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Soft pneumatic actuators are one of the most promising actuation for soft robots, and great achievements have been obtained. But
it remains challenging to endow sensing capabilities to pneumatic actuators, especially for the sensing ability originating directly
from the actuator architecture. Herein, a self-sensing pneumatic torsional actuator (SPTA) is designed based on the electro-
magnetic induction effect and magnetically responsive materials. The SPTA can generate feedback voltage and current with the
deformation, in which the sensing function comes from its inherent structure. To investigate the mechanical and electrical
characteristics, an experimental platform and a finite element model are established, respectively. We find that the torsion angle
and output torque increase in nonlinear with the actuating pressure. The maximum torsion angle is 66.35°, which is 84.34% of
that for the actuator fabricated by pure rubber. The maximum output torque (24.9 N mm) improves by 23.19% compared with the
actuator made by pure rubber. As regards the electrical characteristics, the maximum feedback voltage and current are 2.90 μV
and 29.50 nA when the SPTA is actuated by a pressure of −40 kPa. We also demonstrate that the relationship between the torsion
angle and the magnetic flux change is approximately linear. Finally, the number of turns of wires, magnetic powders contents,
and magnetic direction on the feedback voltage and current are studied. Results show that the feedback voltage and current can be
enhanced by increasing the number of turns and magnetic powders contents. We envision that the SPTAwould be promising for
soft robots to realize their accuracy control and intelligentization.
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1 Introduction

Robots, as an effective tool to liberate the labor force, have
always been a research hotspot in the engineering and sci-
entific communities. Traditional rigid robots possessing high
load capacity and control precision are widely applied to
manufacturing processing, industrial production, medical
rehabilitation, etc. [1–3]. However, poor compliance and
adaptation heavily limit the further research and application
of rigid robots. Recently, advances in materials science and

manufacturing methods have boosted the research on soft
robots [4]. To date, many soft robots with various actuation
methods, such as external motors [5,6], thermal actuation
[7,8], photostimulation [9], and highly compressed fluids
[10–12]. Among these soft robots, ones actuated by com-
pressed fluids (soft pneumatic robots) are the most attractive
due to their low cost, simple fabrication, and easy control.
They are successfully applied to robotic grasping [13,14],
neuroprosthetic hand [15,16], and subsea operation [17,18].
Soft pneumatic actuators, which are the crucial parts of

pneumatic robots, have been highly concerned and studied.
With persistent efforts, a variety of soft pneumatic actuators
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have been developed. They can generate elongation [19,20],
contraction [21,22], bending [23–25], rotation [26,27], and
torsion [28,29] motion upon pressurization or depressuriza-
tion. A characteristic of most actuators is that they demon-
strate different motions via simple open-loop control.
Therefore, it is difficult for these actuators to realize accu-
racy control and actively interact with environments because
of a lack of mechanical sensing abilities [30]. In nature,
biologies can be viewed as an intelligent system that pos-
sesses the ability to motion, sense, and control. Thus, in-
tegrating sensors into soft pneumatic actuators is promising
to extend their applications. At present, many soft sensors are
proposed based on diverse sensing mechanisms, for ex-
ample, resistance variation [31,32], capacitive effect [33,34],
inductance sensing [35], photoelectric effect [36], etc.
[37,38]. For instance, Kanno et al. [39] created a dielectric
elastomer sensor and embedded it into McKibben artificial
muscles, so the muscles can sense their elongitudinal dis-
placement. Ying et al. [31] designed a highly stretchable
ionic skin that was applied to pneumatic bending actuators to
obtain reliable deformation feedback. Gu et al. [15] custo-
mized a capacitive sensor that was mounted onto the pneu-
matic bending fingers. Besides, many attempts have been
made to integrate soft sensors into soft actuators [40–42].
But there are still many difficulties and challenges in em-
ploying the sensors in soft pneumatic actuators. Firstly, the
integration of such sensors into soft actuators requires so-
phisticated fabrication processes and dedicated setups, which
causes production to be laborious and costly [43]. The in-
tegration and arrangement of sensing elements also need to
be considered in practical applications. Ideally, the sensing
ability should originate from the actuator architecture [44].
In addition, most of the available research mainly focuses on
the sensing of the elongating/contracting and bending ac-
tuators. Since the torsion motion is relatively complicated,
there are very few studies on the sensing of torsional ac-
tuators. Therefore, developing a novel pneumatic torsional
actuator with simple fabrication and inherent sensing ability
is significant work for soft robots.
As we know, the electromagnetic induction effect was first

