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Abstract:  

In this paper, the creep behaviour of stretchable interdigital capacitive (IDC) large strain 
sensors is studied. A generalized Kelvin-Voigt (GKV) model is used to study the creep 
behaviour of the sensor’s substrate material, manufactured from silicone elastomer (Ecoflex 
00-30) with barium titanate (BTO) filler. Creep experiments are performed on sensors with 10, 
20, 30 and 40 wt% BTO nanoparticles with dimensions of 100 nm and 200 nm dispersed in the 
elastomer. The BTO was used to increase the overall permittivity of the substrate, hence raising 
the capacitance of the IDC sensor. The effect of BTO on the GKV model parameters was 
studied in detail through analysis of the creep response. The pristine Ecoflex silicone elastomer 
is predominately a hyperelastic material, which shows negligible creep, while the addition of 
BTO particles led to the composite exhibiting creep such that the composite behaves like a 
visco-hyperelastic material. Hence, this behaviour results in the creep affecting the electrical 
sensing performance of the capacitive strain sensors during static loading conditions. This 
information provides insights on the impact of composite composition on creep-resistance and 
output signal of the sensor (capacitance). 

Keywords: Creep, Barium Titanate, Silicone based elastomer (Ecoflex), Large strain sensor, 
Visco-Hyper elastic, generalized Kelvin-Voigt (GKV) model. 

 

INTRODUCTION 

Stretchable and flexible sensors have recently attracted tremendous attention to overcome the 
limitations of conventional solid sensors[1, 2] and provide a variety of advantages that opens 
new avenues for a wide range of applications, such as in wearable devices[3], soft robotics[4-
6], human monitoring[7, 8] and interactive gaming virtual reality[9]. The stretchable and 
wearable strain sensors are highly deformable and can be used for continuous strain monitoring 
even with irregular surfaces[10]. Ecoflex[11, 12], polydimethylsiloxane (PDMS)[13], 
thermoplastic polyurethane (TPU) [14]and polystyrene based elastomers are the most widely 
used as the base substrate materials used for fabrication of stretchable and flexible sensors[15, 
16]. However, while the elastomers are stretchable they have limitations of a lower dielectric 
constant (relative permittivity) when compared with ceramics. The permittivity of substrate 
material used in stretchable capacitive strain sensors is therefore increased by the addition of 
barium titanate (BTO) nanoparticles into the silicone based elastomer (Ecoflex 00-30TM)[12, 
17], reducing the effect of parasitic capacitance towards the measured capacitance. 



It is important to study the material properties of BTO-Ecoflex composites as they are used in 
the fabrication of capacitive strain sensors[12], and may undergo creep or stress-relaxation, 
when subjected to varying stress over extended periods at static and dynamic load bearing 
conditions. In most resistance based stretchable strain sensors, creep of the base material affects 
the sensing performance and reduces long term stability considerably[18]. This creep effect 
produces error in the output signal of a resistance-based strain sensor and the decreased stress 
load transfer between the sensing layer and the sensor substrate creates a mechanical lag and 
creep hysteresis[18, 19]. Therefore, a detailed study of the creep behaviour of the base material 
is important to evaluate the stability of the sensor during static loading conditions. 

In this study, we used IDC sensors fabricated with 0 wt% BTO (pristine Ecoflex), and 40 wt% 
each of 100 nm and 200 nm BTO-Ecoflex composite; a detailed fabrication process of the IDC 
sensor is presented in[12]. The creep response of interdigital capacitive (IDC) sensor (Fig.1.a) 
is studied by subjecting it to a constant load (5.25N) and recording the increased strain with 
time (Fig.1.b) and resulting change in capacitance of the IDC sensor. The capacitance of the 
IDC sensor decreases when strained due to the increase in distance between the interdigitated 
electrodes (Fig.1.d). 

 

Fig.1. (a) Stretchable Interdigital Capacitive (IDC) sensor, (b) Creep recovery testing of IDC 
strain sensor subjected to constant load (5.25 N), (c) Sensor capacitance is automatically 
recorded, and (d) Schematic of an IDC sensor. 

