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A B S T R A C T   

Dielectric elastomer actuators, owing to their fully electrical control and silent operation, are becoming 
increasingly popular for the development of terrestrial and underwater mobile robots with versatile locomotion 
capabilities. It is essential to embed the ability to sense their state and external interactions in these robots to 
facilitate the development of future autonomous capabilities. However, sensorizing dielectric elastomer actuators 
for untethered robotic applications is challenging due to their use of high voltage and the nonlinear mechanics of 
the elastomers utilized in them. To address this challenge, we developed a novel technique based on embedded 
piezoresistive sensing and high voltage feedback to simultaneously estimate the actuator displacement and 
external force in a fully untethered actuator driven by a miniature low-cost voltage amplifier. A data-driven 
regression model has been developed to accurately estimate force and displacement from the measured data. 
Validation tests conducted on three actuators demonstrate promising results. We achieve RMSE values as low as 
29.736 mN for force estimation and 0.023 mm for displacement estimation in the zero-voltage condition, where 
the actuator is subjected to a triangular wave with a mechanical frequency of 0.1 Hz and an amplitude of 3 mm. 
Additionally, we have realized fully untethered operation by employing a power source, small-size voltage 
amplifier, microcontroller, and wireless connectivity module embedded in a compact form-factor. This work 
presents a significant advancement in soft robotics, offering a reliable and cost-effective solution for future 
autonomous robotic systems based on high-voltage dielectric elastomer actuators.   

1. Introduction 

Dielectric elastomer actuators (DEAs) have gained significant 
popularity due to their unique capabilities and potential applications in 
soft robotics [1]. DEAs exhibit high actuation strain above 100%, 
allowing large-scale deformations for soft robotic systems [2,3]. They 
also possess fast response times achieving actuation frequencies in the 
kilohertz range making them suitable for dynamic applications [4]. The 
soft and compliant nature of DEAs allows for safe and comfortable 
physical interactions with humans making them ideal for biomedical 
devices and prosthetics [5]. Additionally, DEAs are scalable and easily 
manufacturable through various techniques enabling mass production 
and customization [6]. Their low power consumption, especially during 
static actuation enhances energy efficiency in robotics and autonomous 
systems. 

Having these beneficial features, DEAs have emerged as an impor
tant contender for the development of soft robots across a wide range of 
applications. Some of the notable applications based on DEAs are a three 

fingered gripper made of dielectric elastomer minimum energy structure 
(DEMES) [7], a six-legged walking robot made of spring-rolled DEAs [8], 
annelid-inspired earthworm robot [9], a caterpillar-inspired crawling 
robot [10], a jellyfish-inspired underwater robot [11], a fishlike airship 
robot [12], a pipeline inspection robot [13], flapping-wing robots [14], 
soft tuneable lens [15], soft printable hexapod robot [16], etc. These 
robots need a high voltage (several thousands of volts) power supply, 
making the system bulky and difficult for untethered operation. Most 
soft robots using pneumatic or hydraulic power also require a tethered 
connection to external power supply and control systems, which is a 
limitation for the robotic systems in rescue operations, underwater 
deep-sea exploration, and monitoring of environmental conditions 
[17–19]. To overcome this challenge, onboard electronic control for 
untethered operation is essential and will open new horizons for soft 
robotic applications. 

Some recent attempts have been made to develop untethered robots 
[20,21]. Li et al. developed a fast-moving soft electronic fish with a fully 
integrated power supply and control unit [22]. The untethered 
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operation was demonstrated at depths over 3000 m making it possible to 
explore deep-sea environments for the first time with a soft robot [23]. 
Cao et al. developed an untethered soft crawling robot, combining DEA 
and the electrostatic actuation principle [24]. They have used small 
batteries, portable amplifiers, and wireless communication modules to 
perform untethered operations. However, none of the untethered robots 
in literature driven by dielectric elastomer actuators have embedded 
sensing capability. An integrated sensing technique that does not add 
significant hardware requirements for instrumentation, is easy to inte
grate, and compatible with the actuation methods is desirable for the 
development of future autonomous soft robots driven by dielectric 
elastomer actuators. 

Several self-sensing methods have been proposed in the literature; 
however, they are unsuitable for untethered operations. A self-sensing 
DEA based on the capacitance measurement of the DE actuator was an 
attempt made by Jung et al. in 2008 [25]. Here, two input signals of 
various frequencies were combined; the high-frequency signal was uti
lized for sensing and quantifying displacement, while the low-frequency 
signal was used for actuation. By delivering an arbitrary voltage for a 
brief length of time, Gisby et al. devised a self-sensing method to mea
sure capacitance [26]. According to the authors, DEA’s dynamic 
behaviour could be examined using the suggested technique. A 
self-sensing method based on artificial neural networks has been pre
sented in [27], where the actuator displacement was calculated based on 
the system’s change in impedance. Researchers devised an online esti
mation approach for DE actuator position sensing [28,29]. While many 
researchers have attempted to devise self-sensing techniques, most of 
their efforts have been limited to calculating electrical factors like 
resistance and capacitance to foretell membrane deformation. Zhang 
et al. developed a novel self-sensing mechanism to detect actuation force 
in dielectric elastomer actuators [30]. In 2018, Rizzello et al. developed 
a method to sense force and displacement simultaneously [31]. In this 
work, the researchers employ the capacitive sensing technique, intro
ducing low-amplitude high-frequency sensing signals into the actuator 
alongside the input signal. The amplitude of the current at specific fre
quencies is used to estimate the capacitance and hence the deformation 
of the actuator. Force estimation is done by the force estimator using 
voltage and the capacitance measured by a recursive least square (RLS) 
block. This technique requires a large bandwidth high voltage amplifier 
to program a precise sensing signal. Such amplifiers are heavy and large 
making them unsuitable for small-scale or untethered robotic 
applications. 

