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Abstract—This paper presents a high-stretchable 
strain sensor based on the worm-surface-like 
microstructures and the principle of resistance sensing 
to estimate the curvature information of the soft 
pneumatic gripper with a large bending angle. The 
proposed sensor comprises a central viscoelastic fiber 
with worm-surface-like microstructures made of 
Ecoflex-10 silicone and an outside conductive layer of 
Carbon Black (CB) powder. The microstructures are 
generated by a 3D printing customized mold, and they 
can effectively increase the surface area and adhesion 
energy of the viscoelastic fiber so that more conductive 
powder can be adsorbed. Therefore, the proposed sensor produces lower resistance in the initial state and generates 
a more stable circuit connection and electrical signal transmission in the extremely stretched state, significantly 
improving the sensor sensitivity. Meanwhile, the microstructures can reduce the surface strain of the viscoelastic fiber 
during stretching and further increase the sensor’s measurement range. The flexibility improvement of the proposed 
sensor brought by the microstructures can additionally reduce the required tension for achieving equivalent 
deformation, reducing the impact on the motion of the measured soft grippers. The electrical performances of the high-
stretchable strain sensor have been characterized, and it can reach an excellent strain range of up to 500% with a 
gauge factor of 206.6. The prototyped strain sensor has been integrated on a soft pneumatic gripper's outside surface 
and well reflected the unknown objects' curvature radius with an average error of 4.07% during the grasping 
experiments. 

Index Terms—Flexible strain sensor, Microstructures, Soft pneumatic gripper, Shape sensing, Curvature estimation. 
 

I. INTRODUCTION 
Soft robots made of hyperelastic materials have attracted 

significant attention due to their compliant, flexible, and 
deformable structures and excellent adaptability [1, 2]. Unlike 
traditional rigid robots, soft robots can adapt to complex and 
unpredictable environments, making them suitable for a wide 
range of applications, such as flexible rehabilitation robots [3, 
4], soft surgical robots [5, 6], and various adaptive grippers [7, 
8]. In these applications, it is essential to incorporate shape 
feedback through shape estimation techniques into the control 
process to achieve perception of soft robot shapes and further 
enhance control accuracy. Nevertheless, soft robots encounter 
obstacles in addressing nonlinear behaviors, evident hysteresis, 
and the absence of dependable, wide-ranging force and shape-
sensing methodologies. These factors all impede the 
achievement of shape-sensing capabilities in soft robotic 
systems [9]. Strain sensors play a vital role in shape sensing, as 
they effectively capture and transmit the deformation of soft 
robots utilizing an electrical signal response. However, soft 
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robots are capable of generating strains up to 200%-700% [10], 
which imposes greater demands on the stretchability of strain 
sensors. 

Traditional rigid strain sensors are not able to fit the soft and 
deformable body of soft robots due to their high stiffness and 
poor stretchability [11, 12]. Many of them even impede the 
motions of soft robots after integration. In contrast, flexible 
strain sensors can be applied to soft robots due to their 
flexibility, ductility, and biocompatibility. The common 
flexible strain sensors mainly include fiber optic sensors [13, 
14], capacitive sensors [15-18], resistive sensors [19-22], and 
so on.  

Fiber optic sensors usually consist of an emitter, a receiver, 
and an intermediary [9]. When the fiber optic undergoes tensile 
deformation, the refractive index or intensity of light changes, 
so the fiber optic sensor can measure the deformation based on 
the change in these signals [23, 24]. Fiber optic sensors exhibit 
inherent electrical safety, immunity to electromagnetic 
interference, and compact size [25]. However, their application 
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in soft robots is limited by the complexity and high expense of 
measurement equipment [26] as well as the low stretchability 
and stiffness of traditional optical fibers. 

Capacitive strain sensors typically consist of a pair of 
electrode plates and a separated flexible dielectric layer 
sandwiched between them [27]. The measured strain changes 
the distance between the electrode plates, leading to variations 
in the capacitance value. Capacitive strain sensors demonstrate 
the advantages of low power consumption, robust cycling 
stability, and low hysteresis. They are commonly utilized to 
measure the vertical pressure/strain information instead of the 
axial tensile strain [17]. However, they possess nonlinear 
sensitivity to strain, a limited operating range for strain 
measurement, and are vulnerable to environmental 
interferences. Therefore, it is necessary to consider 
environmental factors such as temperature, humidity, and 
magnetic fields, limiting their potential applications in soft 
robots. 

