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Abstract. Soft pneumatic actuators have been one of the cores of soft robotics research and play a key role
in driving the development of soft robots. Due to its high degree of internal nonlinearity and unpredictable
deformation caused by environmental influences, the control model established for soft robots is still a difficult
problem in terms of improving accuracy. This paper proposes a new positional control method for soft pneumatic
actuators that are suitable for independent 3D deformation at any position and are the core units of continuous
robots. The pressure parameter feedback model (PPFM) of the airbag is obtained by adjusting the pressure input
through a proportional valve, collecting the air pressure inside the airbag and obtaining the airbag expansion
height. The pressure input signal is changed according to the PPFM of the airbag to control the position of the
soft pneumatic actuator. A modular experimental platform is built to validate the PPFM-based control strategy,
which is able to adjust the position of the end center point of the soft pneumatic actuator in space with the
discussed characteristics. It is demonstrated that the theoretical model can significantly improve the stability and
accuracy of the soft pneumatic actuator motion.

1 Introduction

The drive method as well as the form of the soft robot can
have an impact on the design of the control strategy. Pneu-
matic methods are often used due to their ease of design and
the simplicity of actuator fabrication (Xavier et al., 2021; Qi
et al., 2020; Ren et al., 2020; Huang et al., 2018; Chen et
al., 2022), and they can also provide relatively large drive
forces. Researchers make soft actuator drives mostly in the
form of pouch motors (Kim et al., 2021; Guo et al., 2020) or
bellows (Childs and Rucker, 2020; Xue et al., 2018). Using
specially designed anisotropic structures, soft actuators can
display four different types of motions: extension, contrac-
tion, bending and twisting (Gorissen et al., 2017; Polygeri-
nos et al., 2017). However, due to the material and structure
of pneumatic actuators, drivers such as airbags or bellows
can show large deformability and infinite degrees of free-

dom, which bring great uncertainty when moving soft robots
(Cho et al., 2019), which seriously affects the controllability
of soft robot motion as well as the control accuracy. Although
there are many ways to control the motion of soft actuators,
improving the control accuracy of pneumatic soft actuators
is still a great challenge (Thuruthel et al., 2018). In order to
be able to control the motion of soft robots, researchers have
tried to establish a general model approach for soft actuators
to design controllers (Sun et al., 2022; Wang et al., 2021;
Adagolodjo et al., 2021; Zhang et al., 2022; Rouzbeh et al.,
2018; Alici et al., 2018; Zhu et al., 2019).

Researchers have found that many soft robots can be
approximated by a series of mutually tangent constant-
curvature cross-sections; this is known as piecewise constant
curvature (PCC) (Santina et al., 2020). This approximation is
acceptable because the internal potential energy is uniformly
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distributed along each section, especially for gas-driven soft
robots (Grube et al., 2022), and the assumption of PCC is also
verified using the Hamiltonian principle in Yang et al. (2017).
Traditional PCC models do not consider robot–environment
interactions, and any additional deformation to the robot ge-
ometry is likely to invalidate the kinematics. To address this
issue, Liu (2022) proposed an improved constrained kine-
matic PCC model that plays a role in the correction of PCC.
The segmented constant curvature approach is feasible when
inertia effects can be neglected (Xu et al., 2022). Therefore,
PCC designs are influenced by the weight of the actuator and
external loading (Gonthina et al., 2019).

For soft actuators with complex geometries or nonlinear
materials (Xavier et al., 2020a; Wang et al., 2019), finite el-
ement analysis (FEM) has been used extensively to simulate
soft robot dynamics (Martin-Barrio et al., 2020; Bieze et al.,
2018; Tawk and Alici, 2020; Moseley et al., 2016), which
provides a new way of thinking for modeling soft actuators.
For example, a finite element model is proposed in Gharavi et
al. (2022) for the dynamic finite element analysis of a semi-
circular fiber-reinforced actuator. In Pozzi et al. (2018), a soft
pneumatic finger of a fiber-reinforced design is modeled us-
ing Vega FEM. The advantage of FEM over the traditional
PCC modeling approach is that it can handle contact non-
linearities associated with environmental interactions. How-
ever, the computational burden of increasingly accurate mod-
els grows exponentially when using FEM (Jin et al., 2019).