observed by Michael Faraday [45], which opens the door for
converting mechanical energy into electrical energy. Elec-
tromagnetic generators are one of the most successful ap-
plications of the electromagnetic induction effect. Recently,
magnetically responsive materials have been fabricated
through incorporating magnetic particles into silicone rubber
[46,47]. The composite material is completely soft and
magnetic after magnetizing. If the hard magnet of electro-
magnetic generators is replaced with the composite material,
the generators can also produce an induced voltage as the
composite material moves or deforms. This provides a new
approach to developing self-sensing pneumatic actuators.
To achieve this idea, we design a self-sensing pneumatic

torsional actuator (SPTA) that can feel its deformation. The
sensing function comes from the inherent structure of the
actuator without integrating additional sensors. And the
SPTA can be fabricated easily by multi-step casting methods,
where the composite materials were poured into the molds
containing a helical varnished wire. In this paper, the overall
design, sensing principle, and fabrication are detailed first.
To investigate the mechanical characteristics of the SPTA, a
finite element model is established and validated experi-
mentally. In addition, experiments are carried out in order to
reveal the electrical characteristics of the SPTA and the re-
lationship between the torsion deformation and the magnetic
flux change. Finally, the effect of three main factors, in-
cluding the number of turns of the varnished wire, magnetic
powders contents, and magnetic direction, on the feedback
voltage and current is studied, respectively.

2 Materials and methods

2.1 Overall design and sensing principle

The design of the self-sensing pneumatic torsional actuator
(SPTA) is shown in Figure 1(a) and (b). The SPTA mainly
consists of an elastomeric body and a helical varnished wire
placed in the center of the SPTA. The elastomeric body
possesses four helical chambers with an elliptical section
(The semi-axes of the elliptical section are 5 and 4 mm). All
the chambers are connected to a common air inlet and outlet.
When negative pressure is applied to the chambers, the
chamber will collapse cooperatively, resulting in the torsion
deformation of the top end. More details about the structure
and the torsion mechanism can be found in our earlier work
[48]. Different from the existing pneumatic torsional actuator
[29,48], the elastomeric body is made of a silicone rubber/
NdFeB composite rather than pure silicone rubber. The
composite is completely soft and magnetic after magneti-
zation. The mechanical softness and magnetism of the
composite are the preconditions to realize the self-sensing of
pneumatic torsional actuators. Additionally, the varnished
wire is the prominent characteristic of the SPTA. The varn-
ished wire with a diameter of 0.2 mm is designed as helical
structures (diameter of 4 mm, height of 32 mm, 50 turns),
which allows them to deform or recover easily as the tor-
sional actuator is twisting or recovering.
For our proposed SPTA, the elastomeric body will gen-

erate a local magnetic field around, which yields magnetic
flux passing through the helical varnished wire (Figure 1(c)).
When the SPTA is actuated by negative pressures, the
magnetic intensity distribution will change accompanied by
the deformation of the elastomeric body. Consequently, the
magnetic flux passing through each turn of varnished wires
will alter in the meantime. Based on Faraday’s electro-
magnetic induction laws, the variation of magnetic flux in

131Xiao W, et al. Sci China Tech Sci January (2024) Vol.67 No.1



the wire is able to produce induced voltages, which can be
expressed as follows:

E v N t( ) = , (1)2 1

where E(v) is the induced voltage, N is the number of turns of
varnished wires, Φ1 and Φ2 are the magnetic flux passing
through each turn of varnished wires for initial and twisting
status, respectively, t is the time span corresponding to the
change of the magnetic flux.