The creep-recovery response of the IDC sensors with 0 wt% BTO (pristine Ecoflex), and 40 
wt% each of 100 nm and 200 nm BTO-Ecoflex composite as a substrate material are presented 
in Fig. 2. During the creep phase, the capacitance of IDC sensor decreased with an increase in 
elongation of sensor. In the recovery phase, the capacitance of IDC sensor increased with 
decrease in elongation of the sensor, see Fig. 2. The IDC sensor fabricated with 0 wt% BTO 
(pristine Ecoflex) substrate exhibited less creep than those with 40 wt% BTO of 100 nm and 
200 nm in Ecoflex. From Fig.2, we conclude that creep in the IDC sensor output signal is due 
to creep of the respective substrate, since a delay in the elongation (stretching) or recovery 
(relaxation) of the substrate leads to a delay in the increase/decrease in distance between the 
interdigital electrodes of respective (0 wt%, 40 wt% 100 and 200nm BTO) sandwiching 
substrate material of the IDC sensors (Fig.1d). The increased viscoelastic creep of the substrate 



with 40 wt% BTO of 100 nm and 200 nm size is due to the presence of BTO nanoparticles in 
the Ecoflex. Hence, it is important to study and analyse the effect of BTO loading in Ecoflex. 

 
 

Fig.2. Capacitance of IDC sensors with 0 wt% (pristine Ecoflex), 40 wt% of 100 nm, and  
40 wt% of 200 nm BTO-Ecoflex substrates respectively. 

 
The viscoelastic behaviour of BTO-Ecoflex composite can be studied by using a range of 
standard viscoelastic testing procedures, such as creep, stress relaxation, cyclic load and strain-
rate dependent testing[20]. In the literature, a variety of researchers have studied the creep 
behaviour of particle filled polymer composites. For example, Chen et al. evaluated the 
electromechanical properties of hydrothermal reduced graphene oxide-polyurethane dielectric 
elastomer and found that the increased creep compliance was due to the higher number of 
interactions between the matrix and filler with less particle size[21]. Vilcinskas et al. studied 
the creep behaviour of biopolymer nanocomposite by varying the loading of graphene oxide ( 
0 to 25 wt %) and observed that the nanocomposite exhibited a reduced creep resistance at low 
(1 wt %) and moderate (6 wt %) loading of graphene oxide because of the slight stacking of 
the filler and weak matrix/filler surface interactions. However, the creep behaviour was 
improved at higher loading of graphene oxide (> 11 wt %) [22].  

Our earlier study showed that the stress relaxation of an IDC sensor fabricated with 40 wt% 
each of 100 nm and 200 nm BTO-Ecoflex composite substrate has no effect on the sensor’s 
output [23]. This was observed because during stress-relaxation testing since the elongation 
(strain) of the IDC sensor remained constant and the distance between the interdigitated 
electrodes remained constant, as a result the capitance output of IDC sensor did not change. 
However, during a creep test the elongation of substrate material continues to change, even 
though the load remains constant. Therefore, the viscoelastic creep response of BTO-Ecoflex 
composite needs to be studied to evaluate the sensor performance. 



In this paper we studied the effect of BTO loading on viscoelastic properties of BTO-Ecoflex 
composite by performing a creep test. In a typical creep test, a constant load (stress) is applied 
to the material and the resulting deformation is measured as function of time. When a creep 
test is performed, an ideal elastic material would instantaneously deform when subjected to 
constant load (stress). This elastic strain would remain constant during the entire creep phase, 
and recover instantaneously to its original shape after removal of stress. However, an ideal 
viscous material that is subjected to constant stress will exhibit a steady flow, thereby resulting 
with the inability to recover the experienced deformation when relaxed.  When viscoelastic 
materials are subjected to a constant stress, they show a non-linear response strain and can 
recover some degree of deformation, with some degree of permanent deformation that is less 
than the total deformation after removal of load (stress). While this permanent deformation is 
relatively small in metals, it can be significant in polymer materials[24]. 

The creep behaviour of viscoelastic materials has been studied by a variety of research groups, 
with many researchers using a Generalized Kelvin-Voigt (GKV) model or the customized 
versions of GKV model, since having N different KV branches as more elements helps to 
achieve an accurate curve fit and describes the creep response of real material. Fliegener et 
al.[25]studied the creep behaviour of fiber reinforced thermoplastics by using the GKV model. 
Hilton et al.[26] modelled the creep behaviour of functionally graded materials using the GKV 
model, and Ellyin et al.[27] modelled the nonlinear viscoelastic constitutive relations for 
polymers using the GKV model. Mizeraet al.[28] undertook mathematical modelling that 
describes the creep behaviour of false Banana’s fiber using the GKV model. In this paper, using 
curve fitting of the experimental creep test data, we have found the generalized Kelvin-Voigt 
(GKV) model is most suitable model to study the effect of BTO loading on the creep behaviour 
of BTO-Ecoflex composite material. 