Several studies also explored the integration of passive sensing ele
ments into dielectric elastomer actuators for the purpose of embedding 
sensing abilities. O-Brien et al. utilised piezoresistive behaviour of loose- 
carbon-powder particles to develop a dielectric elastomer actuator with 
extension sensing and demonstrated qualitative matching with the 
actual extension [32]. Rosenthal et al. proposed the various sensing 
modalities available in dielectric elastomer actuators and proposed 
techniques for measuring electrode resistance and the capacitance of the 
actuator [33]. More recently, Fasolt et al. studied the effect of 
screen-printing techniques on the resistance of the electrode and sug
gested its applicability to sensorizing dielectric elastomer actuators. A 
study on integrated electroactuators and sensors have shown that pas
sive capacitive sensors used in conjunction with high voltage electro
actuators are susceptible to electromagnetic interference and proximity 
effects, and hence require shielding [34]. Although these studies offer 
valuable inferences for integrated dielectric elastomer actuator-sensor 
systems, a compact and fully untethered dielectric elastomer actuator 
with integrated force and displacement sensing has not been furnished 
in the literature. 

In this work, we have developed a fully untethered soft dielectric 
elastomer actuator with simultaneous force and displacement mea
surement capability. We propose an integrated-sensing method that 
utilises resistance measurements from a piezoresistive sensing track 
embedded on the elastomer that encodes multi-directional membrane 

deformation and high voltage feedback to predict the actuator 
displacement and externally applied force online. Further, we realize 
fully integrated untethered soft DEA with wireless communication and 
microcontroller that can input voltage inputs to the actuator and 
transmit the force and displacement data. This is one of the first ap
proaches for fully untethered integrated-sensing capability in dielectric 
elastomer actuators which can help pave way for modular dielectric 
elastomer robots and autonomous operations. 

The rest of the paper is organized as follows; Section 2 describes the 
materials and methods; Section 3 is dedicated to integrated-sensing 
model development. The experimental results and development of the 
untethered actuator are discussed in Section 4, and the paper is 
concluded in Section 5. 

2. Materials and methods 

2.1. Actuator design 

The proposed actuator consists of a pre-stretched elastomer mem
brane affixed between an inner circular frame and an outer annular 
frame with a spring lodged between the two to provide an axial preload. 
An illustration of the developed integrated-sensing actuator with the 
main components is shown in Fig. 1(A). The outer frame is fabricated by 
laser cutting an acrylic sheet of 3 mm thickness. The inner diameter of 
the outer frame is 90 mm. The base, base cover, and inner frames are 
fabricated by 3D printing using PLA. The outer diameter of the inner 
frame is 30 mm. The overall size of the proposed actuator including the 
base cover is 150 mm × 150 mm × 61 mm. Fig. 1(B) shows the exploded 
view of different layers used for actuator fabrication. Commercially 
available silicone rubber, Ecoflex™ 00–30, is used as the dielectric 
elastomer material. Carbon grease 846 from MG chemicals, is used as 
electrode material for two purposes, actuation electrodes and a resistive 
sensing track, but with different application methods. Aluminium foil 
tape is used on top of the inner frame upper, as a connector between two 
segmented sensor tracks. The detailed fabrication procedure will be 
discussed later. Fig. 1(C) shows an image of the integrated-sensing 
actuator prototype along with various terminals for supplying high 
voltage to the actuator and measuring feedback voltage and resistance 
from the sensor track. The positive terminal of the high-voltage supply is 
connected to the bottom layer of the actuator, and the negative terminal 
is connected to the top layer of the electrode. To make this actuator fully 
untethered, all the necessary electronic components have been mounted 
onboard as shown in Fig. 1(D). Arduino Nano has been used as a mi
crocontroller, 9 V Li-ion rechargeable battery is used as power supply, 
EMCO A60P-5 ultra-miniature DC-High Voltage DC converter with 
output voltage range 0–6000 V is used for high voltage generation. The 
high-voltage DC converter used as an amplifier has a maximum output 
current of 0.16 mA and a low voltage slew rate, limiting its application 
in high-frequency operations. However, due to its small size, it is well- 
suited for untethered applications. Finally, an HC-05 Bluetooth mod
ule is used for communicating signals between the actuator and remote 
computer. 

2.2. Actuator fabrication 

We first fabricate the elastomer membrane that makes up the actu
ator. Part-A and part-B of Ecoflex™ 00–30 are mixed in equal ratio by 
weight/volume. For better removal of air bubbles and to reduce the 
mixture’s viscosity, a thinner solution (Smooth-On Silicone Thinner ™) 
is added, which is 10% of the Part-A and Part-B mixture by weight. The 
final pre-cure mixture is degassed in a vacuum chamber. The pre-cure 
mixture is poured into a PVC mould of 100 mm inner diameter and 
0.9 mm height and left to cure for four hours at room temperature. For 
ease of membrane removal from the mould, a thin layer of lubricating oil 
is sprayed into the mould before pouring the mixture. After curing, the 
membrane is removed from the mould for further assembly into the 
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actuator. 
The fabricated membrane is equi-biaxially pre-stretched to a pre

scribed radial pre-stretch and is affixed onto the outer frame as shown in  
Fig. 2(A). Prestretching improves electromechanical stability and elec
trical breakdown strength of the membrane. The effect of prestretch on 
conical actuator design was investigated in [35]. Several pre-stretch 
ratios have been tested, and finally, a prestretch ratio of 1.5 is fixed 
for the proposed actuator. This choice was made by the attainment of a 
linear actuation of 7.28%, a result closely aligned with existing litera
ture [36,37]. The centre of the membrane is marked, and two circular 
inner frames (inner frame upper and inner frame lower) are firmly 
attached to the centre of the membrane from the top and bottom using a 
nuts and bolts as shown in Fig. 2(B). The smearing of the actuation 

electrodes on both top and bottom layers is shown in Fig. 2(C). In this 
fabrication step, each electrode is segmented into two equal haves and is 
painted on both sides of the membrane with the help of a painting brush. 
An arc of 30 degrees about the centre is left uncoated for coating the 
sensor track. Carbon grease is used as a compliant electrode material. 
Carbon grease is a conductive lubricant made of high-purity silicone oil 
loaded with carbon black particles. In the uncoated region, masking tape 
is attached to the membrane to produce a track of uniform width of 
about 4 mm. With the help of a painting brush of a width of 4 mm, a 
sensor track is smeared using carbon grease. Fig. 2(D) shows the image 
after coating the senor track. We have used carbon grease as a sensor 
material due to its advantages over other materials. They are light
weight, stretchable, and easily integrated into various shapes and sizes. 

