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Abstract: In this paper, the effect of strain rate on the output signal of highly stretchable interdig-
itated capacitive (IDC) strain sensors is studied. IDC sensors fabricated with pristine Ecoflex and
a composite based on 40 wt% of 200 nm barium titanate (BTO) dispersed in a silicone elastomer
(Ecoflex 00-30TM) were subjected to 1000 stretch and relax cycles to study the effect of dynamic
loading conditions on the output signal of the IDC sensor. It was observed that the strain rate has no
effect on the output signal of IDC sensor. To study the non-linear elastic behaviour of pristine Ecoflex
and composites based on 10, 20, 30, 40 wt% of 200 nm BTO filler dispersed in a silicone elastomer, we
conducted uniaxial tensile testing to failure at strain rates of ~5, ~50, and ~500 mm/min. An Ogden
second-order model was used to fit the uniaxial tensile test data to understand the non-linearity in
the stress-strain responses of BTO-Ecoflex composite at different strain rates. The decrease in Ogden
parameters (α1 and α2) indicates the decrease in non-linearity of the stress-strain response of the
composite with an increase in filler loading. Scanning electronic microscopy analysis was performed
on the cryo-fractured pristine Ecoflex and 10, 20, 30, and 40 wt% of BTO-Ecoflex composites, where
it was found that 200 nm BTO is more uniformly distributed in Ecoflex at a higher filler loading
levels (40 wt% 200 nm BTO). Therefore, an IDC sensor was fabricated based on a 40 wt% 200 nm
BTO-Ecoflex composite and mounted on an elastic elbow sleeve with supporting electronics, and
successfully functioned as a reliable and robust flexible sensor, demonstrating an application to
measure the bending angle of an elbow at slow and fast movement of the arm. A linear relationship
with respect to the elbow bending angle was observed between the IDC sensor output signal under a
50% strain and the deflection of the elbow of hand indicating its potential as a stretchable, flexible,
and wearable sensor.

Keywords: barium titanate; ecoflex; strain rate; ogden model; non-linear; highly stretchable printed
strain sensor

1. Introduction

Strain sensors (strain gauges) are widely used mechanical sensors, to measure mechan-
ical deformation by transducing the mechanical stimulus to an electrical signal [1]. The
need for stretchable, flexible, and wearable sensors has led to conventional brittle strain
sensors being replaced by soft, stretchable, and robust strain sensors. Recently, stretchable
and wearable strain sensors have shown potential for a broad range of applications for
structural health monitoring of conformal surfaces such as parachutes [2], human motion
detection [3], healthcare monitoring [4], smart skins [5], tire strain monitoring for intelligent
tires [6], and soft robotics [7,8]. The desirable characteristics of an efficient stretchable strain
sensor are high stretchability (ε ≥ 100%, where ε is strain), lightweight, a high degree to
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repeatability (~1000 cycles of testing), durability, robustness (consistent output signal over
a period of time) [9], and biocompatibility, in particular for strain sensors in biomedical
applications [4]. Stretchable strain sensors are likely to be subjected to a dynamic strain
when used in real time applications, as the movement’s speed of an elbow, hand [10],
knee [11,12], robotic arm, etc. varies with time. Therefore, it is important to study the strain
rate dependent behaviour of the output signal of strain sensors to provide a consistent
response, in order to achieve a stable and reliable strain sensor.

Transducing the mechanical stimulus into an electrical signal is undertaken by several
sensing mechanisms such as resistance, capacitance, and piezoelectric effects. While the
most widely used strain sensing mechanism is based on resistance, capacitive strain sensors
have several advantages over both resistance and piezoelectric based strain sensors. These
include a lower hysteresis [13], faster response time [14], higher degree of linearity [15],
a higher tolerance to overpressure conditions sustained in harsh environments [14], and
an ability to operate over wide temperatures with a lower sensitivity to temperature and
noise [2]. Capacitive strain sensors are formed from various rigid materials such as indium
tin oxide (ITO) for a 90% transparent capacitive sensor for mobile touch screens [16], and
ceramics such as barium titanate (BaTiO3, BTO) with a high relative permittivity (εr) [17–19],
where εr ~1500–15000, and varies based on the particle size. Ceramic based sensors also
have a limitation of stretchability and cannot be used to measure the strain of conformal
surfaces such as electronic skins and soft robotics.

In order to overcome these limitations, stretchable strain sensors can be fabricated
using polymers such as silicone-based elastomers (EcoflexTM), blended with a high per-
mittivity ceramic (such as BTO) to increase the elastomer’s permittivity and still has
high stretchability. The balance of the elastic properties and dielectric constant of the
ceramic-elastomer composite have to be considered in detail to realize a highly stretchable
capacitive strain sensor with the appropriate combination of mechanical and dielectric
properties [1,20,21]. A further advantage of using a particle filled elastomer composite is
that the fabrication of strain sensors can be undertaken at room temperature, unlike the
high temperatures required to process ceramics.

Capacitance-based stretchable strain sensors are often available in two types, the first
is a parallel plate capacitive strain sensor which is constructed by overlapping several
layers of conductive/dielectric polymers. The second type is an interdigitated electrodes
based capacitive strain sensor which typically consists of a sandwich of the interdigitated
electrodes structure between the two dielectric layers. The stretchable parallel layered
capacitive strain sensor has limitations such as a limit in the strain measurement due to the
small vertical distance between the parallel layers of polymers at high strain. As a result,
interdigitated capacitive (IDC) strain sensors are of interest when operating at high strains
and are easy to customize for a range of biomedical and robotic applications [14].

