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Design and Implementation of an Electrostatic
Adhesion-Driven Self-Sensing Actuator for

Rapid, Stiffness-Modulated Pneumatic Actuators
Hao Liu , Yujin Dai , Jia Yu, Ting Wang, and Hongqiang Wang , Senior Member, IEEE

Abstract—Clutches and variable stiffness actuators based on
flexible electrostatic adhesion films are widely used in the field
of soft robotics. Enabling sensing capabilities in these actuators
can significantly enhance their environmental interaction and con-
trol performance. However, current external sensing solutions for
those actuators face several challenges, including the mechanical
mismatch between sensors and the soft actuators, as well as in-
creased system complexity due to additional sensing components.
This letter proposes a self-sensing scheme for an electrostatic
adhesion-driven variable stiffness clutch, utilizing a capacitance-
based principle to achieve position self-sensing. In addition, the
pneumatic actuator fabricated based on this actuator can achieve
angular sensing, rapid response, and stiffness modulation. Finally,
a two-degree of freedom pneumatic variable stiffness robotic arm
integrated position sensing is fabricated, which can achieve decou-
pled position control through a single air source.

Index Terms—Soft sensors and actuators, hydraulic/pneumatic
actuators, grippers and other end-effectors.

I. INTRODUCTION

E LECTROSTATIC adhesion (EA) structures have been
widely applied in the field of soft robotics due to their

advantages such as low weight, fast response speed, and low
energy consumption [1]. In soft robotics applications, one type
of electrostatic adhesion structure is used in object grasping [2].
By utilizing the principle of EA, it adheres to the objects to
be grasped, thereby improving the grasping efficiency [3], [4].
The other type of EA structure is mainly applied in the fields of
clutches and variable stiffness actuators [5], [6], [7], [8]. Typi-
cally, two or more layers of EA films are stacked. By controlling
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the EA force between the films, the switching between locking
and releasing or the change in the stiffness of the actuator can
be realized [9], [10], [11]. During the use of the actuator, it is
often accompanied by the relative displacement between the EA
films [5], [10], [12]. During this process, it is very important to
sense the force and displacement changes to achieve accurate
control of the actuator [12], [13], [14].

However, because of the characteristics of the EA struc-
ture such as flexibility and large deformation, it poses a seri-
ous challenge to the existing sensing technologies [15], [16],
[17]. Current external sensing solutions have notable limita-
tions. Although closed-loop control can be achieved using laser
displacement sensors, these additional sensors are rigid and
bulky, and they cannot accurately measure displacements during
bending processes [18]. While flexible resistive sensors can
adapt to the deformation of soft structures to some extent, their
complex structural designs and unstable reliability limit their
large-scale applications [19]. Therefore, a more cost-effective
and integrated sensing method is needed. Although an inno-
vative approach involving the imprinting of moiré patterns on
flexible films combined with optical sensors can achieve position
sensing, this solution requires additional sensing components,
thereby significantly increases the system complexity [20].

Given the limitations of existing sensing technologies in terms
of cost, integration, and reliability, this letter proposes a self-
sensing solution to achieve position sensing of the EA actuator.
We developed an EA-driven self-sensing (EAS) actuator. The
actuator comprises two EA layers that form a parallel plate
capacitor. The equivalent capacitance of the actuator is directly
proportional to the overlapping area of the electrodes, enabling
its application in displacement sensing. Besides, the EA force
can be modulated by changing the duty cycle of the excitation
voltage. By integrating this actuator with a pneumatic actuator,
the pneumatic actuator can achieve angle sensing and stiffness
modulation. In addition, the pneumatic actuator realizes closed-
loop position control through a PID controller based on angle
sensing. A gripper composed of pneumatic actuators can rapidly
catch a falling ball within 40 ms. Through stiffness adjustment,
the gripper can still achieve gripping and releasing of objects
after fast response. Moreover, through stiffness control by the
EAS actuator, a 2-degree of freedom (DOFs) arm controlled by a
single air source has been developed. Controlling multiple joints
with a single air source reduces the reliance on bulky pneumatic
control modules [21].
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Fig. 1. (a) The schematic diagram of EAS actuator. (b) The structure of the
EAS actuator.

