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ABSTRACT

Soft pneumatic actuators (SPAs) have been increasingly used as fingers in robotic hands because of their inherent
compliance, cost-effectiveness, and ease of construction. Nonetheless, the efficient modeling and controlling of
soft pneumatic actuators is challenging due to inherent hysteresis nonlinearity, uncertainties, and external envi-
ronmental perturbations. Another challenge in controlling soft mechanisms is the need for bending angle feedback
signals from curvature sensors, but integrating curvature sensors into soft mechanisms is difficult and increases
manufacturing costs. This paper proposes a simpler approach to controlling soft mechanisms. Instead of using
the bending angle feedback signal from the curvature sensor, this study proposes a bending angle control solution
through pressure. The analytical models for both the soft finger and pneumatic valves have been constructed.
Subsequent bending tests are performed to ascertain the relationship between bending angle and air pressure. This
work analyzes the adaptive sliding mode utilizing active rejected control to regulate the position of the soft pneu-
matic finger. The suggested control approach integrates parametric uncertainty and input constraints to mitigate the
effects of system uncertainties. The simulation results reveal modest overshoots and little steady-state errors in the
actuator’s response; hence, the proposed controller has effectively fulfilled its control function. Comprehending
soft material actuators devoid of curvature sensors would facilitate the rapid replication of novel design concepts
and enable estimations of their efficacy without reliance on curvature sensors. This will result in more applications
and the development of increasingly intricate motion systems.

Keywords: soft robot, pneumatic system, robotics, active rejected control, sliding mode control.

INTRODUCTION

Soft robotics has emerged as a leading con-
cern within the robotics community, and the surge
in academic research on the topic illustrates its
transformative potential in societal institutions
and many industries. Many practical applications
where the highly dynamic environment or sensi-
tivity to physical interaction for soft robots have
been proposed including grippers and manipula-
tors [1], human-machine interactive and wearable
devices [2, 3], smart sensors [4], and so on. Re-
cently, a promising domain utilizing soft mech-
anisms is the study of collaborative robotics.

Robots have generally been prohibited from en-
gaging with people due to safety concerns [5]. A
collision between a stiff robot and a person may
result in injuries. Nevertheless, soft robots may
engage in collaborative interactions with people
without doing any damage. Consequently, they
are employed in several industrial and medical
applications to assist human operators in a safer
manner [6, 7]. Various types of soft robots have
been developed such as magnetic soft robots [8],
mechanical instabilities [9, 10], thermally respon-
sive soft robots [11], and electrically responsive
soft robots [12]; however, pneumatic soft robots
remain the dominant technology in soft robotics

341


https://orcid.org/0000-0002-8364-9491

Advances in Science and Technology Research Journal 2025, 19(2), 341-356

due to its lightweight, fast response time, and
easy implementation [13],

Two main types of pneumatic soft robots,
with and without fiber reinforcement pneumatic
soft robots, have been successfully investigated
through experiments or simulations. For example:
Xie et al. [14] adopt a 3D pneumatic soft actuator
without fiber reinforcement or omni-directional
soft pneumatic actuators. The paper produced the
finite element model (FEM) and basic control for
air pressure. Xavier ef al. [15] produced the FEM
and compare it with the experimental results of
the omni-directional soft pneumatic actuators.
Fionnuala Connolly et al. [16], developed the
analytical modeling of a fiber reinforcement soft
pneumatic actuators that can expend, twist, and
bend. Guoliang Zhong et al. [17] investigated a
theory model of a bending angle and contact force
of a pneumatic soft actuator with pleated struc-
tures reinforcement. The fiber-reinforced pneu-
matic soft robot discussed in the aforementioned
research has several components, rendering its
fabrication challenging.

