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In recent years, a variety of pneumatic soft actuators (PSAs) have been proposed due to the develop-
ment of soft robots in biomimetic robots, medical devices, etc. At the same time, the modeling and
control of PSAs remains an open question. In this paper, a spatial bending pneumatic soft actuator
(SBPSA) modeling method based on the Prandtl-Ishlinskii (PI) model is proposed, and the inverse
model is designed to compensate for hysteresis nonlinearity. Furthermore, an adaptive feedback
controller combined with a hysteresis compensator is proposed for the precise control and tracking
of SBPSAs. Finally, an experimental platform is built, and experimental results demonstrate the

effectiveness of the proposed method for precise tracking.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to lightweight and flexible materials, soft robots have
more advantages in carrying, interacting, and adapting, which
leads to an evident development. Therefore, soft robots have
shown better advantages in many tasks and scenarios. Compared
with rigid robots that are only directly driven by motors, soft
robots can adopt various driving methods based on different
design structures and flexible materials including liquids [1,2],
tendons [3], magnetism [4], and even light [5]. Among them,
the pneumatic structures stand out due to their straightforward
implementation and emission-free operation. Pneumatic soft ac-
tuators (PSAs) are utilized in many robots to interact more gently
with humans and the environment, such as soft grippers [6],
crawling robots [7], and rehabilitation gloves [8]. Furthermore,
considering complex movements of different dimensions, some
PSAs are specially designed. In [9], the normal vectors of the two
extended layers are opposite to each other. In [10], the bending
directions are designed to be perpendicular to each other to
achieve motion in three-dimensional space.

According to designs mentioned above, the movements of
PSAs can be achieved by a single input air pressure. However,
except for flexibility, the difficulties of PSA modeling and control
cannot be neglected [11]. Finite element modeling is an effec-
tive way to solve modeling problems [12], however, the huge
computational cost limits the control application. Neural net-
works have also achieved certain results in establishing surrogate
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models [13], however, complex networks make it more difficult
to obtain the intrinsic characteristics of actuators from large
amounts of data. Although some studies have obtained the dy-
namic characteristics of soft actuators through basic data-driven
methods, the motion of PSAs is more limited to one plane [14]. In
addition, the hysteresis phenomenon of PSAs is generally ignored,
which can lead to unsatisfactory control performance. To solve
hysteresis issues, the Prandtl-Ishlinskii (PI) model is widely used
due to the direct calculation of the inverse model.

Furthermore, a series of control methods for soft robots and
PSAs are proposed, such as linearized controllers [15], and
Lyapunov-based controllers [16]. A model predictive neural con-
troller is designed with a focus on overcoming model uncertain-
ties [17], while an energy-based nonlinear controller [18] is also
proposed for the errors of the model. In addition, a sliding mode
controller has also been applied to the extension and bending
control of PSAs [19]. These methods can be applied to nonlinear
systems, however, they cannot combine well with prior laws.
Therefore, an adaptive feedback controller based on prior laws
should be studied.

Considering the current performance of PSAs and controllers
of PSAs, these issues merit attention:

(i) Existing modeling of PSAs mainly focuses on the types of
motion in one plane. For spatial bending actuators, the
corresponding models are relatively complex, making it
difficult to apply for precise control.

(ii) The hysteresis phenomenon in the motion process of PSAs
is obvious, and PSA models ignoring the hysteresis phe-
nomenon are not accurate enough.
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Marker O

Marker X

Fig. 1. SBPSA spatial bending effect and measurement target point fixation. The
fixed position of SBPSA has a marker point marked as O, and its end also has
a marker point marked as X. These two marker points can be captured by the
motion capture system to obtain their positions in the world coordinate system.

(iii) Considering the control design of PSAs, complicated models
may lead to higher control costs, and corresponding control
algorithms are still immature to realize better performance.

To solve the aforementioned issues, based on a self-made
spatial bending pneumatic soft actuator (SBPSA) [20], hysteresis
modeling and precise control are realized by original methods. In
order to characterize the hysteresis phenomenon of SBPSAs, a PI
model is applied and the compensator is designed. Based on the
analysis of a large amount of experimental data, the motion of the
SBPSA is decomposed into second-order oscillations in different
directions. On this basis, an adaptive feedback controller based on
decoupling results from different dimensions is designed. With
the compensator and controller, SBPSAs can accurately track a
predetermined trajectory in each of the three directions.