The letter is organized as follows: Section II presents the mod-
eling of the EAS actuator and the pneumatic actuator. Section
III describes the fabrication process of the pneumatic actuator
and the circuit design. Section IV presents the experimental
results and demonstrations of the actuators. Section V provides
the discussion of this study. Section VI provides the conclusion
and future work of this study.

II. MODELING

A. The EAS Actuator Sensing Model

The structure of the EAS actuator is shown in Fig. 1. The
structure consists of two electrode film layers. There are two
electrodes on the upper layer, and the electrodes are covered
with a piece of polyimide (PI) film (25 μm) on both sides.
One of the electrodes serves as the reference electrode, and
the other is the sensing electrode. These two electrodes are
sequentially positioned on the film. The lower plate includes
an excitation electrode. In this work, we tested two types of
coating materials on the upper side of the excitation electrode.
Type A is coating a poly(vinylidene-fluoride-trifluoroethylene-
chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)] [22] film (20
μm), and Type B is without coating, where the electrode is
directly contact with air. The lower side of the excitation elec-
trode is covered with a 20 μm thick PI film. The two electrode
films form two parallel-plate capacitors: the reference capacitor
(consisting of the reference electrode, the excitation electrode,
and the insulation layers) and the sensing capacitor (consisting of
the sensing electrode, the excitation electrode, and the insulation
layers). When a relative displacement happens between the up-
per and lower films, the capacitance of the sensing capacitor will
change due to the variations in the overlapping area between its
electrodes. In contrast, the capacitance of the reference capacitor
remains unchanged (the overlapping area is fixed and equivalent
to the area of the reference electrode).

We have established a model to analyze the properties of the
EAS actuator. The equivalent sensing capacitor and resistance
form an RC circuit (Fig. 1(a)). Thus, the discharging process of
the sensor can be equivalent to an RC circuit, and the voltage Vs

across the resistor R in the sensing circuit with time ts can be
expressed as:

Vs = Vue
− ts

RC , (1)

where Vu is the initial voltage on the sensing capacitor, C =
ε0εrwLs/dr is the capacitance of the sensing capacitor, ε0 is the
permittivity of vacuum (8.854× 10−12F/m), εr is the relative
permittivity, w is the equivalent electrode width of the capacitor,
Ls is the equivalent electrode length of the capacitor, and dr is
the equivalent thickness of the insulation layers (Fig. 1).

By rearranging (1), we can get Ls. Similarly we can get the
equivalent electrode length Lr of the reference capacitor:

Ls =
ts

ln
(

Vu

Vs

)
ε0εrwR

dr

, Lr =
tr

ln
(

Vu

Vs

)
ε0εrwR

dr

, (2)

where tr is the discharging time as the voltage across the resistor
R on the reference circuit drops to Vs.

Dividing Ls by Lr, and rearranging the equation, we can
obtain the displacement x of the EAS actuator:

x = L0 − Lr
ts
tr
, (3)

where L0 = Ls + x is the initial length of the sensing electrode.
By measuring the discharging time ts and tr (the time of the

voltage across the resistor R drop from Vu to Vs) for the voltage
across the resistor R in the sensing capacitor and reference
capacitor, respectively, we can obtain the displacement x of the
EAS actuator.

B. The EA Force Model

In this part, we simplify the reference electrode and sensing
electrode as one electrode. Thus the equivalent electrode area
of the capacitor is A = w(Lr + L0 − x), and the capacitor with
Type A structure (PI and P(VDF-TrFE-CTFE) insulation layers
and one air gap layer) can be equivalent to three capacitors
connected in series (Fig. 1(b)), and the voltage between two
electrodes is calculated as follows:

Vu = E1d1 + E2d2 + Eada, (4)

where E1, E2 and Ea are the electric field intensity of the PI
layer, the P(VDF-TrFE-CTFE) layer and the air gap, respec-
tively, and d1, d2 and da are the thickness of the insulation layers
of PI, P(VDF-TrFE-CTFE) and the air gap, respectively. And for
Type B structure, d2 = 0.