EXPERIMENTS 

MATERIALS AND METHODS 

Creep test samples were fabricated usingEcoflexTM 00-30 as a silicone-based elastomer 
purchased from Smooth-On (USA), and BTO powders with a 100 nm and 200 nm particle size 
because of high dielectric constant (εr) of εr = 7200 and εr = 5000 respectively[29] from TPL 
Inc (Albuquerque, USA). Three samples for each composition were prepared for the creep test, 
namely 0 wt% (pristine Ecoflex), 10 wt%, 20 wt%, 30 wt% and 40 wt% of 100 nm and 200 
nm BTO. The creep samples were prepared by dispersing the BTO powder with respective 
wt% in the Ecoflex by using planetary mixture (Mazerustar KK-50S). The mixture was cast 
using the acrylic mold, see Fig.3, with 75 mm length, 40 mm width and 2 mm thickness sample 
dimensions and left to cure at room temperature for a minimum of 12 hours. The sample 
preparation process is shown in Fig.3. 
 

 
Fig.3. Preparation process to make BTO-Ecoflex substrate 



CREEP TESTING 

The creep test is one of the most widely used testing processes to study the viscoelastic 
properties of polymer composites. The test was performed using a manual test setup consisting 
of a video recorder, with a dead load hanging freely with the support of clips that were used as 
reference markers to measure the sample displacement with video recorder; see Fig 4.a. The 
sample was subjected to the constant load (500 grams of weights and 35 grams of clip ≈5.25N) 
and the increase in displacement of the sample with time for a period for 60 minutes was 
recorded and processed by using the NI Vision Builder software Fig.4.b. The strain of the 
sample was calculated according by using the sample displacement data. The same 
experimental steps are followed for each sample with respective BTO-Ecoflex composite 
composition. All creep experiments reported here were performed at room temperature.  

 

Fig.4. (a) Creep test setup, (b) NI Vision Builder software to record the sample displacement 
subjected to constant load. 

RESULTS AND DISCUSSION 

GENERALIZED KELVIN-VOIGT MODEL 

A rheological model to study the creep behaviour of viscoelastic materials is the Kelvin-Voigt 
(KV) model, which consists of a purely Hookean elastic spring and Newtonian viscous damper 
connected in parallel. Since the two elements of the model are connected in parallel, it is 
assumed that there is no bending in the parallel arrangements and the strain experienced by 
spring and dashpot are identical.  This model describes the behaviour of solid undergoing 
viscoelastic deformation, that are reversable and controlled by the elastically strained spring. 
This two-parameter model has been found to be inaccurate and inadequate to describe the 
viscoelastic behaviour of real polymers. As a result, to describe the creep behaviour of 
viscoelastic polymers, more KV elements are added to the basic Kelvin-Voigt model to 
transform it into the Generalized Kelvin-Voigt (GKV) model [30-33]. 

The GKV model consists of a number of springs and dash-pots connected in parallel to describe 
the viscoelastic response of the solids. However, elastomers undergo an instantaneous 
deformation upon being loaded by an applied stress. To represent this behaviour a nonlinear 
spring is connected in series to the system of parallelly connected KV elements to represent 
the viscoelastic behaviour of elastomers. In a common scenario, the GKV model consists of an 
elastic spring with modulus E0 connected in series with nKV elements, with nth KV element 



consisting the viscous dashpot with constant ηn connected in parallel with a spring of elastic 
modulus En as presented in the Fig.5.a. 

The total uniaxial strain response of the sample, when subjected to instantaneous load (stress 
𝝈𝟎isequal in each KV element) can be determined from Eq.1 [34]. 
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The elastic modulus E0and Ei are elastic moduli of the GKV model branches, τi is the 
retardation time,𝝈𝟎 is the creep stress (load), and t is the creep time. 

The creep behaviour of the sample is most precisely defined using the creep compliance, which 
is the measure of change in the strain of a sample as a function of time under instantaneous 
application of constant load (stress). The creep compliance D(t) is measured by using Eqs.2 
and 3. 
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The precise description of creep behaviour of real materials depends on the order of KV 
elements used in the GKV model. A higher order of KV elements will provide a higher level 
of accuracy in predicting the material’s creep behaviour. However, an increase in order of KV 
elements will increase the complexity of the GKV model.  MATLAB was used to determine 
the most suitable order of GKV model. An initial trial and error curve fitting the creep test data 
of composite samples showed that the second order GKV model is the most suitable order of 
GKV model to describe the creep behaviour of testing samples. A second order GKV model 
fit of the creep data of a BTO-Ecoflex composite is shown in Fig.5.b. 