Fig. 1. Integrated-sensing actuator. (A) Complete illustration of proposed integrated-sensing actuator showing all the major components. (B) Exploded view of 
different layers of actuator construction. (C) Shows the actuator prototype with different terminals used to apply voltage and measure feedback voltage and 
resistance. (D) Base cover with various electronic components used for untethered operation. 

Fig. 2. Actuator fabrication steps from membrane attachment to final assembly. (A) The attachment of pre-stretched elastomer membrane onto the outer frame. (B) 
Inner frame attachment at the canter of the membrane using hexagon nut (M3) and bolt (M3 *12 mm). Attaching aluminium foil tape on the top of the inner frame 
upper for connecting two sensor tracks segmented by the inner frame. (C) Coating of top and bottom electrodes with Carbon grease (846–80 G) from MG chemicals 
keeping about 30 degrees as an uncoated region for coating the sensor track. (D) Coating of sensor track using Carbon grease (846–80 G) from MG chemicals. (E) The 
attachment of the compression spring as a preloading mechanism to the base of the actuator with hot melt glue. (F) Final assembly of the actuator with base cover 
including all the electronics components attached onboard using six nuts (M3) and bolts M3 * 12 mm). 
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When pre-stretched, they are highly sensitive to further changes in 
membrane strain. Moreover, they are cost-effective and can be applied 
using simple fabrication techniques. However, one of the main chal
lenges in developing dielectric elastomer carbon grease sensors is the 
sensor’s stability and durability. The carbon grease layer can degrade 
over time due to environmental factors such as humidity and tempera
ture, which can affect the accuracy and reliability of the sensor. In [38], 
a thin layer of EcoflexTM 00–30 was coated on top of carbon grease 
electrodes to prevent deterioration of sensor performance over time. In 
this work, we employed this technique and coated a thin layer (average 
thickness of 162 µm) of EcoflexTM 00–30 (mixture of part-A and part-B). 
This elastomer coating prevents evaporation of the solvent and reduces 
the mechanical changes in the carbon grease coating thereby improving 
sensor stability over time. This layer covers only 4.24% area of the 
membrane’s total area and has a negligible effect on overall DE force 
characteristics. The carbon grease-based sensor also exhibits hysteresis 
when subjected to cyclic strain. The actuator was subjected to a 
compressive strain of 3 mm by displacing the actuator tip at the rate of 
0.6 mm/s. The hysteresis behaviour of the sensor track is shown in Fig. 3 
with the actuator displacement shown on the x-axis and the resistance of 
the piezoresistive track shown on the y-axis. The maximum hysteresis 
error in the range of compression is 15.17%. For the actual integrated 
sensing actuator, this process is conducted after the final assembly as 
shown in Fig. 2(F). Parallel to the process mentioned in Fig. 2(D), a 
compression spring with stiffness (0.206 N/mm) is attached to the base 
of the actuator with the help of hot melt glue as shown in Fig. 2(E). After 
preloading with the biasing spring, the extra carbon grease deposited on 
the track was removed with the help of masking tape. While removing 
extra deposition from the sensor track, a multimeter was connected 
across the terminals of the sensor track to measure the resistance of the 
sensor track to maintain the initial resistance in the range of 3–4 MΩ. 
This range was determined based on trial and error. Experimental trials 
showed that a lower initial resistance rendered the sensor track less 
sensitive, while a higher initial resistance made it extremely sensitive 
and unstable in the higher resistance range. In addition, maintaining a 
specific initial resistance range allowed us to reuse the same electronic 
circuitry for readout without having to redesign the electronic circuitry 
each time a new prototype is fabricated. This is an essential step for 
obtaining the desired sensitivity of the sensor track. Finally, the 
assembled actuator is fastened with nuts (M3) and bolts (M3 *12 mm) 
including all the electronic components mounted to the base cover. 

2.3. Sensing mechanism 

Simultaneous estimation of both displacement and force involves 
understanding the deformation characteristics of the sensor track and 
the corresponding changes in its resistance. However, the deformation 
characteristics of the sensor track are complex and depend on the 
applied voltage, the free and blocked condition, displacement range, etc. 

In this section, we discuss the mechanism of sensing and the various 
physical scenarios relevant to sensing. In this research, a single piezor
esistive track made of carbon grease is embedded in the elastomer 
membrane to impart sensing ability. When voltage is applied across the 
actuation electrodes of the actuator, Maxwell stresses are generated in 
the areal direction. The axial force generated by a biasing mechanism 
(compression spring) pushes the inner central disc out of the plane and 
creates a conical shape, resulting in the transformation of the areal 
expansion of the elastomer to vertical axial expansion. 

A key aspect of sensing is to relate the resistance change of the 
actuator to the actuation strain. However, due to the design of the 
actuator, the relation between the sensor resistance and the displace
ment is non-linear and the effect of applied voltage and displacement on 
the sensor resistance needs to be understood properly. Upon voltage 
application, different noticeable phenomena are observed during the 
experiment. The experiments can be categorized into two different 
cases. One is the free actuation condition when the actuator does not 
encounter any external force from the environment resisting its exten
sion. The second one is the blocking condition when it is restricted in a 
specific position and the actuator tip cannot move in the vertical 
direction. 