The remaining structure of the paper is arranged as follows: In
Section 2, the hysteresis characteristics of SBPSAs are analyzed, a
compensator based on a modified PI model is designed, and an
adaptive feedback controller is designed. Several sets of experi-
ments demonstrate the effectiveness of the proposed method in
Section 3. Section 4 summarizes the main content of this article.

2. Modeling of SBPSAs and hysteresis compensating

As shown in Fig. 1, SBPSAs are fabricated of silicone, whose
two interconnected rapid pneumatic grid units share one air path.
With the increase of air pressure, SBPSAs can bend both down-
ward and backward simultaneously. Naturally, the end position
of SBPSAs is defined as follows:

y=X-0 (1)

where X represents the three-dimensional coordinates of the end
of SBPSAs, and O represents the three-dimensional coordinates
of the fixed point of SBPSAs. To obtain the positions of SBPSAs,
a marking point is placed at the end of the SBPSA, and a fixed
marking point is located at the start.
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2.1. Polynomial model of SBPSAs

The 3D motion trajectory of SBPSAs can be decomposed into
three independent curves along the three dimensions of the
working coordinate system, which can be described by polyno-
mial curves as follows:

T

Ny Ny Nz
vzwmz[mefEZWM Xymﬂ (2)
i=0 i=0 i=0

where Y represents the three-dimension position of the SBPSA
end, 67, Qiy , and 67 represent the weight of the ith term in the
X, ¥, and z dimension separately, u represents the truly effective
atmospheric pressure component, and Ny, N,, N, represent the
highest order of curves in corresponding dimension, respectively.
When the highest degree of Eq. (2) is bigger than 4, Ny.x =
max {Nx, Ny, N;} > 5, Y~! cannot be solved analytically. There-
fore, numerical search methods can be applied. By treating the
model as a series of input-output pairs, the inverse model based
on heuristic search is as follows:

u=Y"1(v)=S(Fv), |F| =1 (3)

where v is the three-dimension position of SBPSA’s end, F repre-
sents the 3 x 3 weight matrix, and S represents heuristic search
algorithm. It should be noted that the determinant of F must
be 1 to ensure that Fv is still in the workspace of SBPSAs. At
the same time, S includes an interpolation function to ensure
that reasonable values can be obtained when its parameters are
exactly in the sampling interval.

2.2. Hysteresis model of SBPSAs

To compensate for the hysteresis phenomenon of the SBPSAs,
a PI model is adopted in this subsection. Specifically, the hystere-
sis loops in the PI model are generally expressed as follows:

T [u](k) = max {u(k) — e, min {u(k) + &, T.(k — 1)}},e >0 (4)

where u(k) represents the input at the kth sampling moment, ¢
is half of the width of delayed death. The hysteresis operator of
the PI model can be obtained by weighting the sum of several
hysteresis loops, which is expressed as follows:

Nv
Hplul(k) = ) AT, [ul(k) (5)
i=1

where N, represents the number of T,[u](k), §; is the weight of
the ith hysteresis loop, and ¢; represents half the delayed death
of the ith hysteresis loop.

The inverse model of PI has the same form as its positive
model, which is as follows:

Ny
Hp™'[ul(k) = u(k) = > B{T./[p](k) 6)
i=1

where p represents the output at the kth sampling moment, 8’
represents the weight of the ith hysteresis loop in the inverse
model, and ¢ represents half of the delayed death of the ith
hysteresis loop in the inverse model. Specifically, 8’ and &’ can
be expressed as follows:

g =Y Blei—g)(i=12.3,....N,)
1
P = B1 (7)

B = b (i=2,3,...,N,)

o (Zas) (Z2s)
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Due to the difficulty of traditional PI models in handling the
asymmetric hysteresis characteristics of soft actuates, it is nec-
essary to modify the PI model. After polynomial correction, the
PI model is expressed as follows:

H = Hy[u](k) + Q1) (8)

where Q(k) represents the polynomial. Specifically, Q(k) can be
expressed as follows:

Np
Qu) =Y o' (9)
i=1

where N, represents that the degree of Q(k), and wj is the weight
of u!. Similarly, the inverse model also needs to be modified.
Since Q(k) breaks the symmetry of the PI model, the inverse
model becomes an implicit function. However, an approximate
inverse model can be obtained through the feedback loop, which
is expressed as follows:

o HpT!
1+ QHp!
where Hp~! denotes the inverse PI model in Eq. (6), and Q is
the polynomial correction term in Eq. (9). Based on the small

gain principle, it can be demonstrated that the inverse model in
Eq. (10) converges to the implicit function within finite time [21].