The production procedure of non-fiber-rein-
forced soft robots is more streamlined than that
of fiber-reinforced pneumatic soft robots. How-
ever, the mathematical modeling of this sort of
pneumatic soft robot is complex due to significant
variations in the geometrical dimensions of the
pneumatic chamber, resulting from the material’s
elasticity. So, the analytical model and control-
ler for the pneumatic soft robot system remain
undeveloped. The majority of the research above
shows that in order to implement the control-
ler, it is necessary to get both bending angle and
pressure feedback signals. Researchers have de-
vised methods for integrating curvature sensors
into soft actuators to resolve this problem. Given
the significant deformation the soft mechanism
undergoes during operation, embedded sensors
must exhibit a high degree of elasticity and flex-
ibility. As a result, these integrated sensors must
exhibit high reliability and endurance, leading to
increased production costs. Moreover, the incor-
poration of curvature sensors is crucial, as it com-
plicates the design and manufacturing processes
when these soft actuators operate as modules in-
side soft robots, which include several such com-
ponents. Furthermore, it is crucial to recognize
that radial deformations may alter the linear cor-
relation between the axial deformation associated
with the bending angle and the output voltage.
Consequently, their conventional operation relies
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on the absence of overlap between axial and ra-
dial deformations a condition that is difficult to
provide when the soft actuator demonstrates
overlapping and complex deformations. In order
to make the manufacturing process more effi-
cient and get the most out of soft actuators, a soft
mechanism that doesn’t need the bending sensors
to work must be created. To realize this concept,
it is important to have a dynamic model that ac-
curately determines the relationship between the
input pressure and the bending angle. This model
needs to consider the hyperelastic properties of
the silicone rubber, the geometry of the actuator,
and the appropriate control solution derived from
the dynamic model.

This study develops a pneumatic soft finger
in hand robot without fiber reinforcement and
without an integrated curvature sensor. Instead of
using the bending angle feedback signal from the
curvature sensor, this study proposes a dynamic
model that accurately describes the relationship
between the bending angle and the pneumatic
pressure. This relationship enables pressure con-
trol to achieve the desired bending angle. We
construct a dynamic model for both the soft ro-
bot and the pneumatic valve to effectively con-
trol the pneumatic pressure. To keep track of the
changes in the bending angle, an adaptive sliding
mode controller combined with an active reject
disturbances control is used. This is because the
internal model of the pneumatic soft robot system
is not linear, uncertain, and unstable. We conduct
simulations to showcase the effectiveness of the
proposed solution.

MATHEMATICAL MODEL OF SOFT
FINGERWITH SINGLE AIR CHAMBER

The bending angle is the most important pa-
rameter in order to verify the effectiveness of a
pneumatic soft robot finger [18]. According to
Bernoulli-Euler theory [19], if a constant moment
(M) applies to a beam, the bending angle is ap-
proximately constant, as can be seen in Figure 1.
The relationship between the radius of the bend-
ing angle (R,), Young’s modulus (£), and the mo-
ment of inertia (/) is given by:

l*
TRy

Assume that the bending angle 6 with constant,
as can be seen in Figure 1, so it can be calculated as:

o (1
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Assume that the bending angle 8 with constant, as can be seen in Figure 1, so it can be calculated as:
l*
=%

where: [” is the final length of air chamber of the finger under the air pressure. Under the air pressure p,
the relationship between the force and cross-section area a of air chamber is shown below:

6 )

F =pa (3)

I B I ab IAir chamber

Figure 1. Proposed soft actuator finger with single air chamber:
(a) Bending angle model, (b) Cross-section

If the neutral axis of the cross-section passes through the center of pressure, the soft finger
uniformly expands in all directions and it will not bend. The soft finger in this study is made to have a
slight difference e between the center of compression pressure p and the center of gravity O of the body's
cross-sectional area; as a result, when compressed air pressure is applied, the actuator will bend in that
direction. The pulling force F times the deflection e between the center of pressure and the neutral axis
equals the moment that results in this bending, as:

M = Fe = pae 4
If the normal stress that develops as a result of the tensile force F'is smaller than the material's elastic
deformation, the deformation along the length of the actuator is calculated as follows:
_ Fl pal
- AE  AE

Al (%)

where: A; is the cross-area of the body and / is the initial length before deformation. Combine Equation
1 and Equation 4, we got:

=P ©)
R, EI

When the soft robot reaches the stable state, the final length of the air chamber is given by:
"=1+Al @)

Replacing Equations 5, 6 and 7 into Equation 2, we got:

I* 1+Al pae pal
0= =—— =" (1450 ®)
R, R, EI Al
Simplifying the Equation 8, the relationship between air pressure and bending angle is given
0 = mp® + Up ©)
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Hq

Equation 9 illustrates the model dynamics, depicting the correlation between bending angle and

pressure while accounting for the size of the actuator finger and characteristics of the hyperelastic material.