2.2 Fabrication of the SPTA

The multi-step casting approach is employed to fabricate the
SPTA. Before fabricating the SPTA, the molds for casting
were printed with the material SOMOS Imagine 8000.
Compared with the pneumatic torsional actuator [48], there
are three differences during the fabrication process. Firstly,
the soft material of silicone rubber is replaced by the silicone
rubber/NdFeB composite. Thus, the silicone rubber/NdFeB
composite needs to be prepared prior to casting. Two com-
ponents of silicone rubber (E625, Hong Ye Jie) with the same
mass are taken out and then poured into a beaker. At the same
time, the NdFeB magnetic powders (LW-N-11-9, Xinnuode,
mean diameter of 37 μm) with the same weight as the sili-
cone rubber are also added to the beaker. The mixture will be
stirred via a blender for about 3‒5 min to obtain the homo-
geneous composite. In our previous work [49], experiments
of the cross-sectional SEM for the silicone rubber/NdFeB
composite are performed. Based on the cross-sectional SEM
images, we find that the magnetic powders are dispersed
uniformly in the silicone rubber matrix as the mass fractions
of magnetic powders vary from 30% to 70%. Secondly, a
helical varnished wire is embedded into the elastomeric body

to generate the voltage signal. Therefore, the helical varn-
ished wire should be fabricated and placed into the as-
sembled molds. Thirdly, the cured SPTA is magnetized to
saturation via a commercial magnetizer (PFD-2000, Tianjie),
where the applied impulse field is about 3.25 T. Other than
these, the fabrication process is the same as the pneumatic
torsional actuator, which can be found in ref. [48]. The fin-
ished SPTA is displayed in Figure 2(a). For the sake of ex-
periments, two cubical silicone rubber (with the dimensions
of 10 mm×10 mm×10 mm) are glued on the top and bottom
of the SPTA, respectively.

2.3 Methods for the characteristic tests

For the SPTA, it will generate torsion deformation and
electrical signal (voltage and current) under the actuation of
negative pressures. Here, experimental platforms were con-

Figure 1 (Color online) Overall design and sensing principle of the STPA. (a) Schematic illustration of the STPA; (b) cross section of the STPA; (c)
magnetic flux passing through each turn of varnished wires for initial and twisting status.

Figure 2 (Color online) Experimental platform for measuring the feed-
back electrical signal of the SPTA. (a) Image of SPTA, where its end is
fixed in a platform; (b) digital multimeter and upper computer.
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structed to investigate the mechanical and electrical char-
acteristics. Firstly, the torsion angle and the output torque
were measured. The experimental setup mainly contains a
pressure control and output system, torsion angle, and output
torque measurement platform, which is detailed in our pre-
vious work [48]. In addition, a measurement platform was
established to measure the electrical signal, as demonstrated
in Figure 2. The platform chiefly includes a multimeter and
an upper computer. The multimeter (Good Will Instrument
Co., Ltd. GDM-8261A) is six bit semi, dual-display digital
multimeter. The basic accuracy is 0.0035%, and the resolu-
tion ratio of voltage is 0.1 μV, while the resolution ratio of
current is 100 pA. For the SPTA, the feedback voltage and
current are about a few microvolts and tens of microamps,
respectively. From the point of view of accuracy and re-
solution, the multimeter we choose can meet the accuracy
requirements. The SPTAwas placed in a platform and its end
was fixed. The two ends of the varnished wire were con-
nected to the input port of the multimeter. Then, the feedback
signal can be detected by the multimeter and transmitted to
the upper computer. The collected signals were saved and
displayed by the upper computer in real-time.

2.4 Finite element modeling

Prior to finite element modeling, the uniaxial tensile test is
conducted to explore the material behavior of the silicone
rubber/NdFeB composite. According to the standard ISO 37,
the dumbbell-shaped specimen was fabricated and tested.
The strain is equal to the crosshead displacement divided by
the initial length of the specimen, while the stress is obtained
by the ratio of the applied force to the cross-section area of
the specimen. The stress-strain curve of the composite is
shown in Figure 3. Herein, a reduced 2-order polynomial
hyperelastic model is employed to simulate the material
behavior of the silicone rubber/NdFeB composite. Its strain
energy function can be written as follows [50]:

U C I= ( 3) , (2)
i

i
i

=1

2

0 1

where I1 denotes the first deviatoric strain invariant, Ci0 re-
presents the material coefficient. Then the stress-strain data
were imported into ABAQUS to fit the material coefficients.
The material coefficients of the silicone rubber/NdFeB
composite are: C10=0.1314 MPa, C20=0.0073 MPa.
To model the deformation behavior of the SPTA, a 3D

finite element model (FEM) was established by employing
the software Abaqus/Explicit (Simulia, Dassault Systemes).
Firstly, the geometrical model of the SPTA is imported to
Abaqus, in which the inlet/outlet for pressurized air is ig-
nored for simplifying the FEM. The elastomeric body of the
SPTA is modeled using solid tetrahedral quadratic modified
elements. For the helical varnished wire, quadratic beam

elements (Abaqus element type B32) are used, which are
connected to the elastomeric body by embedded constraints.
The material of the helical varnished wire is modeled as
linear elastic (Young’s modulus of E=108000 MPa and
Poisson’s ratio of v=0.326). Four helical chambers of the
elastomeric body are subjected to a uniformly distributed
negative pressure. The bottom of the SPTA is completely
fixed while the top is free. To avoid the penetration of
chambers, the general contact in ABAQUS is also employed.
The tangential contact behavior between the chambers is
simulated by using the penalty method with a friction coef-
ficient of 0.3, and the normal contact behavior is viewed as
“hard” contact allowing separation after contact. Note that
the measurement of the torsion angle is a static process. To
be consistent with the experiment, the quasi-static conditions
were guaranteed in the FEM via controlling the kinetic en-
ergy that should be less than 5% of the internal energy. When
the actuating pressure of −40 kPa is applied to the chambers,
the deformation of the SPTA and the helical varnished wire is
demonstrated in Figure 4. In addition, the output torque can
be also modeled. In the FEM, the top end of the SPTA is
constrained by coupled with a reference point. The output
torque of the SPTA is equal to the reaction torque of the
reference point.

3 Results

3.1 Mechanical characteristics of the SPTA

According to numerical and experimental methods, the me-
chanical characteristics of the SPTA can be investigated
thoroughly. Firstly, the torsion angle and output torque are
measured based on the experimental platform that can be
seen in our early work [29]. To obtain a more reasonable
result, we have prepared two samples of the SPTA for the
tests. Each sample will be measured twice to minimize the

Figure 3 (Color online) Stress-strain curves of experimental data and
dumbbell-shaped specimen for the silicone rubber/NdFeB composite.
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experimental error. Figure 5 demonstrates the experimental
results of the torsion angle and output torque for the SPTA.
The relationship between the actuating pressure and the
torsion angle is nonlinear. The increase in actuating pressures
will lead to the rise of the torsion angle. The variation of
torsion angle is minor as the actuating pressure exceeds
−20 kPa. The torsion angle of the SPTA is 66.35° when the
actuating pressure is −45 kPa. As regards the output torque,
it increases nonlinearly with the actuating pressure. The
output torque reaches a maximum (24.9 N mm) when the
actuating pressure is −40 kPa. In addition, the torsion angle
and output torque of the SPTA are also studied numerically,
and the results are displayed in Figure 5. The match of the
numerical and experimental results is good on the whole.
The relative error of the maximum torsion angle and output
torque between the FEM results and experiment results is
less than 2%. On the other hand, some deviations exist under
the small actuating pressure. This is due to the pressure loss
caused by the elastic tubes during the experiment. And the
deviation of the material model employed in the FEM also
results in the discrepancies between the FEM results and
experimental results. In short, the developed FEM is effec-
tive in predicting the mechanical characteristics of the SPTA.
Based on the developed FEM, we reveal the effect of the

NdFeB magnetic powders and the helical varnished wire on
the torsional performance. The torsional actuator fabricated
by the pure rubber E625, E625/NdFeB, and E625/NdFeB
and embedded helical varnished wire (SPTA) is simulated,
respectively. The torsion angle and output torque of the
torsional actuators are shown in Figure 6. There is a slight
difference in torsion angle for the actuators with different
materials (E625, E625/NdFeB). Whereas, the helical varn-

ished wire will reduce the torsion angle of torsional actua-
tors. Compared with the torsional actuator fabricated by
E625/NdFeB, the torsion angle of SPTA decreases by
15.66% when the actuating pressure is −45 kPa. On the other
hand, the addition of NdFeB magnetic powders and helical
varnished wire will enhance the output torque of torsional
actuators. Compared with the actuator fabricated by E625,
the maximum output torque for E625/NdFeB increases by
15.68% while the maximum output torque for SPTA im-
proves by 23.19%.
In addition, the stiffness of the actuator for different ma-

terials is calculated and discussed. The generalized stiffness
K is defined as the ratio of the actuating pressure and the
torsion angle of the actuator, which can be expressed as