(10)

2.3. Data-based modeling

Based on the modified PI model, model parameters can be
obtained through data-driven methods. Firstly, the identification
of Y is important. In order to save computational costs while also
considering fitting accuracy, the orders of the polynomial vector
are designated as Ny = Ny = N, = 5. Due to the proportional
valve’s ability return air pressure signals, it is convenient to
associate three-dimensional positions with air pressure. Here, the
pressure sequence follows a sine function as follows:

p(t) = a x sin(zt/To) + ao (11)

where a is the amplitude, ap is the bias to ensure that SBPSAs
operate within safe air pressure, t is the time in seconds, 7 is 3.14,
and Ty is the period. By adjusting the parameters, corresponding
data on the three-dimensional positions and pressure at the end
of SBPSAs can be obtained, while avoiding the influence of the
hysteresis on SBPSAs.

The corresponding relationship between air pressure and
three-dimensional positions can be obtained through the feed-
back signals of the proportional valve and the data of the dy-
namic capture system. With these input-output pairs, Y ! can be
identified through search methods. Specifically, a binary search
process that finds the nearest two input-output pairs and a linear
interpolation process is executed.

In addition, H in Eq. (8) can be identified by a set of fast-
changing sine wave pressures with different frequencies. Differ-
ent from avoiding delay characteristics when getting Y, getting
H needs the hysteresis characteristics of SBPSAs to be fully dis-
played. Therefore, SBPSA hysteresis characteristics are obtained
by the sine wave signal [22] as follows:

t
by sin (n—) ,
T
t—T
b, sin <7T 1) s
T

t—T) —T
bﬁin(n%), M+ 1T —Ts <t <(n+1)T
3

nT <t<nT+T;

nT—i—T] <t§(n+l)T—T3

(12)
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where T is the period and T = Ty + T, + T3, Ty, T, Ts are the
three period, by, by, bz are different amplitudes, and n is the
number of periods. The above parameters can be identified using
least squares methods.

2.4. Adaptive feedback controller

In order to accurately control SBPSAs and utilize prior ex-
perience, an adaptive feedback controller based on a hysteresis
compensator is designed. The block diagram of the entire system
is shown in Fig. 2. Firstly, the system error is defined as follows:

{ep =Yy - Y ')

13
en =H1(ep) (13)

where e, is the error. Then, a PID controller can be represented
as follows:
t deh
u(t) = Ky(t)en(t) + Ki(t) ep(t)dr + Kd(t)E (14)
=0
where Kp(t), Ki(t), and Ky(t) are the parameters of the PID con-
troller and can be adjusted by adaptive feedback control. If

[Kp(0), Ki(t), Kd(t)]-r is denoted as K(t), it can be expressed as
follows:

K(t) =Ko+ K(t), |Ko| > 0 (15)

where K represents the basic value, and IA((t) represents the
adjustment value determined by adaptive feedback controller.

The input of the adaptive feedback controller is the compen-
sated error ey, in Eq. (13) and its derivative ép, while the output
of the adaptive feedback controller is K. Choose the triangular
function as the membership function, which can be expressed as
follows:

0, x<a
X , a<x<b
faboy=1b~0 (16)
, b<x<c
C_
0, c<x

where qa, b, and c are the parameters that can determine the shape
of a triangular function, and x represents the variable whose
membership value will be calculated.

In addition, fuzzy rules are presented in Table 1, where EN, EZ,
and EP represent the negative, medium, and positive of e, re-
spectively; SN, SZ, and SP represent é is negative, medium, and
positive, respectively. Meanwhile, p, i, and d represent the mem-
bership function of K, K;, and Kg, respectively, and N, Z, and P
represent negative, medium, and positive respectively. For ease
of understanding, pZ represents that K;, is near the middle, and
the same applies to others.