 

Fig.5.(a) Generalized Kelvin-Voigt (GKV) model, (b) Second order Generalized Kelvin-
Voigt (GKV) model branches suitable for BTO-Ecoflex composite material. 



The creep behaviour of BTO-Ecoflex composite is accurately defined by the second order creep 
compliance of GKV model as follows, 
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Where, 𝑬𝟎 is the instantaneous modulus of elasticity,𝑬𝟏and 𝑬𝟐 are the retarded elastic 
moduli,𝝉𝒊is the ith retardation time,η1 and η2 are the vicious dashpot coefficients and  D0, D1 

and D2are the respective creep compliances of the KV elements of a second order GKV model. 

SPRING-DASHPOT COEFFICIENTS OBTAINED BY THE GKVMODEL  

Creep test data of the samples were fitted with a second order GKV model using the MATLAB 
cftool feature to find the creep compliances, elastic moduli and viscous dashpot coefficients of 
respective KV elements using Eq.8. The GKV model fitted with creep test data of three samples 
and an average of each composition samples prepared with 0 wt%, 10 wt%, 20 wt%, 30 wt%, 
40 wt% of 100nm BTO and 200 nm BTO are presented in the Fig.6 (pristine Ecoflex), Fig.7 
(100 nm BTO particle composites)and Fig.8 (200 nm BTO composites).  

 

Fig.6. Creep compliance of pristine EcoflexTM 00-30 (0 wt% BTO); green = experiment, 
blue = GKV model. 



 

Fig.7. Creep compliance of 10, 20, 30, 40 wt% of 100 nm BTO-Ecoflex composite; solid 
lines = GKV model. 

 



 
Fig.8. Creep compliance of 10, 20, 30, 40 wt % of 200nm BTO-Ecoflex composite;  

solid lines = GKV model. 
 

Fig.7 and 8 show that the creep compliance increases with an increase in wt% of BTO for both 
the 100nm and 200nm particle sizes. The creep compliance of composite with 100 nm BTO is 
higher than those with 200 nm BTO because the smaller size particle has a higher number of 
interactions between the filler and matrix[21]. The composite with 10, 20 and 30 wt % of BTO 
shows less creep compliance than the 40 wt % BTO, since sedimentation and stacking of the 
BTO particles weakens the BTO-Ecoflex composite at low (10 wt %) and moderate loading 
(20 and 30 wt %) of filler[22]. In addition, factors such as the particle/matrix adhesion and  
stress transfer between the particle and matrix influence the creep compliance [35] and 
increases approximately by 60% and 170% with an increase in wt% of 200 nm and 100 nm 
BTO respectively, indicating a greater viscoelastic response of BTO-Ecoflex composite, when 
comparing Fig.7and Fig.8. 

 

RELATION BETWEEN THESPRING-DASHPOT COEFFICIENTS OBTAINED BY 
THEGKV MODEL  

The creep behaviour of BTO-Ecoflex composite materials is modelled with a second order 
GKV model. The Fig.7 and 8, show that increasing the loading of BTO filler in Ecoflex 
elastomer increases the viscoelastic nature of the composite, such that BTO-Ecoflex composite 
exhibits a visco-hyperelastic (the material fails to recover to its original shape when the 
material is subject to a large deformation without significant internal energy dissipation) 
nature[36-38]. The influence of wt% of BTO on hyperelastic spring and vicious dashpots 
coefficients taken from three samples and the average values are presented in Fig.9.  



 

 

 

 

Fig.9. Variation of spring coefficients and dashpot coefficients of second order GKV model 
with wt% of BTO.  

 

 



Table 1. The retardation time constants of BTO-Ecoflex composite 

 

 

 
The spring and dashpots coefficients of three samples of each composition of BTO-Ecoflex is 
determined by curve fitting the creep data with the second order GKV model. The 
characteristictime-scale response of KV elements in GKV model is known as retardation time 
(τ). The retardation time of the composite materialis a measure of the time taken for the 
creepstrain to accumulate and represents resistance offered by the microstructure to the 
viscoelastic deformation of the system.The single KV unit has a single retardation time. Hence, 
the second order GKV model has two retardation times of two KV units represented as τ1 
andτ2respectively. The retardation time spectrum of BTO-Ecoflex composite is summarised in 
the Table1. 
 