Resistive strain sensors typically comprise a conductive 
sensing layer and a flexible substrate [28-30]. When the 
composite structure is stretched, the sensor undergoes 
deformation, leading to a change in resistance with applied 
strain. Once the strain is released, the sensor reverts to its initial 
state, restoring its resistance. Resistive strain sensors are 
particularly well-suited for soft robots with significant 
deformations due to their straightforward assembly process, 
convenient signal reading, high sensitivity, and wide operation 
strain range [31-33]. Anastasia Koivikko et al. [34] developed 
a curvature sensor for soft robotic devices using screen-printed 
silver conductors. This sensor is positioned on the inside 
surface of the soft robot near the limiting layer and has a limited 
measurement range of 2% strain with a sensitivity gauge factor 
(GF) of up to 7. Jun et al. [35] developed a high-stretchable 
strain sensor based on a carbon black-filled elastomer, which 
was fabricated using film-casting techniques and CO2 laser 
ablation. This sensor improved the measurement range and 
operated under strains as high as 500% but possessed only 
1.62–3.37GF in resistive mode. Saeb Mousavi et al. [36] 
improved the sensitivity of flexible sensors. They proposed an 
anisotropic resistive strain sensor that can be directly integrated 
into a soft robot to improve the sensitivity of flexible sensors. 
This design was fabricated by 3D printing using carbon-
nanotube-reinforced polylactic acid (PLA-CNT). The 
sensitivity and anisotropy of the sensor can be adjusted by 
manipulating printing parameters. The sensitivity achieved a 
high value, but the breakage strain was below 20%. The 
simultaneous achievement of high sensitivity and wide 
measurement range in existing sensors remains challenging, 

 

which poses a significant obstacle to their application in soft 
robots. 

To address these issues, a high-stretchable and flexible strain 
sensor based on the worm-surface-like microstructures has been 
proposed to achieve an extensive strain measurement range 
with a relatively high sensitivity. This sensor can be integrated 
into the outside surface of a soft pneumatic gripper for shape 
sensing, as shown in Fig. 1. When the soft pneumatic gripper 
grabs a target object, its outside surface generates the most 
significant deformation, providing an excellent sensing position 
for measurement. Meanwhile, integrating the strain sensor on 
the outside surface of the soft gripper can avoid unnecessary 
interferences with the target objects by its inside surface. The 
presented sensor comprises a viscoelastic fiber made of 
Ecoflex-10 and an outer conductive layer of Carbon Black (CB) 
powder. A 3D printing customized mold is utilized to generate 
the worm-surface-like microstructures for the presented sensor, 
providing a low-cost and convenient method. The produced 
worm-surface-like microstructures can enhance the surface area 
of the viscoelastic fibers and improve surface adhesion, 
reducing the sensor's initial resistance and enhancing 
conductive connectivity under large deformation. As a result, 
these advantages lead to a more stable sensing signal and 
improve the sensitivity. On the other hand, the designed 
microstructures effectively mitigate local strain on the surface 
of viscoelastic fibers, improving their stretchability and 
expanding the measurement range. Meanwhile, these 
microstructures can also reduce the required tension for 
achieving equivalent deformation, reducing the impact on the 
motion of the measured soft grippers. Adhesion energy tests 
and strain simulations have been conducted to validate and 
illustrate the design principles and advantages of the 
microstructures. Cyclic loading and unloading tests have been 
performed to characterize the mechanical and electrical 
performances of the sensor and investigate its tensile 
characteristics, hysteresis, and repeatability. The proposed 
sensor can be well applied to the outside surface of a soft 
pneumatic gripper with the merits of a large measurement range 
and high sensitivity. The accuracy of the curvature estimation 
is verified by grasping eight objects with different diameters, 
demonstrating the effectiveness of the soft pneumatic gripper 
integrated with the proposed sensor for the shape estimation of 
unknown objects. 

II. MATERIALS AND METHODS 

A. Design Principle and Fabrication Process of the 
Proposed High-stretchable Strain Sensor 

The proposed high-stretchable strain sensor consists of a 
central viscoelastic fiber (OD=2 mm) with worm-surface-like 
microstructures and an outside conductive layer, as shown in 
Fig. 2a). The central viscoelastic fiber is made of Ecoflex-10 
silicone (America, Smooth-On, Inc.) with high stretchability 
and medium surface adhesion by a 3D printing customized 
mold. Its high stretchability enables the sensor to measure large 
deformations, and its medium surface adhesion is intended to 
adhere to the conductive layer so that the strain can be measured 
by electrical signals. The conductive layer consists of CB 
powder, which exhibits a broader measurement range and 
obtains a more stable electrical signal than other carbon-based 

 
Fig. 1. Diagram of the inside and outside surfaces of the soft pneumatic
gripper and the integrated proposed sensor. 
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materials in the proposed sensor configuration. These 
advantages make it adaptable and applicable for strain 
measurement under large deformation.  