Other areas of modeling have been explored by some
researchers, including the use of artificial neural network
(ANN) models to design controllers. Analytical models for
soft pneumatic actuators are usually applicable only to as-
sumptions based on certain simplified designs and struc-
tured environments; machine learning and deep learning ap-
proaches have a much larger scope of application for soft
pneumatic actuators (Naughton et al., 2021). A neural net-
work model is used to approximate the Jacobi function of soft
pneumatic arms (SPAs) to derive the proportional–integral–
derivative (PID) gain of the controller to attenuate external
disturbances (Thuruthel et al., 2018). Nonlinearities caused
by solenoid valves can also be modeled using data-driven
machine learning techniques (Mohamed et al., 2020). How-
ever, neural networks require a large amount of training data,
and the accuracy and precision of the model depends on the
quality of the training set.

In conclusion, although there are many ways to build con-
trol models for soft robots, the control effect, especially the
accuracy, can be greatly influenced by its structure, environ-
ment and other factors, and if the control model is too refined,
it will generate an excessive computational burden.

In this study, a pressure parameter feedback model
(PPFM)-based soft pneumatic actuator posture control strat-
egy is proposed. In response to the problem of low control
accuracy of the soft robot, this new positional control method
is validated in a soft pneumatic actuator, aiming to simplify
the model establishment while improving the stability and

Figure 1. The configuration, dimensions and control posture of soft
pneumatic Actuator: (a) The drive unit in the pneumatic robotic
arm. (b) Soft pneumatic actuator motion posture.

accuracy of the soft pneumatic actuator motion, which is
shown in Fig. 1a. This soft pneumatic actuator is also ap-
plicable to other continuous robots with independent 3D de-
formation at any position and is the core unit of continuous
robots, so this control strategy is theoretically applicable to
other forms of soft pneumatic actuators as well. In this study,
firstly, the corresponding kinematic model is established for
the end center point pose of the soft pneumatic actuator. Sec-
ond, the trapezoidal rising pressure input signal is generated
by adjusting the proportional valve, and the internal air pres-
sure and airbag expansion height are collected to obtain the
parametric airbag parameter model, and the duty cycle of
the pulse-width modulation (PWM) is applied to adjust the
pressure input signal according to the PPFM of the airbag.
Then, the theoretical position of the end of the airbag is esti-
mated by the trajectory target point, and the theoretical time
of solenoid valve conduction is obtained. The NOKOV mo-
tion capture system is used to reliably measure the position
of the end of the soft pneumatic actuator, and closed-loop po-
sition control and trajectory tracking are achieved after error
compensation under a proportional–integral (PI) controller.
Finally, we built a soft robot posture control experimental
platform and demonstrated that the tracking accuracy of the
end point of the soft actuator on the target trajectory can be
controlled between 0.3 mm.

This paper is organized as follows. Sect. 2 develops the
corresponding kinematic model based on the end center point
of the adopted actuator. In Sect. 3, a new positional control
method is proposed, and the controller is designed. Section 4
performs valuation calculations for some parameters of the
model. Section 5 is devoted to building an experimental plat-
form and performing validation. Finally, Sect. 6 gives the
conclusion.
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2 Kinematic modeling

The present study requires not only the use of the positive
kinematics of the soft pneumatic actuator to calculate the po-
sition of the airbag based on the onset time of the solenoid
valve, but also the inverse kinematic model to calculate the
onset time of the solenoid valve based on the target position
point. The kinematics of the parallel mechanism has been an-
alyzed in previous studies (Zhang et al., 2016; Huang et al.,
2022; Salerno et al., 2016). In this study, the kinematic model
of the soft pneumatic actuator is modified to a hexagonal
base shape. For positive kinematics, in Zhang et al. (2016)
and Salerno et al. (2016), since the module is driven by lin-
ear shape-memory alloy (SMA) and tendon actuators, the re-
searchers calculated the position and orientation of the end-
effector as a function of the input length variable and the in-
put length variable as the distance between the top and bot-
tom three vertices of the platform. However, a similar three-
degree-of-freedom parallel mechanism is driven in this paper
for a rotating platform, as shown in Fig. 1a. The kinematic
model of the pneumatic actuator is obtained based on its at-
titude characteristics, giving the position and orientation of
the end points of the pneumatic actuator as a function. Fig-
ure 1b also shows some positional states of the end points of
this pneumatic actuator during its motion.