In the condition of free actuation, the impact of actuation on the 
resistance of the sensor track is complex due to the interplay between 
axial and circumferential strains. At low actuation voltage (0–3 kV), the 
circumferential expansion is dominant over axial expansion; The active 
region of the actuator expands in the circumferential direction thereby 
compressing the resistive track circumferentially (in the radial direc
tion). Due to the increase in the areal density of conductive particles, the 
resistance decreases. That is why a gradual decrease in resistances is 
observed with an increase in voltage. In the mid-voltage range 
(3.5–5.5 kV), the axial strain begins to increase counteracting the 
decrease in resistance due to the circumferential compression of the 
sensor track. Due to this, although the resistance decreases with 
increasing voltage, the change is less steep. Above 5.5 kV, with the in
crease of actuation strain, the axial strain becomes dominant, and an 
increasing trend in resistances is observed. In the blocking condition, the 
application of voltages results in a decreasing trend in the sensor’s 
resistance. This is because, in the blocking state, the effect of vertical 
expansion is absent, as it is fixed at a particular position. Consequently, 
the active region of the actuator expands in the circumferential direction 
thereby compressing the resistive track circumferentially (in the radial 
direction). Due to the increase in the areal density of conductive parti
cles, the resistance decreases. The complete experimental characteriza
tion for both free actuation and isometric force conditions are shown in 
Fig. 6 and Fig. 7. The angle of the uncoated region has a significant 
impact on the physical phenomenon mentioned above. Too high an 
angle of the uncoated region is unsuitable for actuation performance as 
it reduces the effective active zone of the actuator. Too low an angle 
makes the circumferential expansion on the track dominant making it 
less sensitive to the axial expansion. An optimum angle (30 degrees in 
this proposed design) of the uncoated region is conducive for the 
development of a clear pattern in resistance change upon voltage 
application. 

The selection of appropriate material for the sensor track is impor
tant as the material simultaneously needs to be sensitive and compliant 
with the elastomer material as well as be robust for a large number of 
actuation cycles. We also tested a commercial conductive fluoroelas
tomer, Electrodag® 502, as the sensor material. It has good sensitivity 
with a wide range of resistance change due to strain which is useful for 
sensing. However, the stretchability of cured Electrodag® 502 is limited 
and the sensor track develops cracks upon repeated expansion. The 
sensitivity continues to increase, making this material unreliable for the 
resistive track. Coating a layer of Ecoflex™ 00–30 as a protective layer 
on top of the Electrodag® 502 causes the resistive track loses its con
ductivity entirely because the Ecoflex layers trapped inside the cracks 
act as an insulating medium. This indicates that the choice of stretchable 

Fig. 3. Hysteresis exhibited by carbon grease sensor during one strain cycle 
actuated at a 0.1 Hz cyclic frequency. 
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conductor for the development of the embedded sensing capability is 
important for performance and reliability. 

3. Data-driven integrated-sensing model 

We adopt a data-driven approach to develop an integrated-sensing 
model to simultaneously estimate force and displacement from the 
voltage and resistance data. A data-driven regression model is a statis
tical method that utilizes past observations or experiments to establish 
relationships between input variables or factors and predict numerical 
values based on them. The concept is initialized because the displace
ment and force generated by a dielectric elastomer actuator are related 
to the applied voltage. In Fig. 4, the block diagram represents the gen
eral architecture of the simultaneous integrated-sensing algorithm. 
When voltage is applied to the actuator, it actuates and a corresponding 
change in resistance in the embedded sensor is observed. Measuring 
these resistance changes along with the feedback voltages, data-driven 
force and displacement prediction models are developed. We represent 
the predicted force Fpredicted and predicted displacement dpredicted, by the 
following equations: 

Fpredicted = f
(
R,Vfb

)
(1)  

dpredicted = f
(
Fpredicted,R,Vfb

)
(2)  

where, R is resistance and Vfb is feedback voltage. Feedback voltage is 
the voltage across the two electrodes of the actuator measured utilizing a 
voltage-divider circuit. 

3.1. Gaussian process regression (GPR) 

Gaussian process regression is a non-parametric Bayesian approach 
to regression analysis that uses a Gaussian process to model the rela
tionship between input variables and output variables. The model as
sumes that the output variable is a function of the input variable with 
some random noise. This function is modelled as a distribution over 
functions, where its mean and covariance functions specify each func
tion [39], [40]. Mathematically, the Gaussian process regression model 
can be written as follows: 

f (x) = Gp(m(x), k(x, x′) ) (3)  

where, f(x) is the predicted value of the dependent variable, m(x) is 
the mean function, and k(x, x′) is the covariance function or kernel. The 
kernel specifies the covariance between any two points in the input 
space. 

For our specific problem, we model F as a function of R and V using 
GPR: 

F(R,V) = Gp(m(R,V), k((R,V), (R′,V′) ) ) (4) 

Once we have predicted F using GPR, we use it as an additional input 
to model d as a function of R, V, and F: 

d(R,V,F) = Gp(m(R,V,F), k((R,V,F), (R′,V′,F′) ) ) (5)  

3.2. Model performance evaluation metrics [41] 

3.2.1. Root mean squared error (RMSE) 
The RMSE is a measure of the average deviation of the predicted 

values from the actual values. It is defined as the square root of the 
average of the squared differences between the predicted values and the 
actual values. 

RMSE =

̅̅̅
1
n

√
∑n

i=1
(yi − ŷi)

2 (6)  

where n is the number of observations, yi is the actual value for the ith 

observation, and ŷi is the predicted value for the ithobservation. 