For example, in Table 1, row SN, column EN represents the
fuzzy rule as follows:

Ifec ENand é € SN, then K, € pP, K; €iP, K; € dN,

which means when e and é are negative, K, and K; should be
positive and K; should be negative. All parameters of fuzzy rules
and membership function are the parameters of adaptive control
methods.

3. Experiments
In order to verify the effectiveness of the proposed method,

an experimental environment is set up and several sets of exper-
iments are conducted.
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Fig. 2. Control blocks of SBPSAs. Hysteresis compensator (blue block), adaptive controller (pink block), and proportional valve closed loop (green block).

Table 1
Rules of adaptive feedback controllers.
e é K, K [
EN SN pP iP dN
Sz pN iP dz
Sp pZ iP dN
EZ SN pN iP dz
Sz pN iP dp
SP pN iP dz
EP SN pZ iN dN
Sz pZ iP dz
SP pP iP dz

I v

Motion capture Computer

SBPSA Valves Pump

Fig. 3. Experimental conditions and environments of SBPSAs.

The entire system of SBPSAs is shown in Fig. 3. A pump
is utilized to provide constant air pressure. Proportional valves
change the air pressure. A dSpace is a real-time simulation and
experimental platform. A motion capture system can obtain the
end position of SBPSAs. A computer is a terminal for operation.

To ensure the rapid and accurate provision of the required
air pressure by the proportional valve, the comparative valve
adopts a feedback PID controller. In the outer loop control, the
controller is divided into four parts: the polynomial compensator,
the hysteresis compensator, the adaptive feedback controller, and
the inner loop of valves. By inputting the temporal position in
three-dimensional space into the computer, the end of the SBPSA
will move to a specific position under the adjustment of the
compensator and controller.

3.1. Preliminary experiments

First, a set of pressure data is applied to obtain the end
workspace of SBPSAs. The safe working pressure of SBPSAs is
between 1 and 1.5 bar (1 bar = 0.1 MPa). The input p(t) can
be expressed as follows:

. t
P(t) = 019+ 0.15 sin( ) bar (17)

The three-dimension workspaces can be seen in Fig. 4. It can be
seen from Fig. 4 that, the end of SBPSAs can quickly move to the
target position with the proposed method.

-60 -
-65 . - Work position
63 O Target
=70
€ -75 4
E
N -80
-85
-90 4
100 —
T—’—ﬂ_/_’_’_
%0 6o 3 40 50
4010 20

Va 6
("o, x (mm)

Fig. 4. Workspaces of SBPSAs.

3.2. Accurate control experiments

In this experiment, the end of SBPSAs are controlled to move
to a specific position in a workspace. The moving process of the
SBPSA end in three directions can be seen in Figs. 5, 6, and 7. The
input position Aq is expressed as A; = [35.6 69.1 —SO.S]T,
where A4 is the target point in Fig. 4. As can be seen, the PID
method, sliding mode controller (SMC), and proposed method can
accurately drive the end of SBPSAs to reach the target position,
while the open-loop method produces significant steady-state
errors. In addition, the proposed method has a better control
effect than that of the PID method, mainly reflected in faster
response time and shorter adjustment time in three directions.
Also, in the initial stage, with a significant error, the gain is set to
a larger value for a faster response. After a few seconds, the gain
begins to decrease to avoid excessive overshoot.

In addition, Fig. 8 shows the errors of four control methods,
including the PID method, open-loop method, SMC, and proposed
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Fig. 5. Experiment 1-x. Experimental results of the proposed method (black solid
line), open-loop method (blue dotted line), SMC (pink dashed line), and PID
method (orange dash-dotted line).
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Fig. 6. Experiment 1-y. Experimental results of the proposed method (black solid
line), open-loop method (blue dotted line), SMC (pink dashed line), and PID
method (orange dash-dotted line).
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Fig. 7. Experiment 1-z. Experimental results of the proposed method (black solid
line), open-loop method (blue dotted line), SMC (pink dashed line), and PID
method (orange dash-dotted line).
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Fig. 8. Experiment 1-e. Experimental results of the proposed method (black solid
line), open-loop method (blue dotted line), SMC (pink dashed line), and PID
method (orange dash-dotted line).

method. The error is specifically the spatial straight-line distance
from the marked point X to the target point. Among Figs. 5, 6,
and 7, open-loop method has the fastest reaction speed. However,
the SBPSA is impacted by the rapid airflow, causing the marked
points to deviate from the workspace and thus unable to reach
the target position in three-dimensional space throughout the
entire bending process of the SBPSA. The proposed method avoids
airflow impact, without reducing control efficiency.