The constants of Equation 9 are positive values, so the angle 8 increases as pressure p increases. From
Equation 9, we can interpolate the pressure value corresponding to the desired bending angle.

THE MODELING OF AIR COMPRESSION

Air compression system

The pressure in the air chamber of the soft finger must be controlled appropriately for the
configuration facility to attain the correct angle. The air compression diagram of the air chamber is shown
in Figure 2.

Regulator r —— — — 7
s | I INE] Pressure transducer
4 I I PaN
= ! I Soft finger
I R LNt e et =
S I_Jl I —|—- ._—.—_.—:.:.—_I,)_
8 [< :I ! %
S, | I
g
S I | /
= | < -l Air chamber
< | [
| [
I P |
20
Pneumatic On/Off valves

Figure 2. Diagram of compression air for soft finger with single air chamber

To reduce the cost of equipment, this air compression system uses two ON/OFF pneumatic
valves that can work at high frequencies to adjust the compressed air. In this system, valve K; is
connected to the supply application to create positive pressure, while valve K, is connected to the air
application to release air from the soft actuator. Each valve has two states: the open state is set up to
allow compressed air to pass through the valve, and the closed state is to block the flow of compressed
air. A pressure sensor is installed to sense compressed air pressure in the air chamber. The signal from
this sensor is provided to the controller. The valve system is mutually exclusive, preventing
simultaneous air injection and expulsion. Pressure regulator valve is used to control the supply pressure.

The mathematical model

The energy equation of compressed air with pressure p, volume V, density p, input temperature 7;,, and
output temperature T,., can be described as [20]:

U = qin — Qout + ka(minTin - moutTout) - W (1 1)

where: gi» and g.u: are heat transfer, k is conductivity, C, is molar heat capacity at constant volume, W
is work done. The heat transfer rate can be calculated by:

U = C,mAT (12)
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Rspecial

where: C,, = 1

. The continuous compressed air mass equation is given by:

m=pV + pV (13)
Moreover, assuming that ideal gas is used, the ideal gas law is given:
p= pRspecialT (14)

where: Rgpeciqr 18 a special gas constant. Replace Equations 12 and 13 into Equation 14, we get:

U= ! (pV —pV) (15)
(k=1)
Work done is defined as:
W =pV (16)
Replace Equations 15 and 16 into Equation 11, we got:
P .. , ko .
qm—qwt+5:7;;@%ﬂﬁ—n%w%m)—k_1pV=k_le (17)

Assume that the progress is isothermal process (7 = T =Tous,), polytrophic process (qin =qouw), the
Equation 17 becomes:

RspeciaiT .
b = k=L iy, — thgu) — KV (18)

where: the volume of the air chamber is calculated by:

V=A0V=AAl (19)

From the above equation it can be deduced that for a compressed air chamber, pressure is the
output that depends on the input which is the mass flow of the compressed air stream. The pneumatic
valve used in this study is either fully closed or fully open. The mass flow of the compressed air stream
and the compressed air pressure achieved control of the opening and closing time of the pneumatic
valves. The static mass flow rate of the compressed air stream when the valve is fully open is calculated
according to ISO 6358 standard as follows [21]:

( PupCrpNTo/ Ty if P22 < b,
| Pup
My (pupdeOWTl) = { (pdown —p )2 (20)
DPup T . » Pdown

lkpupcrp TO/Tu 1- > br

if
(1 - br)2 Pup
where: p., and paown are the inlet and outlet pressures of the compressed air stream, respectively. The
parameters p and 7} represent the density and temperature at the reference state according to ISO 6358,
T. is the gas flow temperature, b, is the critical pressure ratio that defines the choked flow condition and
C. is the negative conductivity. Both parameters b, and C, are provided by the valve manufacturer.