3.2.2. Coefficient of determination (r2) 
The r2 value is a measure of how well the regression model fits the 

data. It represents the proportion of the variance in the dependent 
variable that is explained by the independent variables. It is defined as: 

r2 = 1 −

∑n

i=1
(yi − ŷi )

2

∑n

i=1
(yi − y)2

(7)  

where n is the number of observations, yi is the actual value for the ith 

observation, and ŷi is the predicted value for the ith observation, and y 
is the mean of the actual values. The r2 value ranges from 0 to 1, with 
higher values indicating a better fit of the model to the data. 

3.3. Experimental setup and data collection 

An experimental setup has been designed to conduct comprehensive 
characterization and validation tests. For the characterization tests, a 
Heinzinger LNC 10000–5 high-voltage DC power supply is utilized. This 
amplifier is capable of providing precise voltages up to 10 kV and has 
efficient discharge capabilities. It is operated in internal mode using a 
manual knob for ease of control. The experimental platform, as shown in  

Fig. 4. Block diagram of the model for simultaneous sensing of force and 
displacement taking resistance and feedback voltage as independent variables. 

Fig. 5. Experimental setup. (A) Illustrates the configuration for displacement 
measurement using an IR displacement measurement sensor. (B) Depicts the 
experimental setup designed for force characterization tests. It includes a load 
cell and a linear actuator utilized for conducting validation tests at varying 
mechanical frequencies and displacement amplitudes. 
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Fig. 5, is designed to investigate the isometric force characteristics when 
voltage is applied. A linear actuator (NEMA11 Stepper Motor) with an 
effective length of 150 mm is employed for this purpose. The actuator is 
driven by a TB6600 stepper motor driver, programmed through an 
Arduino microcontroller to apply specific displacements to the actua
tor’s tip. To measure the force generated by the actuator upon voltage 
application, an FX29 compact compression load cell is integrated with 
the linear actuator using a 3D-printed I-beam as shown in Fig. 5(B). For 
monitoring vertical displacement during free actuation conditions, a 
Sharp IR distance measurement sensor GP2Y0A41SK0F is employed 
shown in Fig. 5(A). Additionally, to measure the resistance and feedback 
voltage, a customized circuit is constructed using a microcontroller. To 
measure the resistance of the sensor track, a voltage-divider circuit is 
constructed. The sensor track is connected in series with a 10 MΩ 
resistor, and the free end of the 10 MΩ resistor is connected to the 5 V 
pin of the Arduino and the voltage at the junction between the sensor 
track and the large resistor is measured. To reduce noise in the resistance 
measurements, a low-pass filter consisting of a 100 kΩ resistor and a 0.1 
μF capacitor was incorporated in parallel to the sensor track. As the DC- 
High Voltage DC converter for untethered operation has an amplifica
tion gain that changes with the load, we also assemble a voltage feed
back circuit to measure the actual output voltage across the electrodes 
rather than relying on the input voltage from the microcontroller. To 
measure the feedback voltage across the actuator electrodes, another 
voltage divider circuit comprising a 200 MΩ resistor and a 100 kΩ 
resistor in parallel to the actuator electrodes was utilized. The feedback 
voltage was then measured across the 100 kΩ resistor. This experi
mental setup allows for a comprehensive characterization of the actu
ator’s behaviour under different conditions. 

We experimentally record the data for force, actuator displacement, 
sensor resistance, and feedback voltage for different applied voltages in 
three different experimental cases. The first is the free actuation con
dition, in which the top end of the actuator is unobstructed and free to 
move. In this case, the force is considered to be zero, and the actuator 
displacement is measured using the IR displacement measurement 
sensor. In the second case, we measure isometric forces applied by the 
actuator at different actuator displacements. A force sensor is fixed at a 
specific distance from the actuator tip (1 mm and 2 mm). When the 
voltage applied to the actuator is increased, the actuator actuates freely 
until it is obstructed by the force sensor, after which the actuator 
displacement is fixed, and the force begins to increase. Lastly, in the 
third case, we compress the actuator at different positions, ranging from 
0 mm to 4 mm in 1 mm steps. We measure the actuator blocking forces 
and corresponding resistances under these compression conditions. Data 
is collected for a voltage range of (0–7.5 kV) for all the cases. 

The experimental data for force plotted against voltage and resis
tance is depicted in Fig. 6. The application of voltages ranging from 0 kV 
to 7.5 kV results in a resistance changes between 2 and 4.3 MΩ. This 

voltage range corresponds to a maximum blocking force of approxi
mately 1550 mN. The graph exhibits a horizontal zero-force line, which 
corresponds to movement of the actuator in the free actuation condition. 
In the blocking condition, where the actuator is compressed at various 
positions, the force shows an increasing trend as the dielectric elastomer 
releases tension upon voltage application. Simultaneously, a decreasing 
trend in resistance is observed for a specific compressed position due to 
the influence of circumferential expansion on the sensor track. Fig. 7 
shows the experimental data for displacement plotted against voltage 
and resistance. It clearly shows an increasing trend in displacement with 
increasing voltage, reaching a maximum displacement of 2.91 mm at 
7.5 kV. During the compression of the actuator from the 2 mm to 3 mm 
position, a change in resistance is observed, ranging from 2.75 MΩ to 
approximately 2.20 MΩ. This change in resistance is attributed to the 
decrease in inter-particle distance between the carbon grease particles 
dispersed within the sensor track. This experimental data is later used 
for fitting the data-driven model to predict displacement and force based 
on voltage and resistance data measured simultaneously from the 
actuator prototype. 