The interdigitated electrode structure was initially reported by N. Tesla in his patent
issued in 1891 [22]. The gradual transition from a parallel plate capacitor to a planar capaci-
tor is presented in Figure 1f. The capacitance between the coplanar interdigitated electrodes
was calculated in the early 1920s [23]. The widespread use of the IDC electrodes for sensing
applications commenced in the 1960s [24,25]. The literature from the last two decades
shows that interdigitated capacitive (IDC) sensors exhibit a limited strain. For example,
IDC sensors fabricated using a natural rubber base material using photolithography to
create the IDC electrodes structure with a gold material exhibited a 10% strain [6]. An IDC
sensor formed using an etherester amide (EEA) elastomer polymer substrate with silver
electrodes was fabricated using a direct write thermal spray technology and reported a
0.18% strain [26]. For an IDC sensor fabricated with a polyimide substrate with nickel-gold
electrodes formed using a thin-film technology, a 2% strain was reported [27]. An IDC
sensor constructed with a polydimethylsiloxane (PDMS) substrate using three-dimensional
printing to create the IDC electrodes using a CNT/PDMS conductive ink exhibited a 50%
strain [28]. IDC sensors fabricated from the silicone-based elastomer (Ecoflex 00-50TM)
consisting of an IDC electrode structure using a silver/PVA conductive ink with laser
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trenching technique showed a 63% strain [29]. A recent [2] method to create an IDC elec-
trode structure by aerosol jet printing on a polymethyl methacrylate (PMMA) substrate
material led to a strain of only 10% [2]. In this paper, we therefore present our study
on the effect of strain rate on the output signal of highly stretchable IDC strain sensor
fabricated with the BTO-Ecoflex composite substrate subjected to a much higher strain, i.e.,
up to 100%.
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Figure 1. (a) BaTiO3 (BTO)-EcoflexTM 00-30 substrate, (b) printing interdigitated capacitor (IDC)
with CB/EcoflexTM 00-30 ink (c) customized Lulzbot® photo polymer extrusion (PPE) 3D printer,
(d) stretchable capacitive strain sensor, (e) designed dimensions of the printed IDC (dimensions are
in mm), (f) gradual transition from a parallel plate capacitor to a planar capacitor.

The BTO-Ecoflex composite can be regarded as a viscoelastic material. Therefore,
uniaxial tension testing was conducted on the BTO-Ecoflex composite substrate materials
to study the variation of the mechanical properties of the BTO-Ecoflex composite, such as
ultimate tensile strength and tensile strain at break at different strain rates.

Several researchers have studied the strain rate dependent viscoelastic properties of
elastomers and particle-filled elastomeric composites. For example, Steck et al. studied
the non-linear elastic response of a Ecoflex silicone rubber under several uniaxial loading
conditions using neo-Hookean, Ogden, Mooney-Rivlin, and Yeoh models, and found that
the Ogden hyperelastic model is the most suitable model to describe the uniaxial response
of Ecoflex [30]. Kim et al. studied the hyperelastic nature of chloroprene rubber (generally
known as Neoprene), and the results show that the Mooney-Rivlin and Neo-Hookean
models have limitations to model the large deformations of chloroprene rubber. Therefore,
a third order Ogden model was used for numerical analysis of deformation ranges of
chloroprene rubber [31]. Yunchoi et al. fabricated an ionic stretchable liquid-based strain
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sensor for human motion monitoring using a Ecoflex 00-50 silicone based elastomer, and
they studied the non-linear elastic behaviour of the elastomeric channel using a fourth
order Ogden model [32]. Tobajas et al. studied the non-linear stress-strain behaviour of a
Santoprene 101-73 material (used in the automotive and aeronautic sectors) by employing
the Ogden model [33]. The study of Dupuis et al. showed that Ogden’s model agrees well
with uniaxial compression/decompression tests on polyurethane foam at three different
strain rates which shows a non-linear hyperelastic behaviour and a viscoelastic behaviour
during large deformation [34]. Bai et al. studied the non-linear viscoelastic behaviour at
different strain rates of polyurea under a uniaxial compressive load and found that the
Ogden model is the most appropriate model to describe the viscoelastic behaviour at higher
strains [35]. In the work presented here, ABAQUS and the ‘cftool’ feature in MATLAB
were used to fit experimental uniaxial tensile test data of pristine Ecoflex and BTO-Ecoflex
composites, to explore if the Ogden model is the most suitable model to study the strain
rate dependent stress-strain behaviour of BTO-Ecoflex composite of the IDC sensors. We
have also used scanning electron microscopy to understand the distribution of the BTO
filler in the Ecoflex matrix and its potential influence on mechanical properties.

2. Materials and Methods
2.1. Fabrication of IDC Sensor

The highly stretchable IDC strain sensor is fabricated with a 40 wt% barium titanate
(BTO)-silicone based elastomer (Ecoflex 00-30TM) composite [1], as seen in Figure 1a. The
reason for selecting a 40 wt% BTO filler is to create a high relative permittivity substrate
material for the IDC sensor, in order to achieve a high initial capacitance and reduce the
effect of parasitic capacitance towards the measured capacitance. A further increase in
filler loading above 40 wt% leads to failure of the substrate material when subjected to
dynamic stretch/relax cycles due to agglomeration of the ceramic filler particles. The IDC
electrode structure is shown in Figure 1b and is constructed with carbon black/Ecoflex
conductive ink using a customized Lulzbot® 3D printer (Figure 1c) and exposing the
electrodes to connect with the testing instrument (see Figure 1d). The design of the IDC
electrode structure is presented in Figure 1e. The gradual transition from a parallel plate
capacitor to a planar capacitor is presented in Figure 1f. The preparation of the carbon
black/Ecoflex 00-30 ink and nomenclature of the IDC electrode structure is presented in
the Supplementary Document.