K P= , (3)i

i

where θi represents the torsion angle corresponding to the
applied pressure Pi. Based on numerical data, the generalized
stiffness of the actuator fabricated by the pure rubber E625,
E625/NdFeB, and E625/NdFeB and embedded helical
varnished wire (SPTA) is obtained. Here, the generalized
stiffness (as the actuating pressure is −45 kPa) for the E625,
E625/NdFeB, and SPTA is 32784.1, 33325.5, and
39521.4 Pa/rad, respectively. In conclusion, the NdFeB
magnetic powders will increase the stiffness of the actuator,
but the effect is small. The copper wires possess a stronger
influence on the stiffness of the actuator.
In addition, the dynamic response of the SPTA is dis-

cussed. During the experiments, a camera is employed to
record the dynamic response when the square signals with
the pressure amplitude of −10, −20, −30, and −40 kPa are
applied to the SPTA, respectively. The torsion angle of the

Figure 4 (Color online) Finite element analysis of the SPTA. (a) FEM of the SPTA; (b) mesh of the helical varnished wire; (c) deformation of the SPTA;
(d) the helical varnished wire when the actuating pressure of −40 kPa is applied to the chambers.
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SPTA is demonstrated in Figure 7. The maximum torsion
angle of the SPTA increases with the pressure amplitude, and
it is slightly bigger than the static measurement of the torsion
angle. For the response time and recovery time, they are
insensitive to the pressure amplitude. The average response
time and recovery time are about 0.54 and 0.43 s, respec-
tively.

3.2 Electrical characteristics of the SPTA

Accompanied by the torsion deformation, the SPTA will
generate feedback voltage signals. Herein, the feedback
voltage of the SPTA for different actuating pressures is in-
vestigated first. As detailed in Section 2.3, the feedback
voltage is measured as a step pressure signal is applied to the
SPTA, which can be found in Figure 8(a)‒(d). Based on
Faraday’s electromagnetic induction laws, the induced vol-
tage is equal to the ratio of the magnetic flux change and the
time span. The rate of actuating pressures will affect the time
span when the magnetic flux change remains constant.

Therefore, the feedback voltage characterized in Figure 8 is
related to the rate of actuating pressures. In our experiment, a
step pressure signal is applied to the SPTA, which is con-

Figure 5 (Color online) Torsional performance of the SPTA. (a) Relationship between the torsion angle and the actuating pressure; (b) relationship between
the output torque and the actuating pressure.

Figure 6 (Color online) Effect of the magnetic powder and varnished wire on the torsional performance of torsional actuators. (a) Torsion angle; (b) output
torque.

Figure 7 (Color online) Dynamic response of the torsion angle when
different pressures are applied to the SPTA.
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trolled by using a solenoid valve. The rate of actuating
pressures depends on the flow control valve. The rate of
actuating pressures is unchanged during the measurement. In
the voltage versus time curve, there is an obvious peak with a
period of about 0.5 s that is close to the response time of the
torsion angle. And the peak of the feedback voltage increases
with the applied pressure. The maximum feedback voltages
of the SPTA for different applied pressures of −10, −20, −30,
and −40 kPa are about 0.70, 1.40, 1.85, and 2.60 μV, re-
spectively. After the peak, there is a small oscillation in the
voltage versus time curve owing to the effect of noise sig-
nals.
As we know, the feedback voltage of the SPTA is produced

by the change in magnetic flux. Thus, we analyze the change
of magnetic flux as well. The change of magnetic flux is
obtained from the time integration of the feedback voltage,
as expressed by the following:

E v t= ( )d . (4)

Figure 8 demonstrates the change of magnetic flux versus
time curves. The change of magnetic flux rises with time and
then reaches a steady state. Due to the noise signal, the
change of magnetic flux will oscillate within a small range
during a steady state.
Obviously, the underlying cause of the change of magnetic

flux is the torsion deformation of the SPTA. In this study, the
torsion angle is used to describe the deformation of the