2.1 Forward kinematics

In order to drive the pneumatic module to a specific config-
uration, first a positive kinematic model of the mechanism
needs to be studied. The model provides the position of the
module base center o corresponding to the end-effector cen-
ter o′ and the input tensions in the directions AA′, CC′, and
EE′ as shown in Fig. 2. It consists of a hexagonal base plane,
a hexagonal upper plane and three longitudinal airbags. In
this model, it is assumed that each longitudinal airbag is con-
nected to the upper plane and the base plane by a rigid joint.
Although there is no central strut in the soft body, it is intro-
duced into the model to mathematically provide kinematic
constraints to prevent shear motion between the upper and
base planes. It is equivalent to a passive retractable joint fixed
at the center of the base plane and connected to the center of
the upper plane with a universal joint. Thus, the upper plane
has two rotational degrees of freedom and one translational
degree of freedom.

Two Cartesian coordinate systems o(xyz) and o′(x′y′z′)
are set in this model. The joint A is located on the base plane
represented by the soft actuator model x–y, while the joint
A′ is located on the upper plane represented by the actuator
x′–y′ . The origin o is the center of the base plane, while
the origin o′ is the center of the upper plane, and each air
chamber of the soft actuator is identified by a position vector
Km (where m ∈ [1,3]).

The robot posture can be calculated by analyzing the ex-
pansion height of each airbag, the overall bending angle of

Figure 2. Kinematic model of the soft actuator.

the soft pneumatic actuator and the curvature of the soft
pneumatic actuator during the motion of the actuator. Ac-
cordingly, the relationship between the three airbags and the
robot posture is modeled. Firstly, the intrinsic equation and
strain conservation equation of this model are given as fol-
lows (Xavier et al., 2020b):

Kmq =8τ, (1)

y = l0 (εAA′ + εCC′ + εEE′ )+ lmεm =8TL08

+LmK
−1
m τ, (2)

wherem ∈ [1,3], q is the curvature,8 is the force arm along
the pressure direction and τ is the PWM pressure signal in-
put.

The distance from the center of the base to the center of
the upper hexagon is l0, and the expansion heights of the
three airbags of the pneumatic actuator are h1, h2, and h3,
respectively. Therefore, we calculate the arc length Soo′ of
movement of the end-effector position o′ with respect to the
initial state o, Soo′ as follows:

Soo′ =
2sin−1( l0ψ2 )

ψ
, (3)

whereψ is the curvature of the end-effector’s position o′ with
respect to the initial state o with the following value:

ψ = 2

√
h2

1+h
2
2+h

2
3−h1h2−h2h3−h1h3

d(h1+h2+h3)
, (4)
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Figure 3. Workspace at the end center point of the pneumatic actu-
ator.

where d is the position of the end-effector o′ to the center
point of the airbag, then Eq. (4) will be brought in and sub-
stituted into Eq. (3) to obtain the value of Soo′ :

Soo′ =
d(h1+h2+h3)√
h2

1+h
2
2+h

2
3

sin−1

√
h2

1+h
2
2+h

2
3−h1h2−h2h3−h1h3

3d
, (5)

Equation (5) actually gives the relationship between the
expansion height of the airbag h and the end point pose of the
soft pneumatic actuator, which can be transformed into a for-
ward kinematic problem if the expansion height h is known.

Using the positive kinematic equations, the reachable and
pneumatic drive workspace at the end center point of the
pneumatic actuator is derived, as shown in Fig. 3. In the
simulation, we used the prototype dimensions of the mod-
ule given in Fig. 1a. The achievable workspace illustrates the
maximum movement space allowed by the actuator structure,
while the achievable workspace shows the space in which the
pneumatic actuator can work continuously and without inter-
ruption. There is a difference between the two workspaces
because some air cavities of the driver expand to their max-
imum height when the end points reach the edge of the
workspace and because the rigid links in the middle limit the
motion state of the soft driver so that it cannot rotate along
the edge of the workspace (the x and y directions recover
a distance). Therefore, we make a distinction between the
reachable workspace and the pneumatic drive workspace so
that the drive always works in the drive workspace, and the
accuracy and continuity of the drive’s attitude control can be
guaranteed.