2.2. Fabrication of Composites for Uniaxial Tensile Testing

Tensile test samples were prepared using EcoflexTM 00-30 purchased from Smooth-On
(USA), and BTO powder with a particle size of 200 nm, selected due to its high relative
permittivity, εr ~5000 [18], from TPL Inc (Albuquerque, NM, USA). Three samples for each
composition were prepared for testing, namely 0 (pristine Ecoflex), 10, 20, 30, and 40 wt%
of 200 nm BTO. The tensile test samples were prepared by homogeneously mixing the BTO
filler powder of the desired wt% in the Ecoflex using a planetary mixture (Mazerustar KK-
50S). The mixture was cast using a dog-bone shaped acrylic mold with sample dimensions
as per ASTM D412-type C, and left to cure at room temperature for a minimum of 12 h.
The dog-bone shaped specimens were extracted from the mold and the overall sample
preparation process is illustrated in Figure 2.
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ial tensile tests were performed at three different crosshead speeds: ~5, ~50, and ~500 
mm/min. Here, we have included the 5 mm/min strain rate as the mechanical properties 
of elastomer composites vary at slow quasi-static strain rates [36]. However, in real life 
applications the IDC sensors are used to measure the strain at higher strain rates. There-
fore, we did not include the 5 mm/min (quasi static) strain rate in cyclic testing of the IDC 
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connected to the moving head of the Instron 5567 testing machine. All of the experiments 
were conducted at room temperature (~25 °C). 

Figure 2. BTO-EcoflexTM composite preparation process.

2.3. Stretch-Relax Cyclic Testing of IDC Sensor

In this work, we studied the IDC sensor response at dynamic loading conditions, by
conducting 1000 stretch/relax cyclic tests at different strain rates (48 (~50) mm/min and
480 (~500) mm/min), and during each cycle the IDC sensor was subjected to a 100% strain.
The cyclic testing was undertaken using an in-house designed and assembled motorized
moving stage testing rig. The sensor capacitance was measured at 10 kHz using an Agilent
4263B LCR meter, as presented in Figure 3.
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Figure 3. (a) Rig to characterize the capacitance (Agilent 4263 LCR meter) as a function of strain, (b) sensor being stretched
by the motorized stage, (c) schematic of the construction of a sensor.

2.4. Uniaxial Tensile Testing at Different Strain Rates of BTO-Ecoflex Composite

The uniaxial tensile test is the most commonly used test to study the strain rate
dependent non-linear stress-strain behaviour of viscoelastic composite materials. In this
study, the uniaxial tests were carried out to failure of the material, and tests were performed
using the Instron 5567 testing machine equipped with a 50 N load cell. The samples were
prepared as per ASTM D412-type C, and marked with reference markers at 25 mm spacing
to measure the sample displacement using a video extensometer (see Figure 4a), and fixed
with two grips as shown in Figure 4b. The thickness and width of the sample, and strain
rate are provided in the Bluehill universal dashboard software. The uniaxial tensile tests
were performed at three different crosshead speeds: ~5, ~50, and ~500 mm/min. Here,
we have included the 5 mm/min strain rate as the mechanical properties of elastomer
composites vary at slow quasi-static strain rates [36]. However, in real life applications the
IDC sensors are used to measure the strain at higher strain rates. Therefore, we did not
include the 5 mm/min (quasi static) strain rate in cyclic testing of the IDC sensor. In the
uniaxial tensile test, the stress-strain data are obtained using a 50 N load cell connected
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to the moving head of the Instron 5567 testing machine. All of the experiments were
conducted at room temperature (~25 ◦C).
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3. Results and Discussion
3.1. Strain Rate Dependent Behaviour of IDC Sensor

In the literature, which is also supported with a supplementary document ST.1, most
of the work to date did not report the influence of the mechanical properties of IDC sensor
substrate materials on the output signal of the IDC sensor when subjected to a variety of
static and dynamic loading conditions at a range of strain rates. The output signal of the
IDC sensor fabricated with a particulate elastomer composite (BTO-Ecoflex) is likely to
be affected by the viscoelastic properties of the composite substrate during static loading
conditions. Our recent study on creep testing of IDC sensors (where the strain varies with
time at a constant load) showed that the IDC sensor output signal is dependent on the
creep behavior due to the viscoelastic nature of the substrate material and, as a result, the
distance between the interdigitated electrodes increases as the strain increases at a constant
load [37]. However, a stress relaxation study (where the strain is constant while stress
varies with time) showed that the IDC sensor output signal is not significantly affected by
stress relaxation of the sensor substrate material. This is due to the fact that at a constant
strain, the distance between the interdigitated electrodes remains almost constant even
though the stress in the substrate material decreases during stress relaxation of the substrate
material [38].

In this paper, we examined the output signal of the IDC sensor at dynamic loading
conditions with a range of strain rates through cyclic testing of the IDC sensor with
two different substrates, including pristine Ecoflex and a 40 wt% 200 nm BTO powder,
dispersed in Ecoflex substrate. A low and high speed strain rate were used, namely ~50
and ~500 mm/min, respectively to study the strain rate effect on the sensor output (see
Figure 3b). Figures 5 and 6 show the results for the relative change in capacitance against
the strain for sensors tested up to 1000 stretch/relax cycles. Figure 5 shows that the IDC
sensor fabricated with the pristine Ecoflex substrate shows negligible hysteresis with
consistent relative change in capacitance up to a 100% strain at strain rates of ~50 and
~500 mm/min. While the addition of 40 wt% 200 nm BTO filler into Ecoflex increases the
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viscosity of the composite considerably [37,38], this was shown to have a negligible effect
on the output signal of the IDC sensor, with the resulting BTO-Ecoflex composite showing
negligible hysteresis with a consistent relative change in capacitance up to a 100% strain at
~50 and ~500 mm/min (see Figure 6).
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Figure 6. IDC sensor with a 40 wt% 200 nm BTO-Ecoflex 00-30TM substrate strained up to 100%, (a) the relative change in
capacitance (∆CS/C0) during the first stretch/relax cycle at ~50 and ~500 mm/min strain rates, (b) the ∆CS/C0 versus time
for the 1000th stretch/relax cycle at ~50 and ~500 mm/min strain rates.