The conductive layer of the proposed sensor consists of CB 
powder with interstitial spaces between the particles, as shown 
in Fig. 2b). When subjected to a tensile force, the viscoelastic 
fiber undergoes stretching which causes deformation of the 
outer conductive layer, leading to a reduction in density of CB 
powder and fewer conductive pathways being formed. 
Consequently, the sensor exhibits an increase in resistance 𝑅 
[37, 38], which can be quantitatively measured to reflect the 
strain experienced by the sensor. When the strain ε reaches a 
high level, the increase in the density change tends to plateau, 
making the rise in sensor resistance negligible. The presented 
worm-surface-like microstructures simultaneously enhance the 
surface area of the viscoelastic fiber, enhance surface adhesion, 
reduce the initial resistance of the sensor, and improve 
conductive connectivity during large deformations, thereby 
leading to enhanced signal stability. Consequently, this 
improvement in the worm-surface-like microstructures leads to 
improved sensitivity, according to the Equation for the gauge 
factor: GF ൌ ሺΔ𝑅 ോ 𝑅଴ሻ ോ 𝜀                         (1) 
where Δ𝑅  denotes the change in resistance of the sensor. 𝑅0 
denotes the initial resistance, and 𝜀  denotes the strain. The 
designed microstructures are effective in reducing localized 
strain on the surface of viscoelastic fibers, thereby enhancing 
their tensile properties. Furthermore, the microstructures reduce 
the required tension for the same level of deformation, 
minimizing its impact on the motions of the measured objects. 

The fabrication of the proposed high-stretchable strain sensor 
can be divided into three steps, as shown in Fig. 2a). 

 

 (1) The viscoelastic fiber with worm-surface-like 
microstructures was fabricated by infusion molding. After 
mixing part A and part B of silicone with a ratio of 1:1 by 
weight and stirring them thoroughly until homogeneous, the 
mixture was placed in a defoamer to extract air bubbles for 5 
min. A syringe squeezed Such treated silicone into a 
customized 3D-printing mold (photosensitive resin material, 
Lite 600HD, Union Tech, CN). The worm-surface-like 
microstructures on the surface of the viscoelastic fiber are 
provided by such customized mold because the surface of the 
3D-printed mold presents a regular arrangement of these 
microstructures produced by layer-by-layer photocuring. After 
maintaining room temperature for 4 hours to realize improved 
solidification, the formed viscoelastic fibers were removed 
from the mold. (2) Then, the fabricated viscoelastic fiber is 
placed in a sealed tank containing CB powder to be uniformly 
coated. (3) After that, the excess CB powder is removed to 
obtain the proposed high-stretchable strain sensor. Scanning 
electron microscopy (SEM) has observed the sensor 
microstructures, as shown in Fig. 2b). 

The worm-surface-like microstructures shown in Fig. 2a) 
enhance the surface adhesion of the viscoelastic fiber, thereby 
augmenting the sensor's sensitivity under significant 
deformation. This is achieved by increasing the surface area and 
amplifying the inherent surface adhesion from the Ecoflex-10 
silicone material [39]. In addition, reducing local strain on the 
surface of viscoelastic fibers by worm-surface-like 
microstructures can also improve the sensor's measurement 
range. When the strain exceeds the measurement range, this 
sensor may have viscoelastic fiber breakage, an open circuit of 
the conductive layer, or other failures. These worm-surface-like 
microstructures contribute to reducing local strain experienced 
by the viscoelastic fibers during stretching, thereby increasing 
the measurement range. Overall, the combination of enhanced 
surface adhesion and reduced local strain improves the 
presented sensor's performances in sensitivity and measurement 
range, making it more suitable for applications requiring high 
sensitivity and large deformation. 

B. Performances Enhancement of High-stretchable 
Strain Sensors via worm-surface-like Microstructures 

In order to verify the enhanced surface adhesion capacity and 
reduced local strain of the viscoelastic fiber in the high-
stretchable strain sensors via worm-surface-like 
microstructures, the surface adhesion comparison test and local 
strain simulation were carried out. 
1) Enhanced Surface Adhesion on the Surface of Viscoelastic 
Fiber  

The surface adhesion comparison test was performed to 
verify the increase in surface adhesion by the worm-surface-
like microstructures. Due to the curved nature of the 
viscoelastic fiber in the sensor, measuring surface adhesion 
force is challenging. Therefore, flake samples (10 mm×10 
mm×2 mm) were fabricated to measure the upper surface 
adhesion with and without microstructures toward CB powder. 
The experimental illustration of the surface adhesion 
comparison test is shown in Fig. 3a). The samples with and 
without worm-surface-like microstructures were fixed on a 
tensile machine through slides, respectively. A thick tape 