As shown in Figure 2, with valve #1 activated (K; = 1), compressed air will be sent to the air
chamber. With valve #2 activated (K, = 1), the air in chamber will exit. Consequently, the mass flow
rate for air chamber of the soft fingers denoted by Equation 21, in which g,is mass flow as described in
Equation 20 which is a function of p., and paown

+gn K1 =1,K,=0 21
g =1 0Ky =0,K, =0
_qul == O, K2 =1

R . . . .
The occurrence of (k (1,y+)) may be ascribed to air leakage as an external disturbance

specialT
14

represented by - d(t). The Equation 18 can be simplified by:
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¥ =bu+f() (22)

where:

— = i () = —k S (Al) +d(®); y=p

It is noted that f{¢) represents the uncertainty vector of the direct dynamics, encompassing all
vectors of uncertainties, including external disturbances.

b=

CONTROL DESIGN

Design adaptive robust sliding mode control

The adaptive robust control problem for a category of nonlinear uncertain control affine
dynamical systems, as delineated in Equation 22, entails the formulation of a control law u(¢) that ensures
the stability of the resultant closed-loop system while tracking a specified time-varying of system states
for all conceivable values of the uncertainty vector f{f) across the entire state space. The sliding mode
control theory is employed because of its advantageous characteristics, including resilience, excellent
transient performance, and rapid response. An estimate of b, which is defined b for this controller, will
be chosen as a constant in the model. The control gain b is unknown however its limitations are
established as:

kRspecialT <b<kRspecialT (23)
Vmax - VO

The initial air chamber volume is V5, and the maximum air chamber volume is V.- when the
actuator is not stretched. Selecting the estimate of control gain b as maximum of its boundaries, yields

~ ~ kR iall . . . . .
b equal to b = ( spectal / Vo)' So, the equation of state in Equation 22 is rewritten as:

y =bu+ f(t) (24)

This study aims to design conservatively within the constraints of uncertainties by: (i)
implementing a continuous adaptive term that can be recursively updated in an online manner to address
time-varying uncertainties; (ii) incorporating a term that preserves the transient response of the closed-
loop system during the learning process and compensates for errors arising from the perturbation
estimation by the adaptive term. The design of the adaptive robust controller, characterized as described
and without knowledge of uncertainty bounds, is undertaken through the integration of sliding mode
control and systematic Lyapunov design methodologies. The two methodologies are as follows:

a) The sliding mode control (SMC) design technique consists of two phases: (a) identifying a
sliding surface to achieve the desired system performance while constrained to that surface; and
developing a control law to guarantee the stability of the sliding mode.

b) The comprehensive Lyapunov design process has three stages: (i) the selection of a control law
with variable parameters or terms; (ii) the selection of an update law for modifying the variable
terms; and (iii) the examination of the convergence characteristics of the constructed controller.

A sliding mode controller is formulated for the aerodynamic described in Equation 24. The sliding
surface, referred to as s, and its derivative are officially defined as follows:

{ Ss=e=p—pr (25)
§$ =é=p—pr=bu+tf(t)—0pr
The subsequent phase of controller design involves selecting a control rule with changeable

parameters that ensures the Lyapunov function decreases with time. The subsequent control law is
examined.

u(t) = ueg +up +1 (26)
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where: u.,, up and 1 represents the terms of the proposed controller, defined as follows.The equivalent
controlling factor u., is evaluated for the nominal system in Equation 24 in the absence of perturbations
and may be formulated based on Filippov's equivalent dynamics [22], which asserts that s = 0 while
the dynamics operate in the sliding mode.Thus, the equivalent control law is proposed from Equation
25 as:

1
g =5 (£ (O + ) @7

The feedback term up is a P-controller designed to augment closed-loop stability and boost
transient performance during the system's learning phase. It rectifies the inaccuracy that may arise from
the estimate of the perturbations and is defined as follows:

1
Up = —EKS (28)

The controller up is, in fact, a proportional control law for variable s, and K is positive value.
The variable term 7 is deemed adaptive and is formulated to counteract perturbations, defined in relation
to the estimated perturbation E as:

= —%(Esign(s)) (29)

where: E is a design parameter. Incorporating the online estimated perturbation into the control rule
eliminates the necessity of utilizing uncertainty bounds. Therefore, this study proposes the subsequent
control laws as:

1 ~
u(®) = 5 (= + - = Ks - Esign(s)) 0)

Using controller u(¢) in Equation 30 and Equation 24 is obtained as:
y =p, — Ks — Esign(s) 3D

The Lyapunov stability method is employed to examine the stability characteristics of the controller and
to derive the adaptive control rule. This study proposes the Lyapunov function as follows:

1 1/1\ - 32)
-1+
25 +2 ”

where: p is positive definite adaptive gain, and E is the perturbation estimation error and is defined as:
E=E-E (33)

E represents the estimated upper bound, whereas E denotes the optimum upper bound of the
perturbation, both of which are positive numbers. The ideal upper limit of the perturbation is the point
at which the system attains stability, hence minimizing chattering in the control signal. The objective of
the design problem is to select an adaptive rule for modifying the estimate E to ensure that s approaches
Zero, 1.€., tll_)rgs = 0.