In summary, the IDC sensors fabricated with pristine Ecoflex and a 40 wt% 200 nm
BTO-Ecoflex substrate show a negligible effect of strain rate on the output signal of IDC
sensor. While there is some agglomeration and sedimentation of the 200 nm BTO filler in
the Ecoflex at this relatively high filler loading level, which will be discussed in detail in the
electron microscopy analysis in Section 3.3, this does not affect the performance of the IDC
sensor. From Figures 5 and 6, we can conclude that the output signal of the manufactured
IDC sensor with a 40 wt% 200 nm BTO-Ecoflex substrate is largely strain rate independent.
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3.2. Sensitivity of Highly Stretchable IDC Sensor to Strain Expressed as Gauge Factor (GF)

The capacitance of a single pair of coplanar interdigitated electrodes can be calculated
using the conformal mapping technique, as given by Equation (1) [38,39].

Cp =
Q

2V0
=

2εrε0l
π

ln

[(
1 +

w
a

)
+

√(
1 +

w
a

)2
− 1

]
(1)

where Cp is the capacitance, εr is the dielectric constant (relative permittivity) of the
substrate material, ε0 is the vacuum permittivity, l is the length of the electrode, w is the
width of the electrode, and a is the half-gap between the electrodes.

The relative permittivity of the composite substrate, εcomposite, is calculated using the
Lichtenecker model Equation (2) [40], where ε1 is the relative permittivity of the EcoflexTM

00-30 elastomer (ε1 = 2.8 [1,41]) and ε2 is the relative permittivity of the BTO filler, (for
200 nm BTO, ε2= 5000 [17]), and q is the volume fraction of BTO.

log εcomposite = log ε1 + q log
(

ε2

ε1

)
(2)

Table S2 in the supplementary information for the 40 wt% 200 nm BTO-Ecoflex com-
posite substrate is ε40 wt% 200 nm = 5.98 [21].

The total capacitance at a zero strain of interdigitated capacitive strain sensor is
calculated using Equation (3) [38,39].

Cs = (2 ∗ N − 1) ∗ Cp (3)

where Cs is the capacitance of the IDC sensor at a 0% strain and N is the total number of
coplanar electrode pairs.

The relative change in capacitance of the IDC sensor, Equation (4), is independent of
the interdigitated transducer dimensions (spacing, length, the thickness of interdigitated
electrodes), and is dependent only on the strain (ε), as given by Equation (5) [2,42].

∆Cs

C0
=

C− C0

C0
=

C
C0
− 1 (4)

∆Cs

C0
=

(1− νε).(1− νε)

(1 + ε)
− 1 (5)

The gauge factor (GF) represents the sensitivity of the strain sensors. The GF can
be defined as the ratio of the relative change of capacitance of the IDC sensor to the
corresponding strain. The GF can be calculated by the slope of the relative change of
capacitance upon stretching the IDC sensor [42].

GF =
∆Cs/C0

ε
=

1
ε
∗
[
(1− νε).(1− νε)

(1 + ε)
− 1
]

(6)

The IDC sensor fabricated with pristine Ecoflex and a 40 wt% 200 nm BTO-Ecoflex
substrate show similar consistent output signals at strain rates of ~50 and 500 mm/min, as
presented in Figures 5 and 6, respectively. Generally, strain sensors operate at higher strain
rates up to 500 mm/min in real applications such as measuring the strain and deflection of
movements by the elbow, finger, knee, etc. [43]. Therefore, we analyzed the sensitivity of
the IDC strain sensor at a ~500 mm/min strain rate (see Figure 7).
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The relative change in capacitance (∆CS/C0) versus strain during the stretch cycle of
the IDC sensor at a ~500 mm/min strain rate was fitted using Equation (6), as presented in
Figure 7b. The GF of the IDC sensors is calculated from the slope of the ∆CS/C0 versus
strain during the stretch cycle and is presented in Table 1. The GF of the IDC sensor
decreases with the strain due to the non-linear output signal of the IDC sensor [2]. The
GF of the IDC sensor with the 40 wt% 200 nm BTO-Ecoflex composite shows a higher
sensitivity than the pristine Ecoflex substrate and is summarized in Table 1.

Table 1. Gauge factor of IDC sensors at 50 and 100% strain at a ~500 mm/min strain rate.