3.4. Fitting of regression model 

The experimental data collected is utilized to train the Gaussian 
process regression model using MATLAB’s Machine Learning and Deep 
Learning toolbox. To ensure the model’s generalization and avoid 
overfitting, a 5-fold cross-validation strategy is implemented for both 
force and displacement prediction models. The Gaussian process 
regression model utilized a single exponential kernel. The selected 
configuration involved an isotropic kernel with an automatic kernel 
scale and sigma setting. For the force prediction model, we consider 
voltage and resistance data as inputs for model fitting, while the output 
force data from the force prediction model along with the voltage and 
resistance data is used as input to develop the displacement prediction 
model. Fig. 8 and Fig. 9 depict the model performance plots for force and 
displacement prediction, respectively, illustrating reasonable fitting 
performance. Table 1 summarizes the model performance results. In the 
force prediction model, Actuator-2 exhibits the best Root Mean Squared 
Error (RMSE) of 15.398 mN, while Actuator-1 shows the maximum 
RMSE of 65.453 mN. It is worth noting that the force measuring range 
spans from 0 to 1620 mN. In the displacement prediction model, 
Actuator-1 demonstrates the minimum RMSE value of 0.0167 mm, and 
Actuator-2 exhibits the maximum RMSE of 0.0398 mm. The displace
ment measuring range extends from − 4 mm to 2 mm. The R-squared 
values are predominantly close to 1 across the models, indicating a high 
level of accuracy in fitting the model data to the experimental data. The 
inclusion of force data as an input parameter for displacement prediction 
performed better in comparison to the model considering only resistance 

Fig. 6. The 3D surface plot showcases the relation between force (Z-axis), 
resistance (X-axis), and voltage (Y-axis) in the experimental characterization of 
the actuator in three different cases. 

Fig. 7. The 3D surface plot shows the relation between displacement (Z-axis), 
resistance (X-axis), and voltage (Y-axis) in the experimental characterization of 
the actuator in three different cases. 
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and feedback voltage as the model inputs. We attribute this to the large 
influence of the axial versus circumferential expansion of the membrane 
on sensor resistance which is directly linked to whether the actuator is in 

the free or blocked condition. 

4. Results and discussions 

4.1. Model validation 

The validation tests have been performed under various operating 
conditions, including scenarios with or without voltage, different fre
quencies, and different mechanical displacements. In the zero-voltage 
condition, the actuator is subjected to a triangular wave with a me
chanical frequency of 0.1 Hz and an amplitude of 3 mm (ranging from 
0 to − 3 mm). For this experiment, a load cell is connected to measure 
the force, while displacement data are collected from the linear actuator 
by counting the micro-stepping of the stepper motor. Data collection is 
performed for three complete operating cycles. Subsequently, a simple 
moving average filter is employed to preprocess the resistance data and 
remove random noise from the signal. The pre-processed dataset is then 
fed into the trained Gaussian Process Regression (GPR) model for force 
and displacement prediction purposes. Fig. 10 and Fig. 11 depict the 
force and displacement predictions, respectively, for the no-voltage 
condition. In the second case, a constant 6 kV voltage is applied to the 
actuator. Subsequently, the actuator is subjected to a triangular wave 
with a mechanical frequency of 0.1 Hz and a mechanical displacement 
of 2.5 mm (ranging from 1 to − 1.5 mm). Fig. 12 and Fig. 13 illustrate 
the force and displacement predictions for the condition with voltage. 
To verify the repeatability and effectiveness of the methodology for 
force and displacement sensing, validation tests are conducted on two 
additional actuators. Actuator-2 is tested with a mechanical frequency of 
0.02 Hz, while Actuator-3 is tested with a mechanical frequency of 
0.1 Hz. Table 2 provides a comprehensive summary of the validation 
results for all three actuators. The evaluation metrics used for model 
validation are explained in Section 3.2 of the paper. The force prediction 
model attained a lowest RMSE of 42.54 mN. Regarding displacement 
prediction, the lowest RMSE achieved was 0.1180 mm. Table 3 sum
marizes the results for 0.2 Hz frequency. At this frequency, RMSE ob
tained for force estimation is 130.65 mN and 0.31 mm for displacement 
estimation. At higher frequencies, the estimation accuracy starts to 
decrease significantly. 

Validation test is also conducted to predict the force during the ac
tuator’s interaction with external environment. In this experiment, the 
actuator is initially compressed by 2 mm from the actuator tip using the 
linear actuator and maintained in that position throughout the test. A 
high bandwidth high voltage amplifier, Ultravolt HVA-10, is used to 
generate time-varying voltage signals. Specifically, square wave signals 
with amplitudes of 3 kV, 4 kV, and 5 kV are applied, as depicted in the 
top plot of Fig. 14. During this experiment, resistance and feedback 

Fig. 8. The plot showcases the model’s precise estimation of forces, with the x- 
axis representing the true response and the y-axis representing the predicted 
response. The solid black line denotes the model’s mean prediction, while the 
blue dots illustrate the observations. 

Fig. 9. The plot showcases the model’s precise estimation of displacements, 
with the x-axis representing the true response and the y-axis representing the 
predicted response. The solid black line denotes the model’s mean prediction, 
while the blue dots illustrate the observations. 

Table 1 
Model performance results of each individual actuator.  

Name of 
actuator 

Test conditions RMSE r- 
squared 

Actuator-01 Force prediction (0 to − 3 mm) 29.736 mN 1.00 
Force prediction (1 to − 1.5 mm) 
Displacement prediction (0 to 
− 3 mm) 

0.023 mm 1.00 

Displacement prediction (1 to 
− 1.5 mm) 

Actuator-02 Force prediction (0 to − 3 mm) 65.453 mN 0.99 
Force prediction (1.5 to − 1.5 mm) 
Displacement prediction (0 to 
− 3 mm) 

0.0661 mm 1.00 

Displacement prediction (1.5 to 
− 1.5 mm) 

Actuator-03 Force prediction (0 to − 3 mm) 15.398 mN 1.00 
Force prediction (1 to − 1.5 mm) 
Displacement prediction (0 to 
− 3 mm) 

0.041 mm 1.00 

Displacement prediction (1 to 
− 1.5 mm)  

Fig. 10. Force prediction resulting from the application of a unipolar triangular 
input displacement of 3 mm with a frequency of 0.1 Hz, while applying zero 
voltage to the proposed integrated-sensing actuator. 
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voltage data are collected, and force is estimated using the trained 
model. The bottom plot of Fig. 14 displays the prediction results along 
with the measured values obtained from the load cell. The estimation 
results show an RMSE of 48.2957 mN. Notably, the prediction curve 
closely aligns with the actual force curve in the steady state. However, 
the transient response indicates that the estimation takes 1–2 s to settle 

to the steady state estimated value. In some cases, such as during the 
sudden change in voltage from 5 kV to 4 kV, there is an abrupt rise in the 
predicted force. There is scope for further investigation of the sensing 
circuitry to improve the estimation of force in dynamic conditions. The 
results explained above indicate the model’s reliability and suitability 
for predicting force and displacement under varying voltage conditions. 