The derivative of the Lyapunov function, derived from Eq. (32), is:

. 1\ = -
L=3s+ (—) EE 4
Y
Substituting Equation 25 into Equation 34 yields:
. 1\ = - 35
L=@-p)s+ () EE G
Using Equations 31 and 35, we obtain:
(36)

L = (—Ks — Esign(s))s + (%) EE
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Since the optimal upper bound E of perturbation is a positive constant value, from Equation 32 we get:
E=FE (37)
Substituting Equation 33 and 37 into Equation 36 one can obtain:

L = —sEsign(s) — Ks? + (%)E[E’ — E] (38)

For achieving L < 0, the estimation law is designed as follows:
E= yls| (39)

where: y is positive value. Substituting Equation 38 into Equation 37 yields

L = —sEsign(s) — Ks? + |s|[E — E] (40)

Since s(sign(s)) = |s|, then from Equation 39 we obtain:
L=-Ks>-E|s|<0 (41)

By Barbalat’s lemma [22], it can be concluded that s — 0.

Active reject disturbances control

Equation 41 illustrates that the system remains stable under the control law defined in Equation
30. The system must acquire feedback signals on the air chamber volume V' of the soft finger, its
derivative ¥, and the boundaries of external disturbance d(f) to accurately compute the value of f{¥).
Nonetheless, accurate data on velocity and disturbance is absent in reality. This part aims to enhance the
practicality of the sliding mode control system. The extended state observer (ESO) is included into the
sliding mode control system to achieve this objective. This work seeks to evaluate the generalized
disturbance, encompassing both velocity-related and external disturbances. The new state variables are
set as follows

X1 =P (42)
x; = f(O)
From the system Equation 22 we get:
X, = Xy,+bu (43)
X, = h(t)

where: h(t) = f(t). Based on Eq. (43), the linear second-order ESO may be formulated using the
following equations [23]:
{z’l = z,+bu"+d,(y—2z)
Z; = dy(y — z1)
where: z; = y; and z, = f(t) are the estimation value of x; and x>; d; and d- are the gain of the estimator,
can be chosen as:

(44)

{dl = f1wo
d, = ﬁzw(%

Following Hurwitz's method, the values of 5; and 3, are chosen to satisfy the solutions of the
equation (s? + ;s + B, = 0) must lie in the left half of the virtual plan [23]. So, the bandwidth of
observer wy is a parameter for turning the controller. Generally, the controller does not need an exact
model of the system. It uses ESO to estimate disturbances and uncertainties so that the system can be
controlled by a proportional controller as in Equation 45. The advantage of this control solution is that
the exact model and parameters do not need to be found exactly. Finally, the control input is now
predicated on the outputs of the ESO and is formulated as:

(45)
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N 1 . ~ . 46
W' == (=2, + By — ks = Esign(pr — 7) (46)

BENDING EXPERIMENT AND IDENTIFICATION

Figure 3 illustrates the design schematic, including the principal dimensions of the soft

mechanism and the experimental model. The pneumatic soft finger in this study has three components:
1) the main body, ii) the base, and iii) the air chamber. The suggested soft finger has the following
dimensions: total length of Lo= 80 mm, body cross-section dimension of D =32 mm, air chamber length
of Lur = 70 mm, base length of L, = 6 mm, air chamber diameter of d.,= 6 mm and the base with
diameter of D, = 38 mm. The soft actuator in this study is made of silicone rubber (Dragon Skin 30)
which is often utilized in soft mechanisms. The material exhibits an elongation at break of 364%, a
density of 1070 kg/m?, and a shore hardness of H = 30A and the poisson's ratio is u = 0.49 according to
the data sheet [24]. The primary aim of this study is to model and regulate the pneumatic soft finger;
hence, the specific design dimensions of the finger are not elaborated upon in this research.
Figure 3 illustrates the experimental model employed to quantify the bending angle of the flexible
mechanism in response to pressure, comprising a pressure regulating valve, a conventional straightedge,
and the flexible mechanism itself. The pressure regulating valve is utilized to modulate the pressure of
the compressed air delivered to the actuator. The purpose of this experiment is to investigate the bending
angle 0 according to the pressure value of the experimental sample; however, this bending angle value
cannot be measured directly but must be measured indirectly through 4 marked points (1, 2, 3, 4) to
measure the angles 8;, and 8, as can be seen in Figure 3. And, theses angles are used to calculate the
bending angle:

6 =16, — 6] (47)

A standard straightedge will be placed next to the sample during the experiment as a reference
when used in /mageJ software [25]. The experimental sample with marked points is mounted to the
support. Compressed air from the air compressor is connected to the fine-tuning pressure regulating
valve, and the output of the regulating valve will be connected to the air chamber. The pressure will then
be increased slowly, from 0 MPa, step by 0.02 MPa, allowing the sample to stabilize for 3 seconds and
saving the image for measurement. Figure 4 illustrates the experimental outcomes of quantifying the
bending angle of the soft mechanism in correlation with different pressures. Experimental results show
that there is a correlation between bending angle and pressure.

Base Main body Air c/hamber

Compressed air|
source

Figure 3. Bending angle at 24 kPa pressure
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0.08 MPa
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3 ' // i

0.16 MPa

0.22 MPa "

0.18 MPa 0.20 MPa 0.22 MPa

Figure 4. Experimental results of the correlation between bending angle and pressure

After the measurement process using /mageJ  Table 1. The experimental result of bending angle

software, we get a table of results of measurement Air pressure (MPa) Number of Bending angle
: : P measurements (degree)
values of bending angle 6 (degree) as shown in Ta-
ble 1. The identification equations for the angular 0 4 0
displacement of the air chambers are derived us- 0.06 4 4.281
ing MATLAB’s Curve Fitting Tool. As mentioned 0.08 4 8.191
earlier in Equation 9, the identification equation 01 4 10.221
chosen is the quadratic equation, as follows: 0.12 4 17.01
0.14 4 21.275
{9 = 1176.96p? + 1.61p p = 0.05MPa (48) 0.16 4 30.634
0 =0p < 0.05MPa 0.18 4 39.901
The estimation results and experimental re- 0-2 4 46.989
sults between bending angle and pressure are pre- 0.22 4 54.484
sented in Figure 5. The high agreement between 0.24 4 68.077
70 I T T T T
m  Experimental values
60 Predicted values =
850 .
o
Q
ke
40 .
£
T
| =
2304 .
ks
3
2204 .
<
10 4
0 g T T T g T T T T T T
0 0.05 0.10 0.15 0.20 0.25 0.30

Pressure (MPa)

Figure 5. Experimental results and prediction of bending angle with pressure
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the two results shows that the software structural
model equations are highly reliable and accurate.

Figure 5 illustrates that when pressure levels
vary from 0 MPa to 0.05 MPa, the bending angle
diminishes to below 5 degrees. At a pressure of
0.05 MPa, the mean bending angle is 3.71 degrees.
This suggests that the experimental sample has a
minimal deformation amplitude, implying that the
starting pressure levels must above the elastic de-
formation capacity of the sample. Once the pneu-
matic pressure sufficiently surpasses the elastic
deformation threshold, the experimental sample
exhibits considerable distortion with each pres-
sure increment. Upon surpassing the elastic defor-
mation threshold, with pressure values between
0.10 MPa and 0.24 MPa, the bending angle & and
pressure exhibit a roughly linear relationship.

The regression Equation 48 is quadratic, with
the degree of freedom intersecting the origin at 0
MPa, indicating that at a pressure of 0 MPa, the
experimental sample remains undeformed. With
the R? value of Equation 48 being 0.9985, meet-
ing the reliability condition (o = 0.05), the qua-
dratic regression equation is reliable and consis-
tent with the experimental value.