SPTA. We can find that the variation tendency of the change
of magnetic flux and the torsion angle with respect to time is
the same. But the quantitative relation between the torsion
deformation and the change of magnetic flux is unclear so
far. To disclose their underlying relationship, we plotted the
magnetic flux change versus the torsion angle curve as the
actuating pressures are −10, −20, −30, and −40 kPa, re-
spectively. As shown in Figure 9, the magnetic flux change
rises with the increase of the torsion angle. The magnetic flux
change and the torsion angle exhibit a strong linear corre-
lation, especially in the actuating state. Therefore, linear
fitting is used to assess their quantitative relation. The fitting
results are also demonstrated in Figure 9, which indicates
excellent linearity for the magnetic flux change and the
torsion angle. Furthermore, the coefficient of determination
(R2) is used to evaluate the overall accuracies of the linear
fitting, which can be calculated by

( )
R

y y

y y
= 1

( )
, (5)i

u
i i

i

u
i i

2 =1

2

=1

2

where u is the number of the experimental data, yi and yi are
the experimental result and the fitting result, respectively, yi
is the mean of the experimental result. The values of R2 are
0.9803, 0.9787, 0.9883, and 0.9892 for the actuating pres-
sures of −10, −20, −30, and −40 kPa. All the values are pretty
close to 1, which further demonstrates their strong linear

Figure 8 (Color online) Feedback voltage and magnetic flux change of the SPTA under the actuating pressures of (a) −10 kPa, (b) −20 kPa, (c) −30 kPa,
and (d) −40 kPa.
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relationship between the magnetic flux change and the tor-
sion angle of the SPTA.

3.3 Calibration on the feedback signal

The calibration of the feedback signal is important for the
application of the SPTA. In this section, the nonlinearity and
sensitivity of the feedback signal for the SPTA are discussed.
The measure experiments are conducted at room temperature
(about 25°C±3°C). The experimental data are displayed in
Figure 10. To obtain the nonlinearity and sensitivity, the least
square method is employed to fit the experimental data. The
sensitivity S and nonlinearity L can be calculated by eqs. (6)
and (7), respectively.

S y
x= , (6)

B
A= × 100%, (7)L
max

where Δy is the change of magnetic flux change due to a
micro-increment of torsion angle Δx, Bmax is the maximum
deviation between the experiment data and the fitting line,
and A is the variation range of the magnetic flux change.
Here, the average sensitivity and nonlinearity are obtained,
which are 0.560 Mx/° and 16.6%. In short, these indicators
are both in an acceptable range, but also need to be improved
further.

3.4 Effect of parameters on the electrical character-
istics

The electrical characteristics are an important feature for the
SPTA. Herein, the effect of different parameters on the
electrical characteristics, including the feedback voltage and
current, is investigated experimentally. According to eq. (1),
the number of turns of the varnished wire can affect the
electrical characteristics. And based on Faraday’s electro-
magnetic induction laws, eq. (1) can be also rewritten into:

Figure 9 (Color online) Relationship between the magnetic flux change and the torsion angle of the SPTA for the actuating pressures of (a) −10 kPa,
(b) −20 kPa, (c) −30 kPa, and (d) −40 kPa.

Figure 10 (Color online) Experimental data of the torsion angle and
magnetic flux change.
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E v N t N B S
t( ) = = , (8)

where B is the magnetic intensity, S is the area of the wire
that is perpendicular to B. Hence, magnetic intensity plays a
significant role in electrical characteristics. For this structure
design, the addition of magnetic powders is essential for the
self-sensing ability of the SPTA. And the content of magnetic
powders will directly influence the magnetic intensity of the
local magnetic field. In addition, the magnetic direction of
the SPTA may also affect the electrical characteristics.
Therefore, the effect of the three factors is studied experi-
mentally in the section.
Firstly, the effect of the number of turns of the varnished

wire is studied experimentally. Before experiments, we
prepared three SPTAs with 25, 50, and 75 turns (mass frac-
tions of magnetic powders is 50%). And measurements are
conducted to obtain the electrical characteristics. During the
measurements, the SPTAs are actuated by a pressure of
−40 kPa, and then recover as the pressure is released. Figure
11 displays the feedback voltage and current within five
cycles and their average maximum for the five cycles. For
the cycles, the feedback voltage and current exhibit repeat-
ability and consistency. The slight distinction is mainly due
to the noise signal during the measurements. From Figure 11,
we can also discover that the feedback signal of the torsion
process is bigger than that of the recovery process. With the
rise of the number of turns, the feedback voltage and current
both increase. As regards the torsion process, the maximum
feedback voltage increases from 2.45 to 4.06 μV while the
maximum feedback current changes from 25.72 to 37.77 nA.
Secondly, the influence of the content of magnetic powders

on the electrical characteristics of the SPTA is discussed.