Substrate Material of IDC Capacitance of IDC (pF) at 0% Strain
Gauge Factor (G.F)

at 50 % Strain at 100 % Strain

Pristine Ecoflex 00-30 13.27 −0.53 −0.39
40 wt% 200 nm BTO 31.4 −0.62 −0.45

The IDC sensors based on the same interdigitated electrode structure (Figure 1e) with
pristine Ecoflex and a 40 wt% 200 nm BTO-Ecoflex composite substrate have a capacitance
of 13.27 and 31.4 pF at a 0% strain, respectively. The increase in the capacitance for the
composite is due to an increase in the relative permittivity of the substrate material. The
addition of 40 wt% 200 nm BTO filler in pristine Ecoflex results in the relative permittivity
(dielectric constant) increasing from εr ~2.8 [1,41] (pristine Ecoflex) to εr ~6.6 [1], based
on Equation (1). As mentioned above, the IDC sensor with different substrates (pristine
Ecoflex and 40 wt% 200 nm BTO-Ecoflex) shows a consistent relative change in capacitance
over 1000 stretch/relax cycles and is independent of the strain rate in dynamic loading
conditions, as seen in Figures 5 and 6. From this we can conclude that the IDC sensor is
reliable and robust even though there are varying mechanical properties of the substrate
material (depending on the size of the particles and their distribution in the substrate mate-
rial), due to its viscoelastic nature under static [37,38] and dynamic [36] loading conditions.
This will now be discussed in the strain rate study of the BTO-Ecoflex composite.

3.3. Stress-Strain Behaviour of BTO-Ecoflex Composite and Ogden Modelling

The non-linear behaviour of elastomeric composites can be studied by performing
static tests, such as creep (load constant, strain varies with time), stress relaxation (stress
varies with time at a constant strain) or using dynamic tests such as strain rate dependent
uniaxial tensile tests. In our earlier study of stress relaxation tests of IDC sensors with
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the BTO-Ecoflex substrate, it was shown that stress relaxation of the substrate does not
influence the output signal of the IDC sensor [38]. The strain rate dependent study also
showed similar results as the output signal of IDC sensor with pristine Ecoflex and a
40 wt% 200 nm BTO-Ecoflex substrate show consistent results, which do not vary with
the strain rate (see Figures 5 and 6). However, in order to understand the non-linear
stress-strain behaviour of BTO-Ecoflex composite during dynamic loading, we performed
uniaxial tension testing at ~5, ~50, and ~500 mm/min strain rates up to sample failure. We
found that the Ogden model is a suitable model to understand the non-linear stress-strain
behaviour of BTO-Ecoflex composite in dynamic tensile loading conditions.

The Ogden model is the most generally used model to describe the non-linear stress-
strain behaviour of composite elastomers and has been frequently used for the analysis
of rubber components such as O-rings and seals [44]. It can be used for predicting the
non-linear stress-strain behaviour of materials such as polymers, biological tissues, and
elastomers. The Ogden model, unlike other models such as the Neo-Hookean and Mooney-
Rivlin, which are expressed in terms of invariants, is expressed in terms of a strain energy
function W which is a function of the three independent variables, the principal stretches
λ1, λ2, and λ3. In addition, it is possible to fit the Ogden model to experimental stress-strain
test data using, for example, the ABAQUS software, to find the Ogden material parameters.
From the literature, the Ogden model shows a good agreement with test data up to 700%
strain for tensile test results.

Ecoflex is a silicone based elastomer, and is considered to be incompressible, showing
negligible compressibility at even very high strains, up to an axial stretch ratio of 4 [30]. By
considering the nearly incompressible behaviour of elastomers, the strain energy density
function of an Ogden model is given by Equation (7), by neglecting the contributions of
volumetric strain.

W =
n

∑
i=1

µi
αi

(
λ

αi
1 + λ

αi
2 + λ

αi
3 − 3

)
(7)

where λj (j=1,2,3) is the principal stretch, and i is the number of terms considered for the
Ogden model. µi and αi are empirically determined material constants.

For an incompressible material, the three principal stretches (λ1, λ2, and λ3) satisfy
the constraints given by Equations (8) and (9).

λ1λ2λ3 = 1 (8)

λ1 = λ, λ2 = λ2 = 1/
√

λ1 = 1/
√

λ (9)

The material is assumed to be isotropic relative to an unstressed undeformed (natural)
configuration and its elastic properties are characterized in terms of a strain-energy function
W (λ1, λ2, λ3) per unit volume, where W depends symmetrically on the stretches subject to
Equation (7).

Using the Ogden material model, the three principal values of the Cauchy stresses
associated with this deformation are given by Equation (10) and the differentiation of
Equation (7) leads to Equation (11).

σi = λi
∂W
∂λi
− p, I ∈ (10)

σi = p +
n

∑
i=1

µiλ
αi
j (11)

We now consider an incompressible material under uniaxial tension.
The stretch ratio ‘λ’ (deformed length ‘li’ divided by its initial length ‘lo’) and strain ‘ε’

(change in length ‘li- lo’ divided by original length ‘lo’) are calculated as follows:

λ =
li
l0

(12)
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ε =
∆l
l0

=
li − l0

l0
(13)

λ = ε + 1 (14)

The pressure p is determined from incompressibility and the boundary conditions in
uniaxial tension, σ1 = σ = P/A, where A is a cross sectional area and P is the load, and
σ2 = σ3 = 0, yielding:

σ =
n

∑
i=1

µi(λ
αi − λ−

1
2 αi ) (15)

Equation (15) is the simplified Ogden model for an incompressible material under
uniaxial tension.

Here, n is the number of terms (order) for the Ogden model, µi, αi are the material
constants of the model, λj (j = 1,2,3) is a principle stretch ratio, σj (j = 1,2,3) is the axial stress.

The second-order Ogden model is given by Equation (16), which results from
Equations (14) and (15).