The general control scheme for the soft fin-
ger in this paper is shown in Figure 6. From the
relationship between pressure and bending angle
obtained experimentally as shown in Equation
48, each bending angle value will find a corre-
sponding required pressure. This desired pressure
value is the input value of the pressure controller
based on adaptive sliding mode and ESO control.
The output of this controller is the condition to
activate the ON/OFF pneumatic system valves.
The mass flow rate of compressed air is supplied
to the soft mechanism according to Equation 21.
A pressure sensor will provide the actual pressure
signal at the air chamber of the actuator to be the
pressure signal feedback to the controller fulfilled
its control function. The principal objective of
the position servo control system is to effectively

direct the soft finger to attain a specific position
within a defined range. The controllers do not di-
rectly regulate position, rather, positional control
is a direct result of the regulated pressure applied
in the air chamber. By this control, the bending
angle of the soft mechanism is controlled without
using a curvature sensor.

SIMULATION RESULTS

Simulations are developed with MATLAB/
Simulink to evaluate the performance of the non-
linear control and estimation algorithms. The
initial volume of the compressed air chamber is.
The coefficient £ is equal to 1.4 because the air
compression process is isothermal. The ideal gas
constant R . = 287 (J. K'mol"), and the gas
temperature is 7= 297 °K. The coefficient is cal-
culated according to .

The valve set for each chamber cannot be
opened at the same time. This means that there
are three possible states for each valve system:
charge when mass flow is positive (K, open and K,
closed), discharge when mass flow is negative (K|
closed and K, open), and hold when both valves
are closed. The pressure regulator valve adjusts the
source pressure to 0.38 MPa. The controller param-
eters are selected manually as shown in Table 2.

Figure 7 illustrates the simulation results
with input signals represented as steps, exhibit-
ing equivalent amplitudes of 10°, 50°, and 20°
with a step duration of 2 seconds. Figure 7a) il-
lustrates the simulation outcomes of the angular
displacement of the soft finger with step input.
The controller’s ability to precisely monitor loca-
tion is very good. The control effort can be further
reduced, at the cost of slower response, by choos-
ing lower values for the proportionality factor K.
Figure 7b shows the desired pressure values in-
terpolated from the reference bending angle and
the pressure controlled in the pneumatic chamber.

i i nami Bending
Desired bending Solution Pr » | Dynamic |
angular ot Eq.(48) _,D_. Adaptive Sliding Mode | System [ Mm|  Plant 1 angular of soft
’ - Control valves Eq.(22) finger
Y Eq.(21) Eq. (48)

EXTENDED STATES
OBSEVER

Figure 6. Control diagram of the soft finger
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Table 2. Controller parameters

Model and controller parameters
Parameters Value Unit
B, 2 Dimensionless
B, 1 Dimensionless
w, 1.6x10* Dimensionless
Y 1x103 Dimensionless
k 6.8 Dimensionless

The results show that the tracking ability of the
proposed controller is good. Clarify that the de-
sired pressure is the pressure interpolated from
the associated bend angle, while the air chamber
pressure refers to the output pressure of the pres-
sure controller.

The simulation results indicate that the re-
sponse variation from the reference value is small,
as seen in Figure 8a. The result is zoomed-in over
the time interval for the finger to reach the equi-
librium position from 1 s to 1.005 s as shown in

60 T T T T T T T T

T
55 ] Reference| |
1 — — Response

S 4] |

=§30-: i ‘ i B

5 6 7
Times (s)

a)

Figure 8b. The error compared to the reference
value is approximately 0.05 degrees on average.

Figure 9 shows the simulation results of the
mass flow rate into the air chamber according to
the opening and closing state of the valves. The
air flow increases correspondingly with larger
bending angles of the soft finger as shown in Fig-
ure 9(a). The air flow rate supplied to the soft fin-
ger depends on the on/off status of the pneumatic
valves K and K. Figure 9b illustrates the mass
flow rate graph magnified over the interval from 0
s to 0.06 s. The mass flow simulation results also
show that the opening and closing frequency of
the pneumatic valve must be high to maintain the
stable state of the system.

