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ABSTRACT

Flexible and stretchable strain sensors are getting vast attention to be implied in

various wearable devices application. However, most conventional strain sensor

is having limitations in achieving both high stretchability and sensitivity.

Selection of materials for conductive fillers and binders are crucial in producing

the stretchable ink for strain sensors. Biopolymer materials such as chitosan

started to be implied in various application such as gas sensor and electro-

chemical sensor. Chitosan has advantages to be a good binder as it exerts sig-

nificant physical properties. Conductive fillers such as graphite powder are

known to be having good electrical conductivity. Hence, this paper aims to

investigate the effect of different graphite/chitosan ink ratio composition

towards flexible and stretchable strain sensor performance. Three different

graphite/chitosan ink ratios of 1:2, 1:3, and 1:4 were synthesized. The surface

morphology shows that the graphite/chitosan ink ratio 1:2 has the most com-

pact structure resulting to good adaptability, conductivity, and flexibility. The

XRD and FTIR results illustrate that graphite are successfully synthesized with

chitosan solution. Measurement result shows that the highest strain detection

range is also attainable by graphite/chitosan ink ratio of 1:2 at 83.3% strain and

gauge factor of 5.44. This concludes that graphite/chitosan ink ratio of 1:2 is the

optimum ratio as highest stretchability and sensitivity are recorded. Therefore, it

is important to have an adequate amount of chitosan solution to obtain good ink

structure and great performance of strain sensor.
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1 Introduction

Recently, electronic sensing devices have been

receiving numerous developments of strain sensors

as it has wide applications such as the magnetic

applications [1], medical diagnostic, environmental

monitoring [2], and wearable electronics [3]. Various

strain-sensing mechanism which includes capacitive

sensing [4] and piezoresistive sensing [5] have been

developed to fabricate a highly sensitive strain sen-

sor. Although much progress for strain sensors has

been made in multiple areas, some of the reported

flexible strain sensor still having some limitations.

Most conventional strain sensors are only able to

provide high sensitivity but not high stretchability

due to the usage of metals in the strain sensor fabri-

cation [6, 7]. In addition, the fabrication of existing

strain sensor is costly as it undergoes complicated

process and equipment [8]. Tang et al. [9] stated that

the presence of sensitive devices such as scanning

electron microscopies are able to measure up to nm-

scale resolution. However, it is still incapable to

measure the details of a plant growth as it can only

detect small samples, not the elongation and physical

growth of the plants. In addition, it also required

destructive pre-treatment process which is compli-

cated and time consuming [9]. Therefore, there is a

need to integrate new materials in fabricating strain

sensor to produce highly sensitive and stretchable

sensors that require simple process without sample

pre-treatment, reduce time and capable of having

both sensitivity and wide range of strain detection.

Generally, there are two different components in

printed strain sensor which are the substrate layer

and the printing ink [10]. The substrate acts as the

base layer and plays an important role as it deter-

mines the stretchability, bendability, printability, and

durability of the sensor. Meanwhile, filler and binder

are among two main components that will affect the

capability of the strain sensor upon multiple bending

and flexing [10]. Fillers act as the active component

which describe the properties and features required

for printing ink, while binder is used to bind the ink

particles together to assist the binding mechanism of

the printed trace and allow homogenous dispersion

of the ink. Carbon-based materials are one of com-

mon metallic component to be used as fillers such as

graphene [11, 12], graphite [8], carbon black [13, 14],

and silver [7, 15]. On the other hand, styrene [16],

silicone [17], and urethane [14, 18] are among several

resins that are used in binders in flexible sensors

fabrication.

Recently, the integration of chitosan as binder in

strain sensor fabrication has started to attract vast

attention among researchers. Chitosan is a biopoly-

mer, produced by alkali deacetylation of chitin

obtained from exoskeletons of edible marine crus-

taceans such as shrimps and crabs. It exerts signifi-

cant physical properties that provide antioxidant [19],

great biocompatibility [20, 21], biodegradability [21],

and environmental friendly [2, 21]. Ayad et al. [22]

fabricated a gas sensor by utilizing chitosan solution

to be dropped casted onto the Quartz Crystal

Microbalance (QCM) electrode to observe the kinetics

of methylamine adsorption. The integration of chi-

tosan solution in this experiment resulted to the

highest diffusion coefficient value obtained by

methylamine compared to dimethylamine and

diethylamine [22]. Besides, Balyan et al. [21] suc-

cessfully utilized chitosan film as energy harvesting

properties by converting water vapor into electrical

energy.