 
Fig. 2. The design principle and fabrication process of the proposed
high-stretchable strain sensor. a) Fabrication process and worm-
surface-like microstructures on the surface of viscoelastic fibers as
observed by a scanning electron microscope (SEM); b) The proposed
high-stretchable strain sensor observed by an SEM. 
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(3M™VHB™, US, 4910) attached to a stick by epoxy resin 
adhesive (Kafuter, CN, K-8818) was stuck to the surface of the 
sample. The force applied to the thick tape to peel off the upper 
surface of the samples with CB powder was provided and 
recorded by the tensile machine MTS Criterion (Model 42, 
MTS Systems Corporation). The peak peel force for the sample 
with and without worm-surface-like microstructures was 3.09 
N and 1.52 N, respectively (Fig. 3b)). According to the sample's 
upper surface area of 100 mm2, the adhesion energy for the 
surface of samples with and without worm-surface-like 
microstructures was 30.9 kPa and 15.2 kPa, respectively. These 
results demonstrate that the worm-surface-like microstructures 
can significantly improve the surface adhesion of the 
viscoelastic fiber utilized for the proposed high-stretchable 
strain sensor. When undergoing large deformation, the density 
change of carbon black powder on the surface of the sensor with 
microstructure is more significant than that of the sensor 

without microstructure. As a result, the presence of worm-
surface-like microstructures can enhance the density change on 
this sensor surface during stretching. This increased density 
change leads to a higher resistivity change Δ𝑅, enhancing the 
sensor’s sensitivity (Equation (1)). 
2) Reduced Local Strain on the Surface of Viscoelastic Fiber  

To verify the improvement of worm-surface-like 
microstructures on the measurement range of the proposed 
high-stretchable strain sensor, strain simulations were 
performed for the fibrous models with and without worm-
surface-like microstructures in Abaqus/CAE 2021. Based on 
the Yoeh model [40], the material parameters were configured, 
and the viscoelastic fibers were stretched to an overall strain of 
300% from their initial length (Fig. 3c)). Paths were established 
along the axial direction on the model surface to capture the 
local strain distribution pattern on the surface of the viscoelastic 
fibers at 300% overall strain. As the strain increases, the local

 
Fig. 3.  Surface adhesion tests and strain simulation analysis by ABAQUS. a) Experimental process of the surface adhesion tests; b) Results of the 
surface adhesion tests; c) Simulation results of local strain conducted by ABAQUS. 
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strain on the surface of viscoelastic fiber with worm-surface-
like microstructures grows more slowly than that of viscoelastic 
fiber without worm-surface-like microstructures. At an overall 
strain of 300%, the local strain on the surface of viscoelastic 
fibers without worm-surface-like microstructures is 
approximately 142%. However, for viscoelastic fibers with 
worm-surface-like microstructures, the local strain on their 
surface ranges from 128% to 143%. Therefore, the worm-
surface-like microstructures significantly reduce the local strain 

on the surface of viscoelastic fibers. These results demonstrate 
that under the same overall strain, the worm-surface-like 
microstructures can reduce the surface strain of viscoelastic 
fibers and increase the density of carbon material powder on the 
surface of viscoelastic fibers. As a result, the proposed strain 
sensor has higher stretchability and more stable circuit 
connection under the ultimate tensile state, thereby enhancing 
the sensor's measurement range.  

 

 
Fig. 4.  Experimental setup and results of performance tests.  a1) Experimental setup for performance tests; a2) The driving signal for cyclic loading 
tests; a3) The driving signal for cyclic unloading tests; b1) Mechanical performances of the proposed high-stretchable strain sensor with worm-
surface-like microstructures via cyclic loading test; b2) Mechanical performances of this sensor with worm-surface-like microstructures via cyclic 
unloading test; b3) The mechanical performances of this sensor without worm-surface-like microstructures via cyclic unloading test; c1) The electrical 
performances of this sensor with worm-surface-like microstructures via cyclic loading test; c2) The electrical performances of this sensor with worm-
surface-like microstructures via cyclic unloading test; c3) The electrical performances of this sensor without worm-surface-like microstructures via 
cyclic unloading test. 
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III. EXPERIMENTS AND RESULTS 

A. Performance Tests of the Proposed High-stretchable 
Strain Sensor  

The mechanical and electrical performances of the sensors 
with and without microstructures were tested and compared to 
investigate the impact of microstructures on sensor 
performances. The proposed high-stretchable strain sensor was 
mounted on a tensile machine MTS Criterion for performance 
tests (Fig. 4a1)). Each loading loop started from the original 
length (a strain of 0%), and the strain range of the loading loop 
increased or decreased with a strain step size of 100%. The 
cyclic loading tests demonstrate an increasing strain range, 
whereas the cyclic unloading tests exhibit a decreasing strain 
range. Each loading loop was repeated five times. The driving 
speed was set at 2mm/s, and the sampling frequency for the 
resistance was 100Hz. The cyclic loading and unloading tests' 
driving signals are shown in Fig. 4a2)-a3), respectively. 
1) Characterization of Mechanical Performances for the 
Proposed Strain Sensor 