Three SPTAs with the magnetic powders content of 30 wt%,
40 wt%, and 50 wt% were fabricated. The magnetic intensity
of the finished SPTA is studied before conducting the mea-
surement of the feedback signal. Here, the WT10A Tesla-
meter (WEITE Magnetic Technology Co., Ltd, China) is
used to test the magnetic intensity. The magnetic intensities
of the SPTAs with the mass fraction of 30 wt%, 40 wt%, and
50 wt% are 12.05, 19.50, and 30.40 mT, respectively. Then,
the feedback voltage and current are obtained by the multi-
meter, and their variation with respect to time is plotted in
Figure 12. Expectedly, the increase of magnetic powders will
enhance the feedback voltage and current. And results show
that the maximum feedback voltage rises from 2.26 to
2.90 μV (torsion process) when the magnetic powders con-
tent varies from 30 wt% to 50 wt%. For the maximum
feedback current, it increases from 21.52 to 29.50 nA.
Finally, we explore the effect of the magnetic direction of

the SPTA on the feedback voltage and current. In general, the
magnetic direction of the SPTA can be arbitrary. In this
study, we only consider two typical cases, including the di-
rections that are parallel to and perpendicular to the length
direction of the helical wire. Two SPTAs with the same
parameters (magnetic powders content is 50 wt%, 50 turns)
were fabricated, while the magnetic direction is different.
The feedback voltage and current for the two SPTAs were
tested, as depicted in Figure 13. The experimental results
demonstrate that the magnetic direction parallel to the length
direction of the helical wire has slight advantages in im-
proving the feedback voltage and current. For the magnetic
direction parallel to the length direction of the helical wire,
the maximum feedback voltage and current are 2.90 μV and
29.50 nA during the actuating process. Whereas, the max-

Figure 11 (Color online) Effect of the number of turns of the varnished wire on the electrical characteristics of the SPTA. (a) Feedback voltage versus time
curves; (b) maximum feedback voltage; (c) feedback current versus time curves; (d) maximum feedback current.
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imum feedback voltage and current are 2.59 μV and
21.66 nA for another case.
For the SPTAs with different parameters, their resistance is

summarized in Table 1. The resistance merely depends on the
length of the varnished wire. Thus, the resistance rises with
the increasing number of turns, while that of the SPTAs with
different magnetic powder contents is almost the same. Note
that the resistance of SPTAs is almost unchanged as the

SPTAs are deformed under depressurization.
In short, the number of turns can improve the feedback

voltage and current of the SPTA. The maximum number of
turns relies on the diameter of enameled wires and the height
of the torsion actuator. Thus, the growth of the feedback
voltage and current via increasing the number of turns is
limited. Additionally, the magnetic powder contents are
capable of enhancing the feedback electrical signal. On the

Figure 12 (Color online) Effect of the mass fraction of magnetic particles on the electrical characteristics of the SPTA. (a) Feedback voltage versus time
curves; (b) maximum feedback voltage; (c) feedback current versus time curves; (d) maximum feedback current.

Figure 13 (Color online) Effect of magnetic direction on the electrical characteristics of the SPTA. (a) Feedback voltage versus time curves; (b) maximum
feedback voltage; (c) feedback current versus time curves; (d) maximum feedback current.
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other hand, the higher content of magnetic powders means
that there is less silicone rubber to connect the magnetic
powders. So the silicone rubber/NdFeB composite is more
prone to breakage under external loads and is difficult to
cure.