σ = µ1

(
(ε + 1)α1 − (ε + 1)−

1
2 α1
)
+ µ2

(
(ε + 1)α2 − (ε + 1)−

1
2 α2
)

(16)

The accuracy of the description of the stress-strain behaviour of real materials de-
pends upon the order of the Ogden model. A best fit Ogden model parameter for each
experimental stress-strain curve was obtained using the ABAQUS software and the cftool
function in MATLAB. An initial trial and error curve fitting of the stress-strain test data
of composite samples showed that the second-order Ogden model is the most suitable
order of the Ogden model to describe the stress-strain behaviour of uniaxial tensile testing
samples. A second-order Ogden model fit with R-square ~0.99 of the stress-strain data of a
BTO-Ecoflex composite is shown in Figure 8.

There is a need to take into account that there will be non-uniqueness in the values of
the material parameters, due to the involvement of four material constants in the models for
a non-linear elastic response. There is a range of sets of values of the material parameters
that can fit the experimental data for various stretches [45]. Ogden et al. stated that
the material parameters found from the uniaxial response do not necessarily predict the
response for other conditions, for example, biaxial loading at a larger stretch, and vice
versa [45]. These mismatches are more relevant for higher order Ogden models. However,
the fitting of material parameters for uniaxial loading can provide a good overall fit to
the experimental data and help understand the non-linear stress-strain response of the
BTO-Ecoflex composite.

The values of the second-order Ogden model parameters are plotted with varying
200 nm BTO filler loading in Figure 9. To evaluate the influence of each parameter of the Og-
den model on the non-linear stress-strain response of composites, a study was undertaken
at varying strain rates (~5, ~50, and ~500 mm/min) on each sample composition. We have
observed that the µ1 and µ2 parameters (related to the modulus in MPa) are almost constant
with varying strain rates and filler loading, as can be observed in Figure 9a,b. The α1 and α2
Ogden parameters characterize the degree of non-linearity of the stress-strain response of
composites [45,46]. When α1 approaches unity with an increase in filler loading to 40 wt%
(see Figure 9c and Equation (15)), there is a decrease in non-linearity of the stress-strain
behaviour of the composite. The effect of strain rate on the non-linear elastic behaviour is
also seen to be lower at a lower filler loading, as observed in Figure 9c. In addition, it is
also evident from Figure 8 that the stress-strain non-linearity of the composites decreases
with an increase in matrix filler loading.
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Figure 8. Uniaxial tensile test results for ~5, ~50, and ~500 mm/min strain rates of BTO-Ecoflex composite, fitted with the 
second-order Ogden model. (a) Pristine Ecoflex 00-30TM, (b) 10 wt% 200 nm BTO-Ecoflex, (c) 20 wt% 200 nm BTO-Ecoflex, 
(d) 30 wt% 200 nm BTO-Ecoflex, (e) 40 wt% 200 nm BTO-Ecoflex. 

Figure 8. Uniaxial tensile test results for ~5, ~50, and ~500 mm/min strain rates of BTO-Ecoflex composite, fitted with the
second-order Ogden model. (a) Pristine Ecoflex 00-30TM, (b) 10 wt% 200 nm BTO-Ecoflex, (c) 20 wt% 200 nm BTO-Ecoflex,
(d) 30 wt% 200 nm BTO-Ecoflex, (e) 40 wt% 200 nm BTO-Ecoflex.
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While the Ogden model is a macroscale model and thus has the limitation of not
being able to explain the precise microscale properties and mechanisms of composites, it is
nevertheless useful to predict the non-linear stress-strain behaviour of composites. The
several factors at the microscale influencing non-linearity include particle surface area,
sedimentation, agglomerations, and the distribution of particles in the matrix.

3.4. Ultimate Tensile Strength, Elongation at Breakpoint of 200 nm BTO-Ecoflex Composite

The ultimate tensile strength (UTS) is the maximum stress that a material can with-
stand before breaking, the strain at this point is the tensile strain at break. The study of
UTS and tensile strain at failure of pristine Ecoflex and BTO-Ecoflex composites at differ-
ent strain rates provides insights into the reinforcement effect of relatively rigid ceramic
particles (200 nm BTO) within the matrix (Ecoflex) during dynamic loading conditions.
Uniaxial tension testing was performed on pristine Ecoflex and BTO-Ecoflex composites
with 10 wt% (volume fraction, Vf = 0.018), 20 wt% (Vf = 0.041), 30 wt% (Vf = 0.068), and
40 wt% (Vf = 0.101) of 200 nm BTO.

The uniaxial tension test to failure is conducted at ~5, ~50, and ~500 mm/min strain
rates. A summary of the results for tensile strength and tensile strain at failure show a de-
crease in strength and failure strain with an increase in the BTO filler, as seen in Figure 10a.
This is due to factors (such as the size and surface area of particle, the distribution of
particles in the matrix) that decrease the reinforcement mechanical bond due to an increase
in the degree of agglomeration of BTO filler in the Ecoflex matrix [47,48].
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The pristine Ecoflex and BTO-Ecoflex composites exhibited an increase in strength
with an increase in the strain rate (see Figure 10a). This is due to the softening effect of
silicone-based elastomer (Ecoflex) with the increasing strain rates [49]. The tensile strain at
failure of the composites also increased with an increase in the strain rate (see Figure 10b).
The UTS increases (by an average amount of 130%) with an increase in the strain rate. The
UTS at ~500 mm/min is increased by nearly twice as large (average 167.3%) over that
of ~5 mm/min. It is clear from Figure 10 that the effect of strain rate on the UTS and
tensile strain at break decreases with an increase in the loading of the 200 nm BTO. This
is due to the more uniform distribution of the 200 nm BTO in Ecoflex at a higher loading
(40 wt% BTO-Ecoflex composite), as explained below in relation to the scanning electron
microscopy analysis.