The mechanical performances of the proposed high-
stretchable strain sensor were investigated by conducting cyclic 
loading and unloading tests, aiming to explore the impact of its 
worm-surface-like microstructures. The tensile distance and 
force were recorded during the experiment, with the results of 
both the cyclic loading and unloading tests presented in Fig. 
4b1)-b2), respectively. It can be seen from the results of the 
cyclic loading test that the degree of hysteresis increases 
significantly after the strain of viscoelastic fiber is beyond 300% 
and the viscoelastic fiber is broken at strain between 500% and 
600%. Therefore, the maximum measurement strain of the 
proposed high-stretchable strain sensor does not exceed 600%. 
Furthermore, it has been observed from the results of the cyclic 
unloading test that the hysteresis of the viscoelastic fiber 
decreases significantly after large deformation, which is 
attributed to a weakening in stress relaxation of the viscoelastic 
material after its initial stretch to maximum capacity. In order 
to minimize the effect of stress relaxation, cyclic unloading 
tests were performed on the designed sensors without 
microstructures for comparison, and the results are illustrated 
in Fig. 4b3). It can be seen that under the same-level strain, the 
presented sensor design with worm-surface-like 
microstructures needs less stress. Therefore, the worm-surface-
like microstructures can increase the sensor flexibility and 
reduce its impact on the motion of the object being measured. 
2) Characterization of Electrical Performances for the 
Proposed Strain Sensor 

To explore the proposed high-stretchable strain sensor's 
electrical performances, the worm-surface-like microstructures 
sensor was subjected to a cyclic loading and unloading test 
within the strain range of 0-500%. Each loading loop during 
these tests was repeated five times. The results of the first 
loading loop among the five loading loops at each strain are 
represented in dark colors, while the remaining four loading 
loops are represented in light colors. The results of cyclic 
loading and unloading tests are summarized in Fig. 4c1)-c2), 
respectively. The sensitivity of this sensor varies at different 
strains and increases as the strain increases (up to 206.6 for GF), 
so this sensor is more advantageous in high-strain situations. 
The relative resistance change value (ΔR/R0) of the proposed 

high-stretchable strain sensor has a significant hysteresis during 
the first loading because of the characteristic of stress relaxation. 
This hysteresis is mitigated after the first loading to the 
maximum strain level, and this sensor performance tends to 
stabilize. 

To validate the enhanced strain sensitivity and measurement 
range offered by the worm-surface-like microstructures, the 
tensile experiments were conducted on the proposed strain 
sensors without the worm-surface-like microstructures made 
from viscoelastic fibers. The relative resistance change value 
with strain was recorded from 0% to 500% with 100% as the 
strain step size, as shown in Fig. 4c3). The hysteresis of the 
sensor without microstructures is more significant than that of 
the sensor with microstructures, and the sensor fails when the 
strain exceeds 400%. The sensor without microstructures 
reaches the maximum strain measurement of 400% strain, with 
a GF ranging from 5.27 to 26.19. On the other hand, the sensor 
with microstructures achieves the maximum strain 
measurement in the range of 500% to 600% strain, with a GF 
ranging from 7.40 to 206.60. Thus, it is evident that the sensor 
with worm-surface-like microstructures exhibits a wider 
measurement range and higher sensitivity under large 
deformation.  

To explore the effect of speed on the electrical performances 
of the proposed high-stretchable strain sensor, the sensor was 
driven to the strain range of 300% at 2 mm/s, 5 mm/s, 10 mm/s, 
20 mm/s, 40 mm/s, 80 mm/s, 100 mm/s, and 120 mm/s, and the 
tensile processes were repeated five times at each level of speed, 
as shown in Fig. 5. At the driving speed of 2 mm/s, the relative 
resistance change is 52.64, and the relative resistance change 
increases with the driving speed. Until the driving speed was 40 
mm/s, the relative resistance change increased to 74.55. After 
that, the relative resistance change did not vary significantly 
and remained stable at around 76 as the driving speed increased 
to 120 mm/s. This lower relative resistance change at low-
velocity driving is attributed to the stress relaxation of the 
viscoelastic fiber. The stress relaxation reduces the local strain 
on their surface and increases the density of CB powder on their 
surface, reducing the relative resistance change. Conversely, 
under lower driving speed conditions, insufficient stress 
relaxation time has little effect on relative resistance change. 
The proposed high-stretchable strain sensor achieves optimal 
sensitivity when driven at a minimum speed of 40 mm/s. 