Besides, due to the continuity of the electric field in the bound-
ary of two adjacent insulation layers, the electric displacement
vector of the electric field satisfies:

ε0ε1E1 = ε0ε2E2 = ε0εaEa, (5)

where ε1, ε2 and εa are the relative permittivity constant of PI,
P(VDF-TrFE-CTFE) and air, respectively.

Based on (4) and (5), the electric field intensity of the air gap
can be calculated as:

Ea =
Vu

εa
ε1
d1 +

εa
ε2
d2 + da

. (6)

Therefore, the EA force density between the two electrode
films σn can be calculated as [23]:

σn =
1

2
ε0εaE

2
a =

1

2

ε0εaVu
2

( εaε1 d1 +
εa
ε2
d2 + da)

2 . (7)
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Fig. 2. Side view and cross-section view of the EAS pneumatic actuator.

Thus, we can obtain that the tangential EA force between the
electrode films is:

Ft = μσnw(Lr + L0 + x), (8)

where μ is the friction coefficient between the insulation layers.
As described in (7), the EA force is inversely proportional

to the square of the distance between the two electrode layers.
Therefore, reducing the electrode gap can significantly enhance
the EA force under the same applied voltage, enabling a broader
range of stiffness modulation. In our design, the Type B structure
adopts a smaller inter-electrode gap compared to the Type A
structure. This configuration partially offsets the reduction in EA
force caused by the lower dielectric constant of the insulating
material, thereby maintaining effective stiffness enhancement
and improving overall modulation performance.

C. The Pneumatic Actuator Design

The cross-section of the pneumatic actuator is shown in Fig. 2.
According to the geometric relationship, the bending moment
Ma exerted by the internal air pressure on the distal cover of the
actuator is:

Ma = P

(
2

∫ π
2

0

∫ r

0

(
h

2
+ β sin

(
ϕ− π

4

))
βdβdϕ

− 2

∫ h
2

0

y2dy − 2

∫ h

h
2

y(h− y)dy +

∫ h

0

ywcdy

)
,

(9)

where P is the air pressure, h is the height of the actuator, β is
radius increment of the arc-shape area of the actuator, ϕ is the
angle increment of the arc-shape area of the actuator, y is the
height increment of the actuator, and wc is the bottom width of
the actuator.

After simplification, we can get:

Ma =
4wch

2 + (π − 2)h3

8
P. (10)

The elastic film of the actuator is made of incompressible latex
rubber material, and is wrapped by a constraint layer made of
PI on the outside. According to the soft fiber-reinforced bending
actuators model [24], we can obtain the axial principal nominal
force density of the actuator film as:

s1 = μ̄λ − μ̄

λ3
, (11)

where μ̄ is the equivalent shear modulus, λ = 1 + δθ/L is the
principal stretch ratio in the axial direction, δ is the thickness of
the elastic film, θ is the bending angle of the actuator, L is the
length of the neutral layer.

Therefore, the bending moment caused by the deformation of
the actuator film material is:

Mθ =

∫ h+δ

h

(
μ̄

(
1 +

yθ

L

)
− μ̄

(1 + yθ
L )

3

)
wcydy

+ 2

∫ π
2

0

∫ r+δ

r

(
μ̄

(
1 +

y1θ

L

)
− μ̄

(1 + y1θ
L )

3

)
y1βdβdϕ,

(12)

where y1 = h
2 + β

√
2
2 (sinϕ− cosϕ) is the height along the y

direction.
In addition, the 3D-printed skeleton (discussed in section III)

also provides a bending moment during the actuator’s bending
process. We regard the constraint layer on the skeleton as an
isotropic thin-plate material. The bending moment Ms is calcu-
lated as:

Ms =
EwchL

3θ

6L
, (13)

where E is the elastic modulus of the material, and hL is the
thickness of the thin plate.

When the actuator is bent, the two electrode films on the EAS
actuator will generate an EA force, and the bending moment
generated by the EA force can be calculated as follows:

Me = Fths, (14)

where hs is the distance from the EAS actuator to the neutral
layer, Ft = μσnw(Lr + L0 + θhs), which is inversely propor-
tional to the bending angle θ.