3.3. Sine trajectory tracking

This experiment is designed to control the end of SBPSAs to
track smooth continuous trajectories in three directions, respec-
tively. The sine wave input is set as the target trajectory for this
experiment. By adjusting the F in formula (3), decoupling control
in various directions can be achieved. Without considering the
motion of other dimensions, the projection of the SBPSA end
in one dimension can be controlled, respectively. Several sine
waves are used to test the ability of the proposed method, whose
input signals u(t) and their corresponding F can be expressed as
follows:

Case 1:

u(t) = [8.8sin(xt/5+2)+39 0 0],

F = diag[1 0 0].
Case 2:

ut)=[0 15sin(zt/5—-4)+58 0],

F = diag[0 1 0].
Case 3:

ut)=[0 0 7.1sin(xt/5+3)—66]",

F = diag[0 0 1].

The experimental result can be seen in Figs. 9, 10, and 11. Dif-
ferent control objects being the projection of the SBPSA end in the
x-direction, y-direction, and z-direction are tracked, respectively.
The target trajectories are selected within an appropriate interval.
It can be seen that after the adjustment process of 3 s, the end of
SBPSA can accurately track the predetermined trajectories.
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Fig. 9. Experiment 2-Case 1. Experimental results of the proposed method (black
solid line).
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Fig. 10. Experiment 2-Case 2. Experimental results of the proposed method
(black solid line).
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Fig. 11. Experiment 2-Case 3. Experimental results of the proposed method
(black solid line).

3.4. Triangle trajectory tracking

To verify the adaptability of the proposed method, a set of
triangular wave trajectories is also used in the experiment, and
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Fig. 12. Experiment 3-Case 1. Experimental results of the proposed method
(black solid line).
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Fig. 13. Experiment 3-Case 2. Experimental results of the proposed method
(black solid line).

the experimental results can be seen in Figs. 12, 13, and 14. Define
the triangular wave function A(t; s, a, T) as follows:

T
t e |:kT,kT+ E)

2 T
s+2af?a(tfkT), te [kT+§,(k+1)T>

2a
s+ — (t — kT),
T
A(t;s,a,T) =

(18)

where s is the bias, a is the amplitude, T is the period, t represents
the time, and k represent the kth period, with k = 0,1, 2, 3...
With the definition of triangular waves, the input for the third
experiment can be represented as

Case 1:

u(t) = [A(t; 55,10,10) 0 0]",
F = diag[1 0 0].

Case 2:
ut)=[0 A(t;122,8,10) 0],
F = diag[0 1 0].

Case 3:
wty=[0 0 A@t; -75,13,10)]",

F = diag[0 0 1].
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Fig. 14. Experiment 3-Case 3. Experimental results of the proposed method
(black solid line).

It can be seen that in all three experiments, SBPSAs can track
corresponding trajectories at the end. When the derivative of
the target trajectory undergoes sudden changes, SBPSAs can also
quickly adjust to reach new target positions, which indicates that
the proposed algorithm can track non-smooth trajectories.

4. Conclusion

Based on the PI model, the model of SBPSA has been built.
Furthermore, an adaptive control method utilizing a hystere-
sis compensator has been proposed. Several experiments have
demonstrated the effectiveness of the proposed method. Addi-
tionally, the proposed method has enabled SBPSAs to reach the
target position within 1 s, maintaining a stable error of no more
than 1.5 mm projected in the x, y, or z axes. The experimental
results have also verified its effectiveness for precise tracking.
The proposed method has allowed SBPSAs to accurately track the
predetermined trajectory within 3 s, with a tracking error of no
more than 4 mm.
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