3.5. SEM Analysis of Pristine Ecoflex and 200 nm BTO-Ecoflex Composites

The pristine Ecoflex and BTO-Ecoflex composites with 10, 20, 30, and 40 wt% BTO were
cryo-fractured for analysis of the distribution of the 200 nm BTO filler in the Ecoflex matrix
using scanning electron microscopy (SEM), an FEI Quanta 200 F model manufactured by
FEI company, Dawson creek drive, Hillsboro, USA.

We analyzed the SEM images of 10 wt% (Figure 11c) and 20 wt% (Figure 11d) of BTO-
Ecoflex composite, and observed sedementation of the 200 nm BTO filler in the Ecoflex
matrix at this lower level of particle loading. The 200 nm BTO filler is more uniformly
distributed in the 40 wt% of BTO-Ecoflex composite (Figure 11f) than the 30 wt% of BTO-
Ecoflex composite (Figure 11e). Therefore, we have selected the 40 wt% of BTO-Ecoflex
composite to fabricate a reliable and robust IDC sensor (see Figure 11g).

While the 40 wt% 200 nm BTO filler exhibits some degree of filler agglomeration
due to the high surface area of nanoparticles, the 200 nm BTO filler is mostly uniformly
distributed across the Ecoflex matrix, which can be seen in Figure 11f,g. Therefore, the
40 wt% composition represents an optimal balance between achieving a good dispersion,
high relative permittivity, and repeatability over large numbers of stretch/relax cycles.

3.6. Application of Stretchable Sensor

The IDC sensor fabricated with the 40 wt% 200 nm BTO-Ecoflex composite substrate
shows promising results, with negligible hysteresis up to 1000 stretch/relax cycles at ~50
and ~500 mm/min strain rates, as presented in Figure 6. Therefore, we have selected the
IDC sensor with the 40 wt% 200 nm BTO-Ecoflex substrate to develop an application to
measure the bending of the elbow irrespective of the hand movement speed.
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2 

  
(g) IDC sensor with 40 wt% 200 nm BTO-Ecoflex (h) Microscopic image of IDC sensor 

 Figure 11. Scanning electron microscope (SEM) analysis of (a) 200 nm barium titanate (BTO) powder, (b) pristine silicone
based elastomer (EcoflexTM 00-30), (c) 10 wt% 200 nm BTO-Ecoflex composite, (d) 20 wt% 200 nm BTO-Ecoflex composite,
(e) 30 wt% 200 nm BTO-Ecoflex composite, (f) 40 wt% 200 nm BTO-Ecoflex composite, (g) IDC sensor with 40 wt% 200 nm
BTO-Ecoflex substrate, (h) microscopic image of cryo-fractured IDC sensor with 40 wt% 200 nm BTO-Ecoflex substrate (the
black rectangles are the IDC electrode fingers).

The IDC strain sensor is mounted on to the elastic elbow sleeve, then connected to the
capacitance to a digital converter with the insulated cable and then powered with a 7.4 V,
900 mAh Li-Po rechargeable battery. A Bluetooth module is connected to the converter,
which helps connect wirelessly to a mobile app called Bluetooth graphics, which is available
in the Google Play store. An elastic sleeve with a sensor is worn on the arm at the elbow, as
shown in Figure 12.
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The IDC strain sensor with the associated electronics on the elastic sleeve is worn
on the right elbow and connected to the Bluetooth graphics app with Bluetooth. Then,
the elbow is bent to 0, 20, 40, 60, 80, and 90◦, as shown in Figure 13a. The capacitance is
recorded at respective marked angles and then recorded as presented in Figure 13b, with
the corresponding strain plotted in Figure 13c. The capacitance and the deflection angle of
the elbow show an almost linear relationship. The cftool feature in MATLAB is used for
curve fitting the capacitance versus angle (θ), and capacitance versus strain (ε) data. The
resulting linear relationship is generated as given by Equation (17), with R-square = 0.982
and by Equation (18), with R-square = 0.99, respectively. While the IDC sensor shows some
non-linear behaviour at a 100% strain (Figure 7), below the strain level of 50% the IDC
sensor with 40 wt% 200 nm BTO-Ecoflex substrate is approximately linear, as shown in
Figure 13c.

C = −0.1009∗θ+ 33.88 (17)

C = −21.03∗ε + 33.6 (18)
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In this work, it has been demonstrated that the IDC sensor with the 40 wt% 200 nm
BTO-Ecoflex substrate can reliably be used in measuring the bending of an elbow irrespec-
tive of the hand movement speed. In the future, this IDC sensor can be customized for use
in in various wearable applications, such as virtual reality, soft-robotics, personal health
monitoring, human motion detection, and smart clothing systems.
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Furthermore, BTO nanoparticles and the Ecoflex are biocompatible and have recently
been used as a nano-carrier for drug delivery [50] as well as a skin-safe elastomer used
in prosthetic and electronic skin devices for health care applications [51], respectively.
Therefore, the IDC strain sensor fabricated with the 40 wt% 200 nm BTO-Ecoflex composite
substrate is biocompatible, skin safe, reliable, and robust.

4. Conclusions

An interdigitated capacitive strain sensor is fabricated by sandwiching the printed
IDC electrode structure with carbon black ink between the 40 wt% 200 nm BTO-Ecoflex
composite substrate. The effect of strain rate on the output signal of IDC sensors with
pristine Ecoflex and 200 nm BTO-Ecoflex composites is examined by subjecting the IDC
sensor up to 1000 stretch/relax cycles at ~50 and ~500 mm/min strain rates. The IDC
sensor fabricated with pristine Ecoflex and a 40 wt% 200 nm BTO-Ecoflex composite has
shown a consistent relative change in capacitance up to 1000 stretch/relax cycles. The
gauge factor (GF) of IDC sensors based on the 40 wt% 200 nm BTO-Ecoflex composite
substrate is higher than the gauge factor of IDC sensor with the pristine Ecoflex substrate.
However, the GF of IDC sensors decreases with the strain due to the non-linear relationship
between the relative change in capacitance with the strain. Therefore, the GF is measured
at 50 and 100% strain of IDC sensors. The advantages of adding the 40 wt% 200 nm BTO
filler to the Ecoflex substrate for the IDC sensor are that the relative permittivity of the
substrate is increased, which increases the capacitance at a zero strain and also increases
the sensitivity of the IDC sensor.