4.2. Repeatability tests 

The repeatability test has been performed in two cases which are 
explained below: 

4.2.1. Free actuation 
This experiment aims to verify the consistency of the sensor track of 

proposed integrated-sensing actuator during continuous cyclic opera
tion in free actuation conditions. In this experiment, the actuator is 
subjected to cyclic actuation by applying a 6 kV voltage on-off input for 
800 times (5 s on and 5 s off). The behaviour of the resistive sensor track 
is carefully observed throughout the experiment. The top plot of Fig. 15 
shows the feedback voltage and the bottom plots show the resistance 
data for the three sets of ten cycles. The blue curve shows the resistance 
data over the first 10 cycles, the black curve for 401–410 cycles, and the 
green curve for 791–800 cycles. During the initial ten cycles, the mean 

Fig. 11. Displacement prediction resulting from the application of a unipolar 
triangular input displacement of 3 mm with a frequency of 0.1 Hz, while 
applying zero voltage to the proposed integrated-sensing actuator. 

Fig. 12. Force prediction resulting from the application of a unipolar triangular 
input displacement of 2.5 mm with a frequency of 0.1 Hz, while applying a 
voltage of 6000 V to the proposed integrated-sensing actuator. 

Fig. 13. Displacement prediction resulting from the application of a unipolar 
triangular input displacement of 2.5 mm with a frequency of 0.1 Hz, while 
applying a voltage of 6000 V to the proposed integrated-sensing actuator. 

Table 2 
Model validation results of each individual actuator 0.1 Hz.  

Name of actuator Test condition RMSE 

Actuator-01 Force prediction (0 to − 3 mm) 42.54 mN 
Force prediction (1.5 to − 1.5 mm) 73.91 mN 
Displacement prediction (0 to − 3 mm) 0.1180 mm 
Displacement prediction (1.5 to − 1.5 mm) 0.3112 mm 

Actuator-02 Force prediction (0 to − 3 mm) 72.99 mN 
Force prediction (1.5 to − 1.5 mm) 96.57 mN 
Displacement prediction (0 to − 3 mm) 0.2364 mm 
Displacement prediction (1.5 to − 1.5 mm) 0.3281 mm 

Actuator-03 Force prediction (0 to − 3 mm) 77.43 mN 
Force prediction (1.5 to − 1.5 mm) 53.117 mN 
Displacement prediction (0 to − 3 mm) 0.2392 mm 
Displacement prediction (1.5 to − 1.5 mm) 0.2392 mm  

Table 3 
Model validation results of the actuator at 0.2 Hz with no voltage condition.  

Test condition RMSE 

Force prediction (0 to − 3 mm) 130.65 mN 
Displacement prediction (0 to − 3 mm) 0.31 mm  

Fig. 14. Force prediction at a deformed condition where actuator is com
pressed 2 mm from the actuator tip and a square wave of variable voltages 
(3000 V. 4000 V, and 5000 V) are applied to the actuator with a frequency 
of 0.2 Hz. 
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peak resistance of the sensor track was recorded as 2.421 MΩ (blue 
curve). In 800 cycles, only a slight drift is observed, where the mean 
peak resistance value reduces to 2.288 MΩ (green curve) for the last ten 
cycles. The overall deviation for mean peak resistance was 5.49%. The 
deviations for voltage ON state and voltage OFF state are 5.94% and 
5.48% respectively. The drift in resistance value decreases with time 
with the difference between the resistance around in the middle and last 
cycles being very negligible. This change of resistance over time in free 
actuation condition is similar to the mechanical creep typically observed 
in viscoelastic materials. Addressing this drift through history depen
dent models is an interesting area for further investigation. The actuator 
operates smoothly without any noticeable discontinuities, as evident 
from both figures. A small portable amplifier was employed to ensure 
the actuator’s programmable operation during the experiment. How
ever, this portable amplifier doesn’t have any inbuilt internal dis
charging circuit. Consequently, an auxiliary resistor of 1000 MΩ is 
incorporated parallelly to facilitate discharging, resulting in an 
increased RC time constant. It should be noted that the voltage curve in 
both figures indicates the actuator starts again before reaching zero, as 
the discharging cycle was not yet finished. This experiment successfully 
demonstrates the reliable performance of the integrated-sensing actu
ator and the consistent behaviour of the resistive sensor track, even 
during prolonged and continuous actuation cycles. 

4.2.2. Mechanical deformation by linear actuator 
In this experiment, the actuator undergoes continuous mechanical 

deformation using linear actuator without the application of voltage. 
The actuation was conducted at a frequency of 0.4 Hz with a displace
ment amplitude of 3 mm for a duration of 2500 s, comprising about 
1000 cycles. Fig. 16 presents the data obtained from the first and last ten 
cycles. From Fig. 16(A), it is evident that the peak resistance occurs at 
approximately 2.5 MΩ. However, after subjecting the actuator to 990 
cycles of continuous mechanical deformation, the peak resistance value 
has shifted to around 2.35 MΩ, representing a deviation of approxi
mately 6% shown in Fig. 16(B). Due to electromagnetic interference 
(jittering effect) of the linear stepper actuator some noise is observed in 
the sensor data that is evident in both the curves. The results indicate 
that continuous mechanical deformation without voltage application 
has limited effect on the resistive properties of the actuator. The 
observed resistance drift demonstrates the need for careful consider
ation when employing the actuator under mechanical deformation for 
long time operation. 