In this work, chitosan solution will be integrated

with graphite powder as the binder. The presence of

chitosan resulted in a non-breakable ink content

which makes the adherence between both substrate

and layered element (ink) stronger. Due to the tensile

strength of chitosan, it can withstand various defor-

mation of stress and strain applied to them. This will

avoid the sensor to delicate when any bending or

stretching occurs. In addition, homogenous disper-

sion of ink can be obtained. This resulted to wider

strain detection range which means higher stretcha-

bility will be achieved. Hence, this paper aims to

investigate the effect of different graphite/chitosan

ink ratio composition towards flexible and stretchable

strain sensor. The characterization of graphite/chi-

tosan ink mixture and the measurement of the elec-

trical properties of the graphite/chitosan ink ratio

will be evaluated. The materials and methodology

used in this work were discussed in Sect. 3. Mean-

while, Sect. 4 focuses on analyzing the materials

characterization that covers the XRD, SEM, FTIR, and

Raman spectrum. The performance of the chitosan-

based strain sensor was also explained and portrayed

in Sect. 4 in terms of their sensitivity and stretcha-

bility. Finally, the conclusion is presented in Sect. 5.
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2 Experimental section

2.1 Materials and methods

Briefly, the preparation of the ink started by diluting

0.58 mL acetic acid to 100 mL water. This solution is

then used to dissolve the chitosan (1 g). The chitosan-

based ink was synthesized by mixing the graphite

powder and the CS with a ratio of 1:2 (w:v). The

graphite powder used in this experiment is B 20 lm
in size. The mixture between graphite and CS is

stirred for 1 min before obtaining a chitosan–graphite

ink. The fabrication process of the chitosan-based

strain sensor is illustrated in Fig. 1.

The characterization of graphite/chitosan ink

mixture was conducted using FTIR (NicoletTM iS50

FTIR, ThermoFisher Scientific, Massachusetts, United

States) with spectral ranges from 4000 to 400 cm-1

resolution with 20 scans. Surface morphology of

graphite/chitosan ink was captured by using FESEM

JEOL JSM-7800F operating at 7 kV. The molecular

structure for graphite/chitosan ink mixture was

identified using XRD DSC-60 Plus. Raman spectra of

graphite/chitosan ink were studied using the Ren-

ishaw1000 micro-Raman spectrometer by using

excitation wavelength of 785 nm.

Due to the good viscosity of the graphite–chitosan

ink fabricated, the toothpick technique is used in

fabricating the strain sensor. A latex glove was cut

into approximately 6 cm to occupy the inks that are

to be swabbed. Next, a toothpick was used to dip into

the ink and written onto the latex glove. This ink was

then spread accordingly and cure in a room tem-

perature for & 5 min. The setup is shown in Fig. 2a.

As the conductivity of the chitosan–graphite ink is

crucial for the strain sensor to function properly,

conductivity test is conducted by writing a simple

circuit demonstrated in Fig. 2b. The graphite/chi-

tosan ink is written onto a glass slide and connected

to the LED. The same steps are repeated for all ink

ratios for the conductivity test. This circuit was then

connected to the power source and a light from the

LED was observed accordingly.

The changes in resistance of the written

graphite/chitosan ink upon curing at room temper-

ature on different ink composition were evaluated. A

measurement setup as shown in Fig. 2c was con-

ducted. Firstly, the latex glove was cut for approxi-

mately 5 cm and the graphite/chitosan ink with ratio

1:2 was written onto it using the toothpick. Next, two

copper wires are attached to each end of the ink and

taped to the table to secure its position. The copper

wires were then clipped with the crocodile clip con-

nected to the handheld multimeter to monitor the

resistance reading. The initial resistance recorded

was considered at time = 0 min. The resistance

reading will be taken continuously for every 3 min

until a constant reading of resistance was obtained.

By having a constant reading at a particular time, the

conductivity of the three ink ratios can also be

Fig. 1 Preparation of

graphite/chitosan ink
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evaluated. The same procedure was repeated for the

graphite–chitosan ink having ink ratios of 1:3 and 1:4.

Stretchability test is crucial in determining the

performance of the fabricated chitosan–graphite

strain sensor. Figure 2d shows the experiment setup

for the strain sensor in observing its stretchability

performance. The stretchability is measured by

measuring the changes of resistance as the inks are

stretched. The ink was swab for 3.0 mm onto the latex

glove and attached to the electronic digital caliper to

measure its length. The strain sensor will be stretched

for 0.2 mm until maximum attainable strain is

observed. All three ratios of chitosan and graphite

mixture were tested in this experiment using the

same experiment setup.