To understand the non-linear elastic behaviour of BTO-Ecoflex composite during
dynamic loading conditions, the 0 wt% (pristine Ecoflex) and BTO-Ecoflex composites
with 10, 20, 30, and 40 wt% 200 nm BTO were tested for uniaxial testing at 5, 50, and
500 mm/min strain rates. A second-order Ogden model was fitted to the test data using
ABAQUS and MATLAB, and the varying material constants of BTO-Ecoflex composite
at different strain rates were calculated. The non-linearity in stress-strain response of
composites in general decreases with an increase in filler loading, consistent with a decrease
in α1 and α2 Ogden parameters.

The ultimate tensile strength and strain at break of BTO-Ecoflex at ~5, ~50, and
~500 mm/min strain rates were studied, where the tensile strength decreased with an
increase in the BTO filler in pristine Ecoflex, as well as a decrease in the tensile strain at
the break with an increase in BTO loading in Ecoflex. Scanning electron microscopy on the
cryo-fractured pristine Ecoflex and BTO-Ecoflex composites with 10, 20, 30 and 40 wt% of
BTO revealed that the 200 nm BTO filler is more uniformly distributed at a higher loading
(40 wt%) of BTO filler. Thus, a reduced strain-rate effect is observed on the ultimate tensile
in the 40 wt% of 200 nm BTO-Ecolfex composite due to the more uniform distribution
of BTO in Ecoflex. This might be one of the factors resulting in the lower non-linear
stress-strain response during uniaxial tensile loading of 40 wt% BTO-Ecoflex composite in
comparison with the 10, 20, and 30 wt% of BTO-Ecoflex composite. An IDC sensor was
fabricated with the 40 wt% 200 nm BTO-Ecoflex composite substrate, due to its higher
capacitance and sensitivity for demonstrating the application to measure the deflection of
elbow angle with the decrease in capacitance with the strain. A linear relationship with
respect to the elbow bending angle was observed between the IDC sensor output signal
under a 50% strain and deflection of the elbow of the hand indicating its potential as a
stretchable and flexible sensor for applications such as soft robotics, etc.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/robotics10020069/s1, Supplementary Table S1 (ST 1): literature review of interdigital capacitive
strain sensors. Supplementary Table S2 (ST 2): Capacitance and relative permittivity of 40 wt% 200 nm
BTO. Supplementary Table S3 (ST 3): The actual dimensions of the printed IDC, dimensions in mm.
Supplementary Figure S1 (SF 1): Cross-section view of coplanar strip line with fringing electric field.
Supplementary Figure S2 (SF 2): A cross section of the printed carbon black (CB)/Ecoflex electrode.
Supplementary Figure S3 (SF 3): SEM image of a cross section of 200 nm BTO–EcoflexTM 00-30

https://www.mdpi.com/article/10.3390/robotics10020069/s1
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Robotics 2021, 10, 69 19 of 21

composite substrate and printed CB/Ecoflex electrode. Supplementary Figure S4 (SF 4): IDC sensor
with pristine BTO-Ecoflex 00-30TM substrate tested at 0.7 mm per sec, (a) The relative change in
capacitance (∆CS/C0) strained up to 100% after 1, 100, 500 and 1000 stretch/relax cycles. (b) The
∆CS/C0 versus time as the sensor was stretched to 100% strain. Supplementary Figure S5 (SF 5): IDC
sensor with pristine BTO-Ecoflex 00-30TM substrate tested at 7 mm per sec, (a) The relative change
in capacitance (∆CS/C0) strained up to 100% after 1, 100, 500 and 1000 stretch/relax cycles. (b) The
∆CS/C0 versus time as the sensor was stretched to 100% strain. Supplementary Figure S6 (SF 6): IDC
sensor with 40 wt% 200 nm BTO-Ecoflex 00-30TM substrate tested at 0.7 mm per sec, (a) The relative
change in capacitance (∆CS/C0) strained up to 100% after 1, 100, 500 and 1000 stretch/relax cycles.
(b) The ∆CS/C0 versus time as the sensor was stretched to 100% strain. Supplementary Figure S7
(SF 7): IDC sensor with 40 wt% 200 nm BTO-Ecoflex 00-30TM substrate tested at 7 mm per sec, (a) The
relative change in capacitance (∆CS/C0) strained up to 100% after 1, 100, 500 and 1000 stretch/relax
cycles. (b) The ∆CS/C0 versus time as the sensor was stretched to 100% strain. Supplementary
Figure S8 (SF8): Scanning electron microscope (SEM) analysis of 10 wt%, 20 wt%, 30 wt% and 40 wt%
of 200 nm BTO-Ecoflex composite with 1 mm scale of magnification. Supplementary Figure S9
(SF 9): Scanning electron microscope (SEM) analysis of 10 wt%, and 40 wt% of 200 nm BTO-Ecoflex
composite with 500 µm scale of magnification. Supplementary Figure S10 (SF 10): Flow chart of
developing the application with IDC sensor to measure the elbow angle.
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