When the actuator is not subjected to an external force, the
bending moment balance condition is satisfied:

Ma = Mθ +Ms +Me. (15)

Through the position self-sensing capability of the EAS ac-
tuator, the bending angle of the pneumatic actuator can be
accurately estimated, providing a foundation for closed-loop
position control. Based on the angle sensing, stiffness modula-
tion at different bending angles can be achieved by adjusting the
excitation voltage (e.g., the duty cycle of the excitation voltage).

III. FABRICATION

A. Fabrication of Pneumatic Actuator

The actuator structure consists of four parts: a PI constraint
layer used to restrict the circumferential expansion of the ac-
tuator, a latex film, a 3D-printed skeleton, and an EAS actu-
ator(Fig. 3). The fabrication process begins with cutting the
adhesive-backed PI film (DuPont, 25 μm thick with 50 μm 3M
467 MP adhesive) into the desired shape using a graphic cutting
machine (Cricut Maker 3) to form the constraint layer. A latex
film (HBL, 0.3 mm) is then bonded to the PI layer. A PI mask film
is applied to the latex surface, and adhesive (Kaibingtuan 5526)
is selectively coated onto exposed areas, followed by bonding
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Fig. 3. The fabrication process of the EAS pneumatic actuator.

Fig. 4. The circuit of the EAS actuator.

the 3D-printed skeleton. After the adhesive cures, the mask is
removed. To prevent sticking during bending, two parallel elastic
strings are added to the skeleton. The EAS actuator is assembled
onto the skeleton, with both ends of the films fixed in place.
3D-printed adapters are attached to both ends, and the latex–PI
constraint layer is sealed onto the skeleton with adhesive. Finally,
the air tube and sensing wires are installed, and the sealing
performance of the actuator is tested. All the 3D-printed parts
are fabricated using polylactic acid (PLA) materials.

B. Circuit Design

The circuit of the EAS actuator mainly consists of two
parts: the signal excitation circuit and the signal acquisition
circuit (Fig. 4). The excitation circuit comprises a high volt-
age module and a signal generation module. The high volt-
age module uses two XP Power modules (HRL3024S1K5P
and HRL3024S1K5N) to generate controllable positive and
negative high voltages. The signal generation module utilizes
three PhotoMOS-based (Panasonic, AQV258HC8) bridges to
generate high voltage square waves. Given that the maximum
voltage rating of a single PhotoMOS is 1500 V, two PhotoMOS
are connected in series within each bridge circuit to raise the
voltage withstand level of the circuit to 3000 V.

The signal acquisition circuit converts analog to digital sig-
nals. Two voltage-dividing resistors first reduce high-voltage
signals from sensing/reference capacitors to low-voltage levels.
A parallel diode clamps negative voltages to near zero, and a
Schottky diode at the output limits voltage to less than 3.3 V,
protecting downstream circuits. A TLV3502 comparator then

Fig. 5. The sensor data and maximum tangential EA forces density of the
EAS actuator. The sensor data of the EAS actuator with displacement under
different (a) excitation voltage, (b) duty cycle, and (c) excitation frequency. The
maximum tangential EA force density of the EAS actuator are under different
(d) excitation voltage, (e) duty cycle, and (f) excitation frequency.

generates a digital signal: high when input larger than threshold
Vs, low otherwise. Finally, an ESP32S3 microcontroller converts
this to a time-based signal (duration above Vs), proportional to
actuator displacement via (3).

IV. EXPERIMENTS VALIDATION

A. EAS Actuator Test

This section investigates how various parameters influence
the actuator’s sensing performance and EA force. Owing to the
high relative permittivity (up to 45) of the P(VDF-TrFE-CTFE)
dielectric, the EA actuator achieves high force density [22]. All
tests in this section were conducted using the Type A structure.
As shown in Fig. 5(a)–(c), sensor output increased with voltage
amplitude and duty cycle but decreased with frequency. Simi-
larly, the maximum tangential static EA force density increased
with amplitude and duty cycle, while frequency had minimal
influence (Fig. 5(d)–(f)); the sliding EA force followed the same
trend. Notably, although (3) suggests the sensor output should be
independent of amplitude and duty cycle, experiments showed
otherwise. This discrepancy may stem from the larger area of the
sensing electrode, which amplifies capacitance changes when
voltage increases. Uneven electrode contact due to larger area
can cause greater electrode gap variation under changing EA
force, leading to larger capacitance shifts. To balance EA force
and sensing accuracy, a voltage of 1000 V, 20% duty cycle,
and 50 Hz frequency were selected. Under these conditions, the
actuator achieved a linearity error of 4.92% and an EA force
density of 1.99 N/cm2.
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Fig. 6. The principle of self sensing and stiffness modulation of the pneumatic
actuator.