2.2 Inverse kinematics

In order to calculate the expansion height of each air cham-
ber of the soft pneumatic actuator from the position and off-
set angle of the end-effector, the inverse kinematics analysis
of the model was carried out. The inverse kinematics of the
soft pneumatic actuator is analyzed by geometric method to
find the air chamber expansion height when the overall bend-
ing angle of the soft pneumatic actuator is known θ , the arc
length Soo′ of movement of the end-effector position o′ with
respect to the initial state o and the curvature of the three air
chambers q1, q2, q3.

The expansion heights of the three airbags are
h1 = 2sin q1Soo′

2 ( 1
q1
− d1 cosθ ),

h2 = 2sin q2Soo′
2 ( 1

q2
− d2 cos(π3 − θ )),

h3 = 2sin q3Soo′
2 ( 1

q3
− d3 cos(π3 + θ )).

(6)

3 Posture control design

This section introduces a controller design based on the
PPFM. Firstly, the model needs to collect the relationship
between the airbag input pressure and the expansion height;
secondly, the pressure input signal of the airbag needs to be
adjusted with PWM duty cycle according to the model; and
finally, the PI controller with anti-saturation is designed to
eliminate the error generated by the unmodeled part and the
external disturbance.

3.1 PPFM

Based on the combination of a reliable kinematic model of
the soft actuator, the position and direction of the end center
point of the soft actuator can be obtained by the expansion
height of the airbag. Therefore, it is possible to control the
actuator motion by precisely adjusting the expansion height
of the air chamber for this type of pouch motor fluid-driven
pneumatic actuator.

The pressure parameter model proposed in this study is
designed with the pressure P input range between 0 and
0.2 MPa, and P is used as the input signal in sequence with
a rising gradient of 0.006 MPa. The other parameters (airbag
edge width, airbag edge length, wall thickness and gas flow
rate) in the pressure parameter model are fixed, and only the
expansion heightH of the airbag depends on the value of the
pressure P . As shown in Fig. 4a, the Vernier caliper read-
ing increases as the input pressure increases. Next, the airbag
expansion attitude is modeled in MATLAB based on the col-
lected data, as shown in Fig. 4b.

The research performed a complete expansion experiment
over the entire operating pressure range of the single gas
chamber of the pneumatic actuator, and the measured values
are shown in Fig. 4c. The results show that the relationship
between the pressure P and the expansion height H is non-
linear. There are two regions approximated in the pressure–
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Figure 4. PPFM design process: (a) airbag expansion data acquisition; (b) airbag expansion attitude model; (c) pressure-expansion height
variation curve of airbag; (d) expansion curve regulated by PWM.

height relationship, where the slope of the expansion height
H gradually decreases before the expansion height H starts
to saturate. When the expansion height H starts to saturate,
in this region, the expansion height H is not correlated with
the pressure P , and it is seen that the airbag expansion has
reached its maximum value.

Because the air pressure at any point in the airbag is inde-
pendent of coordinates and only varies with time, it is possi-
ble to concentrate the air pressure value at one point. It can
be seen that a second-order dynamics model of the expansion
process of the airbag can be developed using the lumped el-
ement method, with the first segment being a linear approx-
imation of the actual model of the soft pneumatic actuator.
To account for the nonlinearities in the unmodeled part, they
can be defined as perturbations to the linear model in the first
segment. Similarly, unknown external perturbations can lead
to instabilities in the soft robot.