Next, the sensitivity of the fabricated strain sensor

was investigated as it is one of the crucial parameters

to determine the sensor’s performance. The sensitiv-

ity of the strain sensor is represented by the gauge

factor (GF), having the ratio of relative changes in

resistance (DR/R0) to the strain applied (e). In this

work, GF can be defined as the ratio of relative

changes in resistance, to the mechanical strain

applied. This can be mathematically expressed as

GF ¼
D R=R0

e
: ð1Þ

Lastly, the adaptability of the sensor is observed to

ensure the sensor can adapt to various deformation

on substrate such as bending [8]. The mixture of

graphite and chitosan ink was mixed and written

onto the latex glove using toothpick. The bending of

the sensor is then evaluated by bending and relaxing

the sensor for three times. The same steps are repe-

ated for all three ratios of the chitosan–graphite ink.

3 Results and discussion

3.1 Material characterization

Figure 3 shows the SEM image of graphite/chitosan

ink ratio composition of 1:2, 1:3, and 1:4. These three

samples were tested to observe the external mor-

phology and the chemical composition of the ink

having different mixtures of chitosan solution and

graphite powder. Based on the SEM images obtained,

graphite/chitosan ink with ratio of 1:2 (Fig. 3a) has

Fig. 2 a Toothpick technique used in fabricating the strain sensor. b Simple circuit diagram for ink conductivity test using LED light.

c Experiment setup for resistance changes test of written ink upon curing at room temperature. d Stretchability test setup
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the most compact structure compared to the ink with

ratios of 1:3 (Fig. 3b) and 1:4 (Fig. 3c). The graphite

flakes of 1:2 are closer to each other resulting in high

adhesion and will increase the conductivity of the ink

as compact particles will make the free electrons flow

easily. For SEM images of graphite/chitosan ink with

ratio 1:3, the graphite flakes are farther apart from

each other and less compact compared to 1:2 while

the ink with ratio 1:4 flakes are the farthest. This is

because when the volume of the chitosan increases, it

will change the morphology structure of the ink. The

excessive volume of chitosan solution in the mixture

of 1:3 and 1:4 will result in the graphite particles to

spread further from each other as there is inadequate

amount of graphite powder for the chitosan solution

to bind. Therefore, graphite/chitosan ink with ratio

1:2 has the best adhesion and the most conductive ink

contrast to graphite/chitosan with ratios 1:3 and 1:4

due to its compact and dense structure.

Figure 4 depicts XRD diffractogram for chitosan

powder performed in the range of 5–80�. The first two

major peaks appeared at 2h = 10.13� and 19.67�
symbolizing the semi-crystalline structure of the

chitosan. This result is in line with Yen et al. [23] as

the characteristic peak of the normal chitosan

observed to be in the range of 9–10� and 19–20� in

order for the chitosan to have its crystallinity nature

[23]. Besides, the XRD pattern for graphite powder

and all three ratios for the graphite and chitosan

mixture are also shown in Fig. 4. Firstly, the XRD

pattern for graphite powder was analyzed. A major

peak of 2h = 26.48� was observed. The diffraction of

the graphite powder obtained in this project is well

agreed with the standard reference of ICDD 00-008-

0415 having the graphite peak at 2h = 26.42� showing

its crystalline structure [24]. Following the XRD pat-

tern of graphite powder is the XRD profiler for the

mixture of graphite and chitosan solution. Having an

additional substance which is the chitosan solution

mixed with the graphite powder, a new or additional

peak is expected to be observed in the XRD profiler

regardless the volume of the chitosan solution added.

As shown in Fig. 4, the additional peak expected for

chitosan is absent. It is worth noting that the Bragg

Brentano configuration of the XRD setup used for the

graphite and chitosan ink mixture generally produces

weak signal from chitosan due to its semi-crystalline

nature while the graphite has a crystalline structure.

Therefore, a broader peak was produced while the

intense signal of the highly crystalline structure of

graphite was observed [25].

Figure 5 shows the FTIR result for chitosan powder

and the mixture of graphite/chitosan with ink ratio

of 1:2. A broad absorption band at 3243.44 cm-1

proves the presence of functional group –OH (H-

bonded). Besides, the band at 2882.85 cm-1 is

Fig. 3 SEM images. a Graphite/chitosan ink of ratio 1:2. b Graphite/chitosan ink of ratio 1:3. c Graphite/chitosan ink of ratio 1:4
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attributed to the occurrence of the N–H stretching as

shown in Fig. 5a. While, a vibrational mode of C=O

stretching is observed at 1633.94 cm-1 demonstrating

the presence of a mid-band in the fabricated chitosan

ink. Plus, the C–O stretching group which is also one

of the major components of chitosan is represented

by the peak at 1035.35 cm-1 shown in the FTIR

spectra. Once the graphite powder was added and

mixed with the chitosan ink, peak shifting is

observed in the FTIR spectra as shown in Fig. 5b. It is

observed that the absorption band of –OH group for

the mixture shifted from 3243.44 to 3243.25 cm-1 and

the N–H stretching band also shifted to 2881.66 cm-1

compared to 2882.85 cm-1 in chitosan solution. This

is because the light absorbance will change once new

materials are added into the chitosan solution

resulting in shifting of the absorbance band.