Fig. 7. (a) The Force-displacement test of the EAS pneumatic actuator under
different duty cycle of the excitation voltage. (b) Schematic diagram of the test.

B. Pneumatic Actuator Test

Pneumatic actuators can achieve both angle sensing and stiff-
ness modulation using the integrated EAS actuator (Fig. 6). Dur-
ing bending, the length of the EAS actuator changes, enabling
angle estimation through self-sensing. Additionally, adjusting
the duty cycle of the excitation voltage allows control of the
EA force, thereby achieving the stiffness adjustment of the
pneumatic actuator.

A three-point bending test was conducted using a tensile
testing machine (MTS Criterion Model 42) to evaluate stiffness
modulation. The actuator was unpressurized (0 kPa), and a
50 Hz, 1000 V excitation voltage was applied to the EAS actuator
with varying duty cycles (0%–100%). Results showed that,
under the same displacement (e.g., 1.8 mm), the force increased
with higher duty cycles. Conversely, for the same force, higher
duty cycles resulted in greater displacement before slipping
occurred (Fig. 7), indicating increased stiffness with increasing
duty cycle. Notably, the actuator exhibited a 4.66 times stiffness
variation ratio as the duty cycle increased from 0% to 100%
(based on compression at 1.8 mm) under a fast variation speed
(20 ms, 50 Hz excitation voltage frequency).

The relationship between the pneumatic actuator’s bending
angle and air pressure was evaluated by linearly increasing the
pressure from 0 kPa to 60 kPa using a proportional valve (SMC,
IT1030-312 L). Bending angles were recorded using both a
vision-based method and the embedded EAS actuator. For visual
tracking, three markers were placed on the actuator’s side, and
motion was captured with a camera (Canon EOS 5D Mark IV),
with angles extracted via a vision algorithm. Simultaneously,
the EAS actuator (1000 V, 20% duty cycle, 50 Hz) provided
real-time angle measurements. Results showed that the bending

Fig. 8. (a)The bending angle of the EAS pneumatic actuator under different
air pressures, compared with the bending angle acquired by the visual algorithm
and the model result. (b) PID step response curve based on angle sensing.

Fig. 9. The discharge response time of the EAS actuator under 200 g load.

angle increased with pressure and matched well with theoretical
predictions (Fig. 8(a)).

Based on self-sensed angle data, closed-loop position control
was implemented using a PID controller. The step response in
Fig. 8(b) confirms accurate position tracking, demonstrating the
effectiveness of the integrated sensing-feedback loop.

C. Locking and Sensing Modes

The EA force of the EAS actuator can be tuned by adjusting
the excitation voltage. When the bending moment caused by
EA force is sufficiently high, the actuator maintains a fixed
bending angle regardless of air pressure changes (locking mode).
Conversely, under lower EA force, the bending angle is primarily
determined by air pressure (sensing mode).

To evaluate the discharge response time of the EAS actuators,
an experiment was conducted with the actuator integrated into
the pneumatic actuator’s skeleton. One electrode film was fixed
to the skeleton, while the other was free and connected to a
200 g weight. The top of the skeleton was suspended from a
force sensor (Futek, 1092619-2 lb). When a 1500 V, 50 Hz,
100% duty cycle voltage was applied, the electrodes adhered,
suspending the weight. Upon voltage removal, the EA force
vanished, causing the free electrode and weight to fall. The
response time was measured based on the change in force sensor
output.