The creep behaviour of BTO-Ecoflex is understood by dividing the creep response of the 
composite into two parts such as, retardation elastic response -1  and retardation elastic 
response -2 as marked in Fig. 6[39]. The retardation elastic response -1 region is represented 
by the KV unit, one consisting of the spring (E1) and dashpot (η1). The increase in E1 and η1 

represents the increase in viscous nature of composite with an increase in BTO loading, see 
Fig.9.b and 9.d. The retardation elastic response-2 region in Fig. 6, 7, 8 is determined by the 
spring (E2) and dashpot (η2). The decrease in E2 and η2 represents attaining a stable creep 
response with increase in BTO  loading (Fig.9.c and 9.e). 

Ecoflex 00-30TM 38.24 ± 2.78 151624.14 ± 202490.1

40wt% 200 nm BTO 29.32 ±  3.61 1233.55 ±  46.22

30wt% 200 nm BTO 27.99 ± 9.85 1414.38 ± 424.77

20wt% 200 nm BTO 15.17 ± 0.56 1005.73 ± 117.17

10wt% 200 nm BTO 13.25 ± 2.25 1200.11 ± 287.42

40wt% 100 nm BTO 37.77 ± 20.30 1091.78 ± 284.61

30wt% 100 nm BTO 23.15 ± 5.87 986.11 ± 90.05

20wt %100 nm BTO 16.93 ± 4.90 940.05 ± 92.82

10wt% 100 nm BTO 23.18 ± 4.27 5098.84 ± 3532.61

Retardation time
Sample Composition



The overall decrease in the elastic modulus E2 with an increase in wt% of BTO shows the 
composite stiffness increases with increase in BTO content. In addition, the literature shows 
that the addition of powders/particles, such as carbon black, into elastomers such as silicone 
rubbers, fluorine rubbers and butyl rubbers increases the stiffness of the composite with an 
increase in the particle content in polymers[40-42]. In addition, Fig.9.b shows that an increase 
in the particle size from 100 nm to 200 nm increases the elastic moduli of BTO Ecoflex 
composite within the creep limit. This is particularly observed at a higher loading of BTO (30 
and 40 wt %), and this depends on factors such as the particle shape, matrix, stress transfer 
between the particle and matrix, and particle/matrix adhesion [43, 44]. 

The overall increase in η1 with wt% of 200nm BTO shows the increase in the vicious nature 
of the BTO-Ecoflex composite. The residual spring modulus of BTO-Ecoflex composite with 
100 nm and 200 nm remains mostly constant with an increase in BTO loading. However, there 
is a small difference between the viscoelastic response between the BTO-Ecoflex composite 
with 200 nm and 100 nm. Overall, a similar trend in the material coefficients is observed, in 
that there is an increase in viscosity with an increase in BTO loading, such that the BTO-
Ecoflex exhibits a visco-hyperelastic nature. The visco-hyperelastic nature of  BTO-Ecoflex 
leads to creep and stress-relaxation during static loading conditions. While our previous work 
has shown that the IDC sensor change in capacitance is not considerably affected by stress 
relaxation since the strain is fixed[23], we show it is affected by creep in the substrate material 
of the IDC sensor due to a gradual change in strain and electrode spacing. 

 
CONCLUSION 

In this study, creep recovery experiments performed on IDC strain sensors using a BTO-
Ecoflex substrate shows that creep affects the output signal of a IDC sensor. A series of creep 
experiments were performed to study the time dependent visco-hyperelastic behaviour of BTO-
Ecoflex composite. A second order GKV model was used to determine the material coefficients 
by fitting the creep response of BTO-Ecoflex composite using the cftool feature in MATLAB. 
An increase in BTO loading increases the permittivity, in addition to the stiffness and viscous 
nature of BTO-Ecoflex composite. The creep compliance of the composite with 100 nm BTO 
is higher than those with 200 nm BTO because the smaller size of particle has higher number 
of interactions between the fillers and matrix.  

In conclusion, the addition of BTO into Ecoflex increases the vicious nature of pristine Ecoflex, 
such that the BTO-Ecoflex composite exhibits visco-hyper elastic nature. This shows that while 
the addition on BTO can increase the sensor capacitance, the visco- hyperelastic nature of the 
BTO-Ecoflex composites shows  a creep effect on the output of a IDC large strain sensor when 
subjected to static loading conditions over a long period of time. 
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