4 Discussion

So far, many soft sensors with high compliance and ex-
tensibility are designed and fabricated. These sensors can be
a candidate for the sensing of soft robots. However, there is
indeed a technological gap to readily embed them into soft
robots and then effectively sense the deformation of soft
robots. Herein, we proposed a self-sensing pneumatic tor-
sional actuator having some advantages that make it attrac-
tive in soft robots. Firstly, the SPTA is completely soft
though the magnetic powder and varnished wire are hard.
And the numerical results show that the addition of the
magnetic powder and varnished wire has a slight effect on
the torsional actuator deformation, while they can enhance
the output torque of the torsional actuator. Secondly, the
fabrication of the SPTA is pretty simple, which only needs to
put the helical wire into the molds before pouring the com-
posite. Thirdly, the perception of our developed SPTA ori-
ginates from the actuator architecture. Whereas other self-
sensing actuators [31,51,52] need to take the installation and
arrangement of sensing elements into account. Importantly,
the sensing mechanism is effective, and can be applied to
other soft actuators, such as fiber-reinforced bending actua-
tors [53,54], pneu-net actuators [55,56], and origami-in-
spired actuators [57,58].
On the other hand, there are some negative effects of the

integration of the copper wires and NdFeB magnetic pow-
ders on the actuator. Firstly, the fabrication is more compli-
cated compared with the actuator fabricated by pure rubber
E625. Secondly, the fluidity of silicone rubber/NdFeB
composite is reduced with the rise of magnetic powder
contents, which will increase the difficulty of fabrication.
When the magnetic powder content is up to 70%, the fabri-
cation fails because of the poor fluidity. Thirdly, the in-

tegration of the copper wires and NdFeB magnetic powders
leads to an increase in the torsion stiffness, which means a
bigger actuating pressure is needed.
In conclusion, this work mainly reveals the mechanical and

electrical characteristics of the SPTA, which is fundamental
for intelligent soft robots. To realize the accuracy control and
intelligentization of soft robots, our future work will focus on
dynamics modeling, control algorithm developing and robust
controller constructing.

5 Conclusion

In this study, we have proposed a self-sensing pneumatic
torsional actuator, which only contains an elastomeric body
made by silicone rubber/NdFeB composite and a helical
varnished wire placed in the body. The sensing capacity
originates from the inherent structure of the SPTA. So the
SPTA feels its torsion deformation without redundant sen-
sors as the actuator is actuated by different pressures. Firstly,
the mechanical characteristics of the SPTA are studied ex-
perimentally and numerically. The experimental results de-
monstrate that the developed FEM is effective in predicting
the mechanical characteristics of the SPTA. On the basis of
the FEM, we discuss the torsion performance of the actuators
fabricated by pure rubber, silicone rubber/NdFeB composite,
and silicone rubber/NdFeB composite and helical varnished
wire, respectively. The FEM results show that the maximum
torsion angle and output torque of the SPTA are about 66.35°
and 25.07 N mm. Compared with the torsional actuator
fabricated by pure rubber, the maximum torsion angle of the
SPTA is reduced by 15.68% while the maximum output
torque is enhanced by 23.19%. Then, we reveal the electrical
characteristics of the SPTA as step signals with different
pressure amplitudes are applied to the helical chambers. The
torsion deformation of the SPTA increases with the rise of
pressure amplitudes, resulting in the growth of the feedback
voltage. According to the experimental data, we disclose the
relationship between the magnetic flux and the deformation
of the SPTA. The values of R2 for different pressure ampli-
tudes are all over 0.95, which demonstrates that the magnetic
flux change and the torsion angle exhibit a strong linear
correlation. Finally, we reveal the effect of the number of
turns of the varnished wire, magnetic powders contents, and
magnetic direction on the feedback voltage and current. The
feedback voltage and current can be enhanced by increasing
the number of turns and magnetic powders contents, while
they are insensitive to the magnetic direction of the SPTA. In
conclusion, these findings are fundamental for us to under-
stand the mechanical and electrical characteristics of the
SPTA. And we believe that the SPTAwill possess promising
applications in the future, especially for unconstructed en-
vironments.

Table 1 Resistance of the SPTAs with different parameters

Parameter Resistance (Ω)

Different turns

25 turns 0.3725

50 turns 0.5351

75 turns 0.7302

Magnetic powder contents

30 wt% 0.5527

40 wt% 0.5524

50 wt% 0.5451

Magnetic direction
Parallel 0.5351

Vertical 0.5432
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