 

 
 

Fig. 5.  Relative resistance change under different driving speed. 
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3) Influences of Different Conductive Materials on the 
Proposed Strain Sensor 

To explore the influences of conductive materials on the 
performances of the proposed strain sensor, some other carbon-
based materials (Multi-Walled Carbon Nanotubes and 
Multilayer Graphene) were utilized as conductive materials for 
sensor fabrication. Subsequent tensile experiments were 
conducted on these sensors. Both samples were subjected to the  
cyclic unloading test. The measurement range of Multi-Walled 
Carbon Nanotubes (MWCNTs) samples is from 0% to 400% 
strain. The curve for MWCNTs (Fig. 6a)) is more linear at a 
low strain range, but this curve's linearity decreases as the strain 
range increases. The sensitivity of sensors made from 
MWCNTs is higher than that of sensors made from CB (up to 
206.6 for GF), with a maximum value of 673.1 for GF. The 
strain measurement range of the Multilayer Graphene (MLG) 
samples was less than 300%. Moreover, the relative resistance 
changes slowly rise after reaching the strain level of about 
260%. The curve (Fig. 6b)) shows that the sensitivity of this 
sensor made of MLG increases with increasing strain (the 
maximum value of GF is 782.6). 

 To compare the hysteresis performances of the proposed 
sensors made of different conductive materials, the index 𝛾ு [1] 
was applied to evaluate the hysteresis performances, as defined 
by Equation (2): 𝛾ு ൌ േ ଵଶ ⋅ Δுౣ౗౮ఊಷೄ                           (2) 
where Δ𝐻୫ୟ୶ denotes the maximum resistance difference 
between cyclic loading and unloading at the same strain level 
and 𝛾ிௌ  denotes the resistance at full scale. The hysteresis 
performance results are summarized and compared in Table I. 
The hysteresis performances of sensors made from CB exhibit 
relatively stable behavior (3.02%-3.72%), with higher 
hysteresis under significant deformations compared with more 
minor deformations. Conversely, sensors fabricated from 
MWCNTs display lower hysteresis (3.24%) under larger 
deformations but higher hysteresis (5.82%) under smaller 
deformations. On the other hand, sensors made from MLG 
demonstrate the highest hysteresis(15.65%) under significant 
deformations compared to the other two groups of sensors. 

The comparison between the measurement range and strain 
sensitivity of the proposed high-stretchable strain sensors made 
from the three carbon-based materials has been summarized 

and shown in Fig. 6c). The sensor's data signal made by CB 
material is stable and has an extensive measurement range with 
moderate sensitivity. The sensor made of MWCNTs has a 
moderate measurement range and sensitivity. The sensor made 
from MLG achieves the highest sensitivity, but the signal 
fluctuation is significant, and the measurement range is 
relatively limited. Therefore, this sensor made from MLG is 
more suitable for applications under low-strain usage 
conditions. 

 
B. Curvature Radius Estimation for the Soft Pneumatic 
Gripper 

1) Experimental Setup for the Curvature Radius Estimation 

In order to verify the application potential of the proposed 
strain sensor in shape estimation for soft robots, a pneumatic 
soft gripper was designed and utilized for curvature radius 
estimation. The detailed experimental setup has been illustrated 
in Fig. 7. The hardware configuration comprises a PC, a 
microcontroller, a linear stage with a step motor, an air cylinder,   
an air pressure sensor, an LCR meter, a customized soft 
pneumatic gripper, and the prototyped sensor. The 
microcontroller (Arduino UNO) reads signals from the PC and 
controls the step motor. The step motor runs at 20 Hz to actuate 
the air cylinder (inner diameter =25 mm, length =150 mm) via 
the linear stage to drive the soft pneumatic gripper to bend. The 
air pressure sensor (PCM380, Suzhou Xuansheng Instrument 
Technology Ltd., Suzhou, CN) with a sensing accuracy of 10 
Pa and an update rate of 20 Hz is employed to provide internal 
pressure data. The proposed strain sensor has been integrated 
into the outside surface of the soft pneumatic gripper to achieve 
curvature perception at different bending angles. Based on the 
assumption of constant curvature, more significant strain can be 
measured on the outside surface of the soft pneumatic gripper 

Fig. 6.  Results of electrical performance tests and comparative analysis for sensors made with other carbon-based materials. a)  Electrical 
performances of the sensor made of MWCNTs; b)  Electrical performances of the sensor made of MLG; c) Comparison of performances
characterization results of three sensors. 

TABLE I 
HYSTERESIS PERFORMANCES OF SENSORS MADE OF DIFFERENT 

CONDUCTIVE MATERIALS UNDER DIFFERENT STRAINS 

Strain CB MWCNTs MLG 

100% 3.32% 5.82% 6.66% 
200% 3.72% 6.12% 2.99% 
300% 3.02% 3.12% 15.65% 
400% 3.08% 3.24% / 
500% 3.44% / / 
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under the same morphology. Thus, arranging sensors on the 
outside surface of the soft pneumatic gripper can improve the 
measurement resolution and make the experimental results 
more accurate. On the other hand, the utilized soft pneumatic 
gripper needs to interact with the captured objects through the 

inside surface. Therefore, the integration of the sensor on the 
outside surface of the soft pneumatic gripper does not affect its 
interaction with the captured objects. Subsequently, this strain 
sensor is connected to the LCR meter via two copper wires to 
measure its resistance during the gripper deflection. 

