

120 °C
120 min

Rp1 Rp2 Rp3

Bacillus subtilis 0.360 0.050 0.043 0.037 86.1% 88.1% 89.7%

Fig. 14  The relationship between the mean refractive index and draw 
ratio of treated PET/TiO2 fibers at annealing temperatures 80 °C for 
duration 60 min, and 120 °C for durations 60 and 120 min
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6  Conclusions

The effect of stretching and annealing conditions on the 
optical, mechanical features, and antibacterial activity of 
PET/TiO2 fibers are investigated via the TIE technique. The 
variation of the refractive index of untreated PET/TiO2 fiber 
along its axis is studied. The TIE technique is used to carry 
out investigation for the variations in the refractive index 
due to the stretching. The antimicrobial activity of the PET/
TiO2 fibers are evaluated before and after stretching. The 
influence of annealing on the variation of the refractive 
index of PET/TiO2 fiber along its axis and the distribu-
tion of  TiO2 are investigated. The results showed that the 
thermally treated PET/TiO2 fibers at 80 °C for duration 
60 min, and 120 °C for durations 60 min and 120 min have 
the highest stability for variations in the refractive indices 
and highest homogeneity for distribution  TiO2 along the 
fiber axis. The treated PET/TiO2 fibers at these temperatures 
and durations are stretched at different draw ratios. Upon 
stretching at these annealing conditions, it is found that the 
stretched PET/TiO2 fibers at 120 °C for duration 120 min 
have the most preferable optical, mechanical, and antimi-
crobial properties.
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