The paper simulates the sine response of
the soft finger to show how well this controller
works. The input is the sine wave with an ampli-
tude of 20 (degrees), a frequency of 0.625 Hz,
and a bias of 30 (degree). Figure 10(a) shows
the results for the bending angle response, and
Figure 10(b) shows the results for the pressure

0.25 T T T T T T T T T
—— Desired pressure
- — —Air chamber pressure

0.20 ‘f f B

\ i

0.05 -

o
o
I

Pressure (MPa)
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5 6
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Figure 7. Simulation results of step response: (a) bending angle response, (b) pressure
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Figure 8. Simulation results of step response: (a) bending angle error, (b) zoomed-out
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Figure 9. The mass flow rate into the air chamber: (a) mass flow rate, (b) zoomed-out
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Figure 10. Simulation results of sine response: (a) bending angle response, (b) pressure
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Figure 11. Simulation results for bending angle error of sine response
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response. The simulation results have dem-
onstrated a high tracking ability with this re-
sponse. Figure 11 displays the static error of
the sine response. This result also indicates that
the controller has performed exceptionally well
with the sine response, exhibiting a very small
static error.

Consequently, we must assess the robust-
ness of the proposed controller against exter-
nal disturbance. An air leak is a common prob-
lem in a pneumatic actuator system. It may
stem from a loose connection, a perforation in
the tubing, or seal degradation, among other
things. A sudden disturbance resembling an
immediate air leak is introduced to the cham-
ber pressure model at = 0.5 5. The amount of
disturbance can be calculated from the amount
of gas leakage using the formula presented in
previous section as:

R —
d(t) = kﬂ(mwt) (49)

4

Let’s assume that the gas volume of the soft
finger at the moment of leakage is V, = (V, +
0.1%,), indicating a 10% increase in the initial
gas chamber volume. The simulation findings
from Figure 9 lead us to assume that the amount
of gas leakage is roughly 1% of the mass flow
that the valves supply to the gas chamber, or =
8E-10 (kg. s').The controller parameters remain
the same as above and the source pressure is 0.38
MPa. Figure 12 (a) illustrates the response of the
control system to the disturbance. Despite the

disruption, the controller directs the soft finger
to the specified places. Figure 12 (b) illustrates
the simulation outcomes for the duration of up
to 2 seconds. At time ¢ = 0.5 s, a transient dis-
turbance from gas leakage modifies the bending
angle of the flexible mechanism. Nonetheless,
the controller has effectively ensured the mecha-
nism’s stability while maintaining an acceptable
static error. The steady static error is around 0.5
degrees. The static error arises due to the restrict-
ed mass flow rate through the pneumatic valves,
which is insufficient to offset the mass flow loss
from the actuator. Despite the adaptive control-
ler’s requirement for a high opening and shutting
frequency of these valves, the orifice opening of
these ON/OFF valves remains constant, hence
constraining the mass flow rate. However, the
pressure regulating valve can reduce this error
by increasing the source pressure. The results
presented Figure 13 support this conclusion. At a
source pressure of 0.38 MPa, a gas leak at t = 0.5
s leads to a stable static inaccuracy of approxi-
mately 0.5 degrees, as illustrated in Fig. 12(b).
Figure 13 demonstrates that elevating the source
pressure to 0.42 MPa significantly reduces this
inaccuracy within the same system. The elevat-
ed source pressure increases the mass flow rate
through the pneumatic valve. This will create
a balance between the airflow entering the soft
mechanism. The simulation results indicate that
the proposed method for regulating the bending
angle of the soft finger through a pressure con-
troller is entirely viable.
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Figure 12. Simulation results of step response with disturbance with pressure source 0.38 MPa: (a) bending
angle response, (b) zoomed-out
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Figure 13. Simulation results of step response with disturbance with pressure source 0.42 MPa

CONCLUSIONS

This paper has developed a bending finger for
use in pneumatic hand robot. The theoretical anal-
ysis models of both the soft finger and the pneu-
matic valve have been fully developed. And, bend-
ing experiments to find the relationship between
the bending angle and the air pressure have been
carried out. The motion dynamics of the soft finger
are modelled using a second-order function. Due to
the nonlinear model, uncertainty and disturbance
of the system, the controller, which is a combina-
tion of adaptive sliding mode and active rejection
control has been adopted to track the change of
the bending angle. The ESO was used to estimate
the angular velocity state and the uncertainty vec-
tor across the entire state space. In order to verify
the effectiveness of the controller, simulations un-
der various desired bending angles have been per-
formed. The simulation results show that there are
small steady-state errors in the actuator response.
However, this error is negligible and suitable for
robot-hand applications. In the future, we plan to
implement the control for a real pneumatic soft
finger. We expect the experimental results to align
with the simulation results in the paper.
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