 
Fig. 7.  Experimental setup for curvature estimation by a soft pneumatic gripper integrated with the proposed high-stretchable strain sensor. 

 
Fig. 8.  a) Experimental illustration for grasping experiments; b) Calibration between the proposed sensor’s relative resistance change and curvature
radius. 

 
Fig. 9.  Results of curvature radius estimation for the soft pneumatic gripper in grasping experiments. a) The process for grasping columnar jars with
unknown diameter by a soft pneumatic gripper equipped with the proposed sensor on the outside surface; b) The process for grasping common 
items in life; c) Results of grasping experiments. 

TABLE II  
MEASUREMENT RESULTS AND ERRORS OF THE GRASPING EXPERIMENTS 

Parameter 
Columnar jars Common items in life 

Lutein 
jars 

Alcohol 
bottle 

Ecoflex-
10 jars 

Glucose 
jars 

Banister Egg Orange Arm 

Real curvature radius (mm) 27.70 30.34 36.52 50.17 18.22 20.39 34.19 30.45 
Relative resistance (ΔR/R0) 21.09 20.91 18.09 13.47 25.18 24.64 18.06 19.95 

Estimated curvature radius (mm) 28.69 29.04 36.83 49.59 17.34 18.84 36.11 31.86 
Relative error 3.57% 4.28% 0.85% 1.16% 4.83% 7.60% 5.62% 4.63% 

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and 



9  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

2) Calibration of the Proposed Strain Sensor for Curvature 
Radius Estimation 

Grasping experiments were performed to calibrate the 
proposed high-stretchable strain sensor and characterized, as 
shown in Fig. 8a). This sensor was calibrated with 5 discs of 
known curvature radius (25 mm, 40 mm, 55 mm, 70 mm, 
75mm). When the soft pneumatic gripper bent to fit the outside 
surface of the measured objects, the corresponding resistance 
change values of the proposed strain sensor were recorded. The 
loading-unloading grasping experiments have been conducted, 
and the peak values in the variation curves are utilized to 
represent the different curvature radii of grasped objects. The 
relationship between the curvature radius of discs and the 
relative resistance change has been determined based on such 
grasping experiments for calibration. As illustrated in Fig. 8b), 
the blue points and their connecting lines represent the 
calibration results, while the red line denotes the fitting results 
for the calibrated data by simple linear regression. It can be 
found that the proposed strain sensor achieves an excellent 
linearity of 99.70% for the curvature radius estimation. 
3) Curvature Radius Estimation for the Soft Pneumatic Gripper 
in Grasping Experiments 

To further validate the curvature radius estimation capacity 
and accuracy, another four columnar jars of unknown curvature 
radius with different sizes, along with everyday items in life 
such as a railing, an egg, an orange, and a human arm, have 
been utilized in the grasping experiments. The grasping process 
of the soft pneumatic gripper is shown in Fig. 9a)-b), while the 
corresponding results are presented and summarized along with 
their errors in Fig. 9c) and Table II. The results show that the 
relative error in curvature estimation for regular columnar jars 
(average error of 2.47%) is smaller than the relative error in 
curvature estimation for common items in life (average error of 

5.67%). This is attributed to surface softness, uneven curvature, 
or tiny curvature radius in common items in life. The error in 
grasping experiments is significantly reduced compared with 
the estimation of curvature radius in free space, as the soft 
pneumatics gripper's constant curvature performance can be 
enhanced by conforming it to the surface of the object being 
grasped. Such results demonstrate the potential of the soft 
pneumatic gripper integrated with the proposed strain sensor for 
curvature estimation of objects through grasping experiments. 

C. Discussion 

The comparison of the performances between this work and 
other existing strain sensors [10, 15-17, 34-36, 41-44] has been 
summarized in Table III. Due to the limited tensile properties 
of glass materials, the measurement range and sensitivity of 
optical fiber sensors are typically low. Capacitive sensors 
improve the measurement range to some extent, but their 
sensitivity is still low when measuring tensile strain. For 
resistive sensors, most flexible resistive strain sensors 
encounter challenges in achieving a balance between sensitivity 
and measurement range. The reference in [42] achieves a GF of 
more than 5000, but the measurement range of only 20%. In 
contrast, the reference in [10] demonstrates the measurement 
range of 400%, but the GF is as low as 0.5-1. The proposed 
high-stretchable strain sensor in this paper achieves a maximum 
GF of 782.6 at a strain measurement range of 300% (for the 
sensor made of MLG) and a maximum GF of 206.6 at a strain 
measurement range of 500% (for the sensor made of CB) while 
taking into account both the measurement range and sensitivity. 
The proposed high-stretchable strain sensor exhibits greater 
sensitivity under large deformations, rendering its high 
sensitivity more effectively utilized without interfering with the 
motion of the soft pneumatic gripper when mounted on its 