Experiments showed that the EAS actuator with Type A
structure exhibited high EA force density but a long discharge
response time of 292 ms (Fig. 9). After applying high-voltage,
high-duty-cycle excitation, significant electrostatic residuals re-
mained, causing the actuator layers to stay adhered even after
voltage removal. In contrast, the Type B actuator, using only
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Fig. 10. The force analysis during the stiffness change. (a) The maximum
tangential EA force density of the EAS actuator with Type B structure under
different duty cycle of the excitation voltage (1500 V, 50 Hz). (b) The bending
moment Me required by the pneumatic actuator under different bending angle.

Fig. 11. The response time of the EAS pneumatic actuator with two actuation
strategies: (a) Pneumatic only and (b) EA and pneumatic hybrid actuation.

PI as the dielectric, showed a much faster response. Its layers
separated quickly after voltage cutoff, with a discharge time of
136 ms, only 46.6% that of the Type A actuator (Fig. 9).

To enable switching between locking and sensing modes, the
excitation voltage and duty cycle must be carefully selected. As
shown in Fig. 10(a), the maximum EA force densities of the Type
B actuator (with PI dielectric) were measured under 1500 V,
50 Hz excitation at varying duty cycles. The resulting bending
moment Me(θ) derived from Ft(θ) using equation (14), deter-
mines whether the actuator locks or remains flexible; at 100%
duty cycle, the EA force density reaches 2.57N/cm2, and Me >
Ma −Mθ −Ms, ensuring actuator locking. At 20% duty cy-
cle, Me < Ma −Mθ −Ms, allowing free motion (Fig. 10(b)).
Based on these results, the locking mode is defined as 1500 V,
50 Hz, 100% duty cycle, and the sensing mode as 1500 V, 50
Hz, 20% duty cycle.

D. Fast Response Actuator Test

A rapid-response pneumatic actuator was realized using the
Type B EAS actuator. First, the response time of a pneumatic ac-
tuator controlled solely by air pressure was tested. The actuator
was connected to a solenoid valve (Dehnker, 24 V DC, 1.8 W) via
a silicone tube (inner diameter 2 mm, outer diameter 4 mm), with
the valve linked to a proportional valve (SMC, IT1030-312 L) for
pressure regulation. The EAS actuator operated at 1500 V, 50 Hz,
with a 20% duty cycle, and bending was controlled by switching
the solenoid valve. Upon valve opening, air from the 60 kPa
source flowed into the actuator, which reached a 35◦ bend in 1.3 s
due to system constraints such as tubing diameter (Fig. 11(a)).

Fig. 12. The screenshots of the three-fingered gripper catch a falling ball.
(a) Schematic diagram of the experiment. (b) Pressure control only. (c) Pressure
and EAS actuator hybrid control.

In contrast, with the EAS actuator actively regulating stiff-
ness, the response time improved significantly. Before actuation,
a 100% duty cycle excitation (1500 V, 50 Hz) was applied to lock
the actuator under 60 kPa pressure. Upon switching to 20% duty
cycle, the actuator rapidly bent to 35◦ within 48 ms (Fig. 11(b)),
demonstrating a substantial enhancement in response speed.

E. Three Fingers Gripper Test

A three-fingered gripper was developed based on the fast-
response pneumatic actuator. As shown in Fig. 12(a), when
the ball approaches within 10 mm of the gripper base, the
laser sensor located at the bottom responds and triggers the
pneumatic gripper to grasp the object. In the first scenario
(Fig. 12(b), Video S1), the actuator was connected to a 60 kPa
air source via a solenoid valve. Upon detecting the falling ball
(PLA, 80 mm diameter, dropped from 0.5 m), the valve opened;
however, due to airflow delay, the actuator took about 4 s to
close, and the ball bounced away before grasping. In the second
scenario (Fig. 12(c), Video S1), the actuator was pre-pressurized
(60 kPa) and held at its initial position by applying a 100% duty
cycle voltage (1500 V, 50 Hz). Upon detection, the duty cycle
was reduced to 20%, lowering the EA force and switching to
the sensing mode. This enabled rapid bending within 40 ms,
allowing successful ball capture.