After observing and calculating the characteristics of this
model, the controller generates and controls the pulse width
modulation of the voltage to the proportional valve send
(PWM) input as needed. The digital inputs for the intake and
exhaust valves allow the entry of outside air and the exhaust
of air inside the airbag, respectively. A dynamic system is
considered in the commissioning input signal, which can op-
erate in one of η different modes at any given time. During
the cycle of the PWM, the system can switch between mode 1
and η due to changes in the input provided to the system. The
number of modes affects the control accuracy of the airbag
– the more modes, the better the effect (but the calculation
cost is also greater). The switching between mode 1 and η is
based on the mode duty cycle (duration).

As shown in Fig. 4d, changes in the state of the single
air chamber of the pneumatic actuator, including the internal

pressure and the expansion height, can be observed. The re-
sults show that, according to PPFM, adjusting the duty cycle
of the pressure input signal can extend the expansion time
of the airbag moderately. First, the linear relationship be-
tween the expansion height H in the contraction and expan-
sion zones of the single air chamber of the pneumatic actua-
tor can be approximately satisfied in the relationship between
time T , which is related to the PWM-tuned pressure P input
signal applied inside the air chamber. Secondly, in the expan-
sion saturation zone of the airbag and the vacuum contraction
zone, the position of the single air chamber of the pneumatic
actuator is independent of the pressure P . In this region, the
end position of the airbag is characterized to reach the maxi-
mum edge of the workspace.

From the above, the single airbag dynamics model of the
soft pneumatic actuator using the lumped element method
can be described as a second-order dynamic system as fol-
lows:

P (T )=
{
µ1Ḧ (T )+µ2Ḣ (T )+µ3H (T ) H <Hmax,
Hmax H ≥Hmax,

(7)

where H (T ) is the airbag expansion height; µ1, µ2, and µ3
are the constant model parameters; P (T ) is the input pressure
to the chamber; and Hmax is the maximum airbag expansion
height.

The combined effect of the perturbation and the unknown
perturbation external perturbation is added to the system
model as follows:

P (T )=

 µ1Ḧ (T )+µ2Ḣ (T )+ H <Hmax,

µ3H (T )+1(T )
Hmax H ≥Hmax,

(8)

where 1T denotes the combination of perturbations, model
uncertainty and unknown external perturbations.
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Figure 5. Flow chart of control system.

The final set pressure input signal pattern τm is

τm =
[
a1a2. . .aη

]T
, (9)

ax =±
Hx+1+Hx

PX+1+Px
, (10)

where x ∈ [1,η], and ax is the input signal duty cycle of the
x mode.

3.2 Controller design

In actual motion, not only can the parametric model con-
tain an unknown term which accounts for unmodeled per-
turbations and external disturbances, but also the dynamics
model of the soft pneumatic actuator can have many uncer-
tainties. In order to compensate the external perturbations of
the model and the motion errors of the airbag, a PI controller
is added to the original pressure parameter feedback model.
Because, in the actual control system, for the differential it
is easy to amplify the noise of the flow input signal, so the
PI controller is added on the basis of the original pressure
parameter feedback model so that the external disturbance of
the model and the motion error of the air bag can be compen-
sated.

Initially, the derivative and integral gains are set to zero.
Inspired by the Ziegler–Nichols oscillation method, the pro-
portional gain is increased until the control system reaches
oscillatory behavior. Next, the tracking error is reduced by in-
creasing the integral gain. The proportional and integral gains
are then adjusted to improve the tracking performance. In
the pressure control of a pneumatic actuator, high-frequency
control errors are generated due to switching, measurement
noise and set point variations. Therefore, the derivative mode
produces high control signals that are not included in the con-
troller design. When the output of the PI controller exceeds a
reasonable range of the constraint, the integration calculation
is actively stopped to prevent the integration from becoming
too large.

The closed-loop control of the system is a saturation-
resistant PI control. Figure 5 shows the control diagram of the
system. PT indicates the position of the target tracking point,
h is the desired expansion height of the airbag, h′ is the cur-
rent expansion value of the airbag (captured by the NOKOV
motion capture system),1h indicates the error of the system

Figure 6. Second-order dynamic system model.

and Po′ indicates the actual position of the end center point
of the soft pneumatic actuator. The method firstly adopts the
data-based method, then identifies the experimental model
and finally compensates the feedback system for the position
control error of the airbag.