4.3. Demonstration of untethered operation 

From the validation results, it is evident that the data-driven model 
developed in this study can accurately estimate the force and displace
ment for the proposed integrated-sensing actuator. With these promising 
outcomes, we demonstrate its real-time application, particularly for 

Fig. 15. Repeatability test for free actuation condition where a cyclic voltage was applied to the actuator 800 times. Upper plot shows the feedback voltage, while 
lower plots show the measured resistance from three different regions. 

Fig. 16. Repeatability test for actuation at a blocked condition where the actuator is deformed mechanically to a fixed displacement of 3 mm. (A) First Ten Cycles of 
Actuation: This section displays the data from the initial ten cycles of actuation, showcasing the actuator’s response and sensor behaviour during the early stages of 
the repeatability test. (B) Last Ten Cycles of Actuation Data: This portion presents the data obtained from the final ten actuation cycles, providing insights into the 
actuator’s response and sensor behaviour towards the end of the repeatability test. 
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untethered operation. To demonstrate this, we have developed a fully 
untethered actuator equipped with an onboard power source, high- 
voltage amplifier, microcontroller, and a wireless communication 
module. This configuration allows us to program the input voltage and 
obtain the force and displacement feedback to a computer wirelessly. 
The untethered operation is enabled by including an HC-05 Bluetooth 
module, which pairs with a laptop with built-in Bluetooth capabilities. 
We use a 9 V Lithium-ion battery to power the Arduino Nano micro
controller and the miniature high-voltage amplifier (EMCO A60P-5). A 
program is created using Arduino IDE to program input actuation sig
nals, conduct sensor data reading and Bluetooth communication. Force 

and displacement estimation and data visualization are performed in 
MATLAB on the remote computer using the trained model developed 
previously. Fig. 17 shows image sequences from the real-time demon
stration of the untethered operation of the integrated-sensing actuator. 
Here, the actuator is operated remotely without any wired connection. 
Fig. 17(A) depicts the actuator before any external force is applied, 
showing a gap between the actuator tip and the finger. The signal line for 
both the estimated force and displacement are flat, indicating that no 
external force is applied to the actuator. When the finger is pressed 
against the actuator tip (denoted by a shaded region in the graphs), 
deformation occurs resulting in gradual changes in displacement and a 

Fig. 17. Real-time demonstration of the untethered operation of the proposed integrated-sensing actuator. (A) Initial Configuration: A distinct gap between the 
finger and actuator tip is visible, and the signal line remains flat, indicating no external force is applied. (B) External Interaction: Upon pressing the finger against the 
actuator, a gradual increase in force is observed, leading to a corresponding decrease in displacement. (C) Voltage OFF State: With the voltage turned off, the signal 
lines remain flat, illustrating that the actuator is not actively engaged. (D) Voltage ON State: As soon as voltage is applied to the actuator, a change in displacement 
signal is observed while the force signal remains flat indicating no external force is applied. 

D.K. Saha and H. Godaba                                                                                                                                                                                                                    



Sensors and Actuators: A. Physical 365 (2024) 114889

11

corresponding increase in force, as depicted in Fig. 17(B). This figure 
shows a negative sign on the vertical axes representing actuator 
compression. Fig. 17(C) shows the actuator without any external contact 
and no voltage applied to it. The estimated force and displacement 
curves remain flat as the actuator is not yet actuated. Fig. 17(D) depicts 
the voltage ON state. As soon as voltage is applied to the actuator 
(depicted by shaded region in the graph), a corresponding change in 
displacement (indicated by the two black dotted lines) is observed while 
the force signal remains close to zero indicating no external force is 
applied. The comprehensive set of results in Fig. 16 elucidate how the 
proposed integrated-sensing actuator senses displacement and force 
under both mechanical and electrical stimuli. 

5. Conclusion 

This paper presents a novel methodology for integrating sensing 
capabilities into untethered dielectric elastomer actuators through 
embedding a piezoresistive sensing track and measuring high voltage 
feedback. Through the development of a data-driven model, we 
demonstrated good accuracy in estimating both force and actuator 
displacement under various operating conditions. By addressing the 
challenges associated with nonlinear behaviour of dielectric elastomer 
materials, this research contributes to advancing sensorless control in 
soft robotics. The utilization of a small-size amplifier, battery, and 
wireless module has enabled the development of a completely unteth
ered soft actuator that can receive input signals and communicate its 
state and external physical interactions wirelessly. This study serves as 
the initial proof-of-concept for embedding sensing capability in soft 
actuator and further investigations are necessary to explore its practical 
implications in real robotic systems. 

The DC - high voltage DC converter used in this study exhibits low 
voltage slew-rate limiting the application of this actuator to low fre
quency actuation. In addition, the actuator characterization data for 
training the model as well as the force and displacement estimation 
models consider steady state conditions. However, viscoelasticity of the 
elastomer membrane is expected to influence the force estimation in 
dynamic conditions. While, the proposed integrated sensing method has 
shown effective functionality in the sub-Hz frequency, there remains 
room for improvement in high voltage generation, electronic circuitry 
with larger bandwidth, as well as the models for force and displacement 
estimation for higher frequency applications. Future work considering 
dynamic conditions for obtaining training data and time-dependent 
models to capture dynamic behaviour would be of significant interest. 
Furthermore, we will work towards optimizing and combining multiple 
modules of these untethered actuators to develop functional soft robots 
that capable of feedback control and semi-autonomous operations. 
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