After the rapid grasping response, the actuator’s stiffness can
be continuously adjusted via the duty cycle (e.g., higher stiffness
for stable holding, lower stiffness for release; see Video S2).
In the demonstration, the gripper first quickly grasps the ball.
The duty cycle is then increased to 80% to reinforce stiffness,
ensuring a firm grip. To release the object, the duty cycle is
reduced to 20%, lowering the stiffness. As a result, the gripper
can no longer resist the internal air pressure and the ball is
released.

F. 2-DOFs Actuator Test

By adjusting the EA force, the stiffness of pneumatic actu-
ators can be actively modulated. Using the switching between
locking and sensing modes, multiple actuators can be serially
controlled using a single air source, significantly reducing pneu-
matic components and enabling lightweight system design. In
the experiment (Fig. 13, Video S3), two pneumatic actuators
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TABLE I
COMPARISON OF ACTUATORS WITH SENSING AND STIFFNESS MODULATION CHARACTERISTICS

Fig. 13. The 2-DOFs arm test.The comparison between the bending angle
from the EAS actuator and the visual algorithm.

were connected in series and placed horizontally. One actuator
operated in locking mode (1500 V, 50 Hz, 100% duty cycle),
while the other was in sensing mode (1500 V, 50 Hz, 20%
duty cycle). By regulating air pressure via a proportional valve,
only the sensing-mode actuator bent, while the locking-mode
actuator remained stationary. Throughout the process, the EAS
actuator provided real-time angle sensing, while a vision system
was used to independently verify the accuracy of the sensing
results.

V. DISCUSSION

We compared flexible actuators with various stiffness
modulation methods and self-sensing strategies (Table 1).
While many actuators excel in either stiffness modulation or
self-sensing, achieving both fast stiffness tuning and accurate
sensing in a single system remains challenging due to inherent
trade-offs (e.g., between response speed and sensing linearity).
In contrast, the EA-based approach in this study offers a
well-balanced solution, combining rapid stiffness modulation
with high sensing linearity.

Traditional EA brakes typically perform specific functions
merely by controlling the EA force. In contrast, this study
combines EA force control with position measurement, based
on the principle that the capacitance of a parallel-plate capacitor

varies with changes in the overlapping area. Regarding EA force
control, instead of the conventional approach of regulating the
excitation voltage amplitude, this work controls the EA force by
adjusting the duty cycle of the square wave excitation voltage.
This method facilitates rapid response and miniaturization.
Moreover, the linear relationship between the duty cycle and
the EA force simplifies the control process. By integrating the
EAS actuator with a pneumatic actuator, stiffness control and
fast response of the pneumatic actuator are realized. To verify
the fast-grasping capability of the actuator, a three-fingered
gripper was fabricated, which successfully caught the falling
ball in 40 ms. Additionally, a 2-DOFs pneumatic arm was
constructed by connecting two pneumatic actuators in series
to a single air source. Decoupling control of the 2-DOFs
pneumatic arm was achieved by alternately modulating the
stiffness of the actuators. This provides a novel approach for
developing lightweight multi-DOFs pneumatic robots. Despite
these achievements, the current actuator has limitations. The
displacement accuracy of the sensor (4.92% linearity) and the
sampling frequency (50 Hz) can be improved.

VI. CONCLUSION AND FUTURE WORK

This letter presents an EAS actuator capable of measuring
displacement while achieving force regulation without adding
additional sensor components. Moreover, when integrated with
a pneumatic system, it enables the development of a self-
sensing pneumatic actuator that can regulate stiffness and re-
spond rapidly. By using the switching between the locking and
sensing modes, the control of a multi-DOFs pneumatic robot
using a single air source is realized. This research provides a
novel concept for the miniaturization and lightweight design of
pneumatic robots, opening up new possibilities in the field of
soft robotics.

In the future, the research may focus on achieving untethered
actuation of the actuator through circuit lightweight design. This
could enable applications in weight-sensitive scenarios, such as
aerial vehicles. Furthermore, sensing accuracy and frequency
can be improved by optimizing the circuit design, implementing
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electromagnetic shielding, and selecting high-frequency semi-
conductor devices. Moreover, a laminated design can be adopted
to expand the stiffness variation ratio, enabling the actuator to be
applied in a wider range of application scenarios such as flexible
wearable exoskeletons, agricultural picking robots, and surgical
robots.
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