In summarize, to design the controller for the airbag, the
error coordinates are defined as follows:

E(T )=H (T )−Hd(T ), (11)

where H (T ) is the current inflation height of the airbag and
Hd(T ) is the desired inflation height.

Based on the defined error coordinates, the research define
a PI-type function as follows:

PC = kpe(T )+ ki

∫ T

T0

e(τ )dτ, (12)

where e(T )= P ′(T )−P (T ) is the difference between the ref-
erence pressure P ′(T ) and the real-time pressure P (T ); PC
is the pressure compensation amount, and kp and ki are the
proportional gain and integral gain of the controller, respec-
tively.

4 Model estimation

In this section, the parameters of the designed model param-
eters are first estimated, and then in order to ensure that the
gas flow rate in the pressure parameter model remains con-
stant, only the expansion height H of the airbag depends on
the value of the pressure P . The configuration of the air pump
and the valve needs to be adjusted.

4.1 Parameter estimation

To estimate the system parameters µ1, µ2 and µ3, the re-
search used Simulink for MATLAB for the identification of
the model parameters. The model applies a rising gradient
in the order of 0.006 MPa as input signal to check the lin-
earity of the system and uses the measured output values to
estimate the system parameters.
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These parameters are valued according to the model
shown in Fig. 6 for Sect. 3: µ1 = 10.2× 10−5, µ2 = 5.1×
10−3, µ3 = 7.4× 10−2 and Hmax = 73 mm.

4.2 Valve configuration

The solenoid valve is open/closed (0/1 control). When the
valve of the compressor is open, the valve of the vacuum
pump is closed and the pressure is increased according to the
tuned PWM until the desired pressure is reached. When the
valve of the compressor is closed, the valve of the vacuum
pump is open until the pressure drops to the desired pressure.
To prevent the solenoid valve from frequent switching op-
erations, a dead zone is introduced near the set point where
switching cannot be controlled. For a bidirectional solenoid
valve system, we consider two states.

Solenoid valve conduction is represented as

P (T )< P ′ (T )− λ;e(T )< λ, (13)

When the solenoid valve is closed, it is represented as

P (T )> P ′ (T )+ λ;e(T )<−λ, (14)

where λ is the introduced buffer pressure.
In addition to a flow rate that decreases with pressure,

air pumps are usually equipped with a pressure regulator or
safety valve to avoid pressure buildup in the piping.

According to the conservation of mass, the net flow into
the pneumatic actuator QA is (Xavier et al., 2020b)

QA =
VA

σP ′

dP ′

dt
, (15)

where σ is the polytropic index; here, σ = 1.4 (isentropic
process), and VA is the actuator volume due to QA =

dV ′
dt ,

where V ′ is the volume of air consumed in one drive cycle
from atmospheric pressure Pa to the desired pressure P ′ .

V ′ =
VA

σ
ln
(
P ′

Pa

)
. (16)

For every minute N of the drive cycle, the flow rate required
from the air pump to keep the receiver constant Qr is

Qr =
NVA

σ
ln
(
P ′

Pa

)
. (17)

According to ISO standard 6358 (Joshi and Paik, 2021), the
flow rate through the valve is

Qv = uC9Ph, (18)

9 =


√√√√1−

(
Pl
Ph
−b

1−b

)
Pl
Ph
≥ b,

1 Pl
Ph
< b,

(19)

Figure 7. Experimental system of soft actuator.

where u is the duty cycle, Ph and Pl are the absolute upstream
and downstream pressures, C is the sonic conductance, and b
is the critical pressure ratio. When charging, Ph = PR, Pl =
PA, where PR is the receiver pressure and PA is the actuator
pressure. When discharging, Ph = PA and Pl = Pa .

5 Experimental validation

In this section, the PPFM compensated by PI controller is ap-
plied to the filling and discharging module to track linear and
circular trajectories. In the experiments, a soft pneumatic ac-
tuator is used whose design is shown in Fig. 1a. There are two
pairs of three proportional valves and solenoid valves acting
on three different soft actuator air chambers, respectively.