Figure 6 demonstrates the Raman spectrum of

graphite/chitosan ink ratio 1:2 performed using

excitation wavelength of 785 nm. Two characteristic

peaks were observed in the graphite/chitosan com-

posite which are the D band and the G band. The D

band is related to the disordered structure that results

from the structural defects of the sp2 atoms of gra-

phite [26]. Meanwhile, the G band is caused by the in-

plane stretching action between the sp2 carbon atoms

which relates to the in-phase E2g vibrational mode of

the graphite lattice [26, 27]. The Raman spectra

illustrate the presence of the D band centered at

1329 cm-1 and the G band centered at 1579 cm-1.

This proved that although chitosan solution was

added into the graphite, the bond of the graphite

within the composite is not disrupted. This can be

supported by the XRD results shown below where

there is no secondary phase observed to indicate any

presence of new structure developed within the

graphite/chitosan composite.

3.2 Performance of sensor

The resistance effect can be observed based on Fig. 7.

It is observed that the written graphite/chitosan ink

for all ratios experienced a sharp decrease of resis-

tance as soon as the ink was deposited on the sub-

strate. This is due to the evaporation of water from

the ink causing the ink to become totally harden at &
50 kX for the first 3 min for all three ink ratios. The

resistance continued to decrease until it reached

&530 X on the 18 min for ink ratio 1:2, & 550 X on

the 18 min for ink ratio 1:3, and & 1.16 kX on the

21 min for ink ratio 1:4. Once the inks reach these

values, the resistance demonstrates a constant pattern

as the value maintained at those levels for the next

3 min. It can be agreed that the graphite–chitosan ink

ratio of 1:2 has the lowest resistance while the ink

ratio of 1:4 has the highest resistance among the three

Fig. 4 XRD profiler for

chitosan powder, graphite

powder, and three ratios of

graphite/chitosan ink
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ink ratios. This suggests that the excessive volume of

binder in the ink ratio 1:4 will affect the resistance

and the low viscosity of the ink is not suitable to write

a uniform membrane as it takes longer time to com-

pletely dry and harden. Meanwhile, the sufficient

volume of binder mixed with the graphite powder for

ink ratio 1:2 proves the best conductivity as it has the

lowest resistance value recorded.

The relationship between the strain and changes of

resistance (DR/R0) were measured for three different

graphite/chitosan ink ratios (1:2, 1:3, and 1:4). The

DR/R0 will determine the maximum strain that the

strain sensor is able to withstand. The response of the

sensor is observed to be linear under slight strain but

started to have a drastic increase as the amount of the

strain applied increases. Figure 8 shows the relative

changes in resistance with respect to attainable strain

Fig. 5 FTIR profiler. a Chitosan. b Mixture of graphite/chitosan

ink ratio of 1:2

Fig. 6 Raman spectra of graphite/chitosan mixture ink ratio of 1:2

Fig. 7 Resistance changes of graphite/chitosan ink upon curing at

room temperature

Fig. 8 Response of strain sensor upon stretching for all ink ratios
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detection. The experimental results indicate that as

the volume of chitosan solution mixed with the gra-

phite powder increases, the DR/R0 will decrease

while the strain detection of the sensor will increase.

This can be demonstrated by a significant increase of

resistance at strain greater than 80% for strain sensor

with ink ratio 1:2. This indicates that the sensor has

broken, and the values obtained after the drastic rise

are unreliable. The same observation is observed for

sensor having ink ratios of 1:3 and 1:4, where a

drastic value of DR/R0 occurred at strain greater than

60% and 40%, respectively. This result stipulates that

the ability to have the maximum strain withstand and

the best stretchability performance is achieved by the

strain sensor with ink ratio 1:2 having the maximum

attainable strain of 83.3% compared to the ink ratio of

1:3 with 60% and the ink ratio of 1:4 at 40%.

The sensitivity performance of strain sensor is

determined by calculating its gauge factor (GF). Fig-

ure 9 depicts the changes in GF with respect to

attainable strain detection for all three ink ratios.