TABLE Ⅲ  
COMPARISON OF THE PERFORMANCES BETWEEN THIS WORK AND OTHER STRAIN SENSORS 

Method 
GF Strain Integrated object Ref. Sensing 

transducers Key materials 

Optical Fiber Bragg 
Grating 0.02 ＜2.5% Soft pneumatic 

gripper Hao et al. [41] 

Capacitive 

Shieldex M-130 
 + Ecoflex 1.23 100% Glove Atalay et al. [17] 

CNTa)+PDMSb) 1 100% Glove Le et al. [16] 
Poly-aniline 2 20% Glove Kollosche et al. [15] 

Resistive 

CNT+ Dragonskin 0.5-1 400% Soft pneumatic 
gripper Liu et al. [10] 

Silver nanoink+ 
silicone ＞5000 ＞20% Glove Yeo et al. [42] 

Silver ink+ TPUc) 7 2% Soft robot Koivikko et al. [34] 

PLAd)+ CNT 1342 <20% Soft pneumatic 
gripper Mousavi et al. [36] 

CB+ Ecoflex 1.62-3.37 500% Glove Jun et al. [35] 
Dielectric 

photopolymer ~ 35 0.2% Soft robot Shih et al. [43] 

Ecoflex+ 
Dragonskin+ 

Metallic inlets 
~0.7–1 300% Soft robot Koivikko et al. [44] 

MLG/MWCNTs/
CB+ Ecoflex 

782.6 
(MLG) 
673.1 

(MWCNTs) 
206.6 (CB) 

< 300% 
(MLG) 
400% 

(MWCNTs) 
500% (CB) 

Soft pneumatic 
gripper This paper 

a) Carbon Nanotube; b) Polydimethylsiloxane; c) Thermoplastic Polyurethane; d) Polylactic acid. 
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outside surface. Additionally, the designed microstructures 
yield enhanced flexibility upon the sensor and minimize its 
impacts on the motion of the soft pneumatic gripper during 
experimentation. The results of curvature estimation in the soft 
pneumatic gripper by the proposed high-stretchable strain 
sensor demonstrate its feasibility for shape sensing in soft 
robots.  

The proposed sensor offers advantages in terms of a simple 
manufacturing method, low cost, and easy integration while 
demonstrating a wide measurement range and high sensitivity 
performances. However, simple manufacturing methods are 
insufficient for achieving process standardization, and manual 
operations may lead to unpredictable effects on sensor 
performances. Therefore, it is essential to select sensors from 
the same processing batch for performance characterization and 
curvature estimation experiments in order to mitigate the 
impact of manual manufacturing errors. Furthermore, the 
microstructure parameters can be further adjusted by other 
high-precision 3D-printing technologies (e.g. projection micro 
stereolithography) to customize the sensitivity and 
measurement range of the designed sensor to adapt to different 
application scenarios [45].  

IV. CONCLUSIONS 
This work proposes a novel high-stretchable strain sensor 

that mainly consists of a viscoelastic fiber with worm-surface-
like microstructures and an outer conductive layer made of CB. 
The presented strain sensor achieves a wide range of 
measurements and a relatively high sensitivity due to the 
adoption of the designed microstructures. The microstructures 
on the sensor's surface are fabricated via a customized 3D-
printing mold, which is a cost-effective and straightforward 
method. The introduction of the microstructures augments the 
surface area of viscoelastic fibers and enhances surface 
adhesion, thereby improving the sensitivity and the stability of 
circuit connection in the extremely stretched state. Furthermore, 
the microstructures lead to an enhancement of the fibers' 
stretchability and a notable extension of the sensor's 
measurement range. The electrical and mechanical 
performances of the proposed high-stretchable strain sensors 
have been characterized by cyclic loading and unloading 
experiments. The experimental results demonstrated high 
sensitivity and a wide measurement range of the proposed strain 
sensor. Besides, this presented strain sensor has been integrated 
with the soft pneumatic gripper to estimate the curvature radius 
of the grasped objects, validating the effectiveness of the 
proposed strain sensor for curvature estimation of a soft gripper. 
In future work, multi-modal sensing information and neural 
network algorithms will be introduced to realize accurate 
perception of complex and non-constant curvature properties of 
soft robots [41, 46]. Moreover, the closed-loop control method 
incorporating feedback from curvature information will be 
further investigated. In addition, the contact force sensor based 
on fiber Bragg grating (FBG) sensing technology will be 
integrated into the inside surface of the soft pneumatic gripper 
to realize the contact force detection during the interaction 
process [47, 48]. 
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