Although much depends on the materials used and the seal,
the air chamber used can handle up to 0.5 MPa input pressure
before bursting, and in Fig. 4 it can be seen that 0.1 MPa of air
pressure is sufficient to reach saturation. Therefore, for safety
reasons, the research used a pressure gauge (SMC Corpora-
tion) to supply no more than 0.2 MPa air pressure to the con-
trol valve. The output pressure is regulated by driving a pro-
portional valve with the 5 V PWM signal by converting the
3.3 V STM32 PWM signal to a 5 V PWM signal using a tran-
sistor array. In addition, a solenoid valve is being connected
before the proportional valve to distinguish the inflation pro-
cess of the flexible actuator from the deflation process. The
PWM signal based on PI controller compensation is gener-
ated by running on the STM32 board and then continuously
cyclically transmitted to the proportional valve, and the con-
troller controls the on/off and blocking of the solenoid valve
through the MOS-tube integrated relay board. Finally, the PC
is used to select the operation mode of the soft drive, and the
whole experimental setup is shown in Fig. 7.

In order to track a given trajectory, the inverse kinematic
model proposed for this soft pneumatic actuator needs to be
used to calculate the expansion height of each air chamber
and thus determine the turn-on time of the solenoid valve.
Furthermore, as mentioned in Sect. 3 of the methodology,
first marker points are placed at the end of each air chamber
on the soft pneumatic actuator and at the center point of the
actuator end, and the actual position of the expansion point
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Figure 8. Trajectory tracking experiment results: (a) 3D horizontal
linear path tracing; (b) 3D horizontal circle path tracking; (c) hor-
izontal straight line horizontal straight line path tracking error;
(d) horizontal circle path tracking error.

is captured using the NOKOV motion capture system, with
the error between the height set point of the PI controller
tuned by the Ziegler–Nichols oscillation method and the ac-
tual airbag expansion height. The PWM input signal is then
generated by the controller calculation and drives the pro-
portional valve. Finally, the researchers record the position
of the actual end center point of the measured soft pneumatic
actuator and compare it with the target trajectory.

To validate the proposed PPFM-based soft pneumatic ac-
tuator positional control method, the experimental design
tracks two different trajectories: a horizontal straight line
with a length of 10 mm and a circular path with a diameter
of 4 mm. As shown in Fig. 8, the module successfully tracks
the trajectories by reaching 0.8 mm s−1 end-effector speed.
In addition, the research gives the tracking error for the end
center point motion of the soft pneumatic actuator.

From Fig. 8a and b, it can be seen that the soft pneumatic
actuator has some oscillation in all directions. The amplitude
of the three directions is larger at the beginning of the linear
trajectory, which is caused by the position error of the initial
position of the soft pneumatic actuator at this time. The end
point of the soft pneumatic actuator always oscillates with
time during the whole motion process, and the vibration is
caused by the air pressure shock when the solenoid valve is
on. The actual motion curve during the movement and the
set curve real-time error are shown in Fig. 8c and d. As can
be seen from the figure, the error amplitude of the end cen-
ter point of the actuator is less than 0.3 mm in the process
of linear following movement, and 30 shows a certain os-
cillation shape on the average value of around 0.1 mm. The
percentage error is within 3.4 %. In the case of circular fol-
lowing motion, it shows a certain oscillation shape above and

below the average value of 0.2 mm. The percentage error is
within 3.8 %.

6 Conclusions

In this study, a soft pneumatic actuator positional control
strategy is proposed to obtain high controllability of its vol-
ume and nonlinearity in the face of an unknown parameter
model of the soft pneumatic actuator. After identifying the
feedback model of the pressure parameters of the airbag, the
PWM pressure input signal is adjusted by the model, and
the high-precision control of the soft pneumatic actuator is
achieved with the compensation of the PI controller. The for-
ward and reverse kinematics of the actuator model are mod-
eled, and the trajectory can be tracked accurately under the
condition of ensuring stability; the error can be reduced to
within 0.3 mm for its workspace. Based on the closed-loop
trajectory tracking results, it is demonstrated that the con-
troller based on the pressure parameter model can perform
high-precision positional control of the soft pneumatic actu-
ator. This posture control strategy can also be applied to other
soft robots with soft pneumatic actuators and has a significant
effect on improving their stability and accuracy.
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