According to the results, the lower the volume of

chitosan solution ink mixed with the graphite pow-

der, the higher the sensitivity performance of the

strain sensor. For graphite/chitosan ink ratio 1:2, it

can be seen that the GF increases linearly starting

from 20% strain. However, for the graphite/chitosan

ink ratios 1:3 and 1:4, the GF increases non-linearly

from 20% strain. This is because the composition of

chitosan used in ink ratio 1:2 is sufficient enough to

bind the graphite flakes together while excessive

volume of chitosan solution used in the other two ink

ratios influenced the graphite distribution of the ink.

This is in line with the SEM characterization of the

three ink ratios discussed previously where the

composition of the chitosan solution influenced the

morphology of the ink structure, affecting the sensi-

tivity of the strain sensor for each ink ratio.

Figure 10 shows the result of three graphite/chi-

tosan ink ratios represented by ink ratios of 1:2, 1:3,

1:4 after bent for three times, respectively. It is

observed that no cracks are formed for strain sensor

with graphite/chitosan ink ratio of 1:2 upon bending.

The strain sensor is able to return and maintain to its

original shape after been bending and relaxing

without notable change. On the other hand, small

cracks are observed for strain sensor with ink ratio of

1:3 and severe cracks are then discovered for strain

sensor having ink ratio of 1:4. This is because the

strain sensor with ratio 1:2 has the most optimum and

sufficient volume of chitosan solution to bind the

graphite powder together, thus avoiding ink break-

age. The increasing volume of chitosan solution for

strain sensor with ratios 1:3 and 1:4 will contribute to

excessive amount of binder in binding the graphite

powder. When the volume of binder exceeds the

amount of graphite that it needs to bind, this will

lessen the binding effects between chitosan solution

and the graphite powder as too much binder is pre-

sent in the ink. In addition, these results correspond

with the SEM result for each of the chitosan–graphite

ink ratio. As mentioned in the SEM result discussion,

the ink ratio of 1:2 has the highest adhesion as the

particles are more compact and closer to each other

compared to ink ratios of 1:3 and 1:4. Therefore, the

presence of ink breakage upon bending for strain

sensor having mixture ratio of 1:2 proves that it has

an excellent adhesion than sensor with ratios 1:3 and

1:4.Fig. 9 Changes of gauge factor with respect to strain for different

graphite/chitosan ink ratios
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Table 1 summarized the performance of all three

graphite/chitosan ink ratios of 1:2, 1:3, and 1:4. It can

be observed that the performance parameters

obtained by graphite/chitosan ink ratio 1:2 are the

best. This concluded that the optimum ink ratio to be

used is ratio 1:2 compared to 1:3 and 1:4.

Performance of the strain sensor from this work are

compared with other previous works as shown in

Fig. 10 Bending test upon strain sensor for all graphite/chitosan ink ratios. a Graphite/chitosan ink ratio 1:2. b Graphite/chitosan ink ratio

1:3. c Graphite/chitosan ink ratio 1:4

Table 1 Performance comparison between the three graphite/chitosan ink ratios

Graphite/chitosan ink ratio 1:2 1:3 1:4

Resistance obtained 530 X 550 X 1.6 kX
Stretchability 83.3% 60% 40%

Sensitivity 5.44 5.36 3.64

Flexibility (crack upon bending) No crack observed Severe crack observed Severe crack observed
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Table 2. It can be concluded that the measured strain

range detection obtained in this work is higher

compared to the benchmark paper strain with 83.3%.

The attainable sensitivity in this project does not

exceed the previous work, however, the sensitivity

obtained is not having big difference from the pre-

vious work. Besides, the optimum ratio obtained for

this work is in line with the benchmark paper which

is the graphite/chitosan ink ratio with ink ratio 1:2.

4 Conclusion

In summary, the effect of different graphite/chitosan

ink ratios (1:2, 1:3, 1:4) towards the performance of

strain sensor were investigated and analyzed. The

SEM results show that ink ratio 1:2, having lower

volume of chitosan solution, has the most compact

structure compared to ink ratios 1:3 and 1:4. As a

result, the ink structure of graphite/chitosan 1:2 had

the best conductivity and flexibility compared to 1:3

and 1:4. More significantly, the stretchability and

sensitivity performance of graphite/chitosan strain

sensor ratio 1:2 recorded to be having the best strain

detection at 83.3% and GF of 5.44. This result stipu-

lates that ink ratio 1:2 was the optimum ratio to be

used. This shows that graphite/chitosan ink is a

potential candidate for flexible and stretchable strain

sensor as wearable devices in various applications.
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