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ABSTRACT This paper proposes a novel active vibration damping mechanism for soft robots. In recent
years, soft robots have gained increasing research attention for robotic researchers and industrial developers
alike. Soft robots offer a significant number of advantages when it comes to the handling of fragile
objects, clinical rehabilitation tasks, and human-machine interaction. Soft robots demonstrate a high degree
of compliance and safety because of their inherent softness, achieving the same with rigid robots will
require intricate controller design and sensing mechanisms. However, the most commonly used soft robots
use pneumatic systems for actuation. These pneumatic soft robots undergo large amplitude vibrations
when deactuated suddenly. These vibrations not only decrease the accuracy of these soft robots but also
compromise their structural integrity, which results in a decrease in their useable lifespan. An active vibration
damping mechanism is very much needed to increase the utility of soft robots in industrial applications.
To accurately control the dynamic behavior of soft robots, we propose a sliding mode based controller with
PID sliding surface. The proposed controller uses feedback error to define a PID sliding surface, and a
nonlinear sliding mode controller works to keep the system attached to the sliding surface. The coefficients
of the PID sliding surface determine the dynamic behavior of the soft robot. The performance of the proposed
controller is verified by using a multi-chambered parallel soft robot. The experimental results demonstrate
that the proposed controller can suppress vibration amplitude to a decidedly smaller range.

INDEX TERMS Soft robot, sliding mode control, active damping, parallel-soft robot, multi-chambered soft

robot.

I. INTRODUCTION

Soft robots have found their applications in a wide array of
areas, ranging from clinical rehabilitation robots and indus-
trial robots to lifelike human-machine interaction systems
[1]-[5]. Their softness, fast response, compliance, and low
cost make them an excellent choice for safety-critical appli-
cation related to the handling of delicate objects [3], [6]-[8].
Because of their inherent ability to adapt their body accord-
ing to the environmental variations, they pose a low risk
of damage when handling small industrial goods [9], e.g.,
fruits. Achieving the same level of safety and reliability with
traditional rigid robots will require complex sensing mecha-
nisms and sophisticated control techniques, which come at
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very high economic cost [10]. Nevertheless, their softness
and flexibility also pose a challenge when it comes to very
accurate control of soft robots. Soft materials have very low
damping coefficients [11], causing them to undergo large
vibrations when rapidly deactuated. An example of such
vibrations is illustrated in Figure 1. These vibrational tran-
sients are undesirable in industrial settings because they not
only waste time in settling down, thus decreasing produc-
tivity, but also introduce structural defects in the soft robot,
which reduces its useful lifespan [12], [13]. The problem
of undesirable deactuation transients in soft robots require
the utmost attention to increase their viability in real-world
applications [14], [15].

The successful compensation of these undesirable tran-
sients requires the development of an accurate mathematical
model for soft robots. Most common type of soft robots, also
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VIBRATIONS
ON DEACTUATION

FIGURE 1. Figure illustrating the vibration problem in the
parallel-chambered soft robot on deactution. The soft robot move back
and forth around its mean position before coming to halt.

known as pneumatic soft robots [6], [16], [17], use pneumatic
system, e.g. a pump, for actuation. Pneumatic soft robots are
highly nonlinear because of flexible materials and nonlinear
fluid dynamics because of high-pressure airflow. Unlike rigid
link robots, soft robots show an infinite degree of freedom,
which theoretically requires an infinite number of param-
eters to formulate an exact mathematical model [18]-[20].
However, in practice, the model of the soft robot is usually
approximated using a finite number of parameters using the
Finite Element Method (FEM) [21]-[23]. Such a model with
a large number of parameters provides a good approxima-
tion but too computationally intensive to implement on an
embedded processor for real-time control. Other techniques
involves using model-free control techniques e.g. a PID con-
troller [24]. However, the PID parameter requires parameter
tuning, which is a time-consuming task. Additionally, such
model-free control techniques do not adapt to variations in
the soft robot model and lead to an undesirable dynamic
response after the inevitable degradation of the soft robot.
More advanced control techniques use a low order lumped
element models [18], [25]-[27] which are computationally
efficient. Since such models are just a linear approximation
to the actual model, these techniques required the use of
error feedback to compensate for model uncertainties. Other
works to induce vibration damping in pneumatic soft robots
require attaching extra components to the soft robots to create
mechanical damping [28], [29]. However, the extra mechan-
ical overhead makes the system bulky and complicated to
fabricate.

Linear low order model-based controller are current state
of the art for soft robot control [18], [25], [30], [31]. These lin-
ear controllers are mainly focused on regulating the actuation
dynamics of soft robots and do not specifically consider the
deactuation dynamics and vibration problem. Consequently,
these linear models struggle in suppressing the undesirable
vibrations in soft robots. These nonlinear nature of soft robot
models and lack of natural damping from a soft material make
it challenging to suppress undesirable deactuation transients.
In this paper, we propose to use a nonlinear Sliding Mode
Controller (SMC) [32] to actively damp the vibrations caused
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FIGURE 2. 3D model of the 6-chambered parallel soft robot used in our
experimental platform. Left-up: Top view, left-down: bottom view, middle:
transparent 3D view, right: side view.

by nonlinearities in the soft robot. The proposed sliding mode
controller combined the two commonly used control tech-
niques for soft robots; the model-free PID control and lumped
element model-based control. The proposed SMC uses a PID
sliding surface based on the feedback error, which combines
with an approximated system model and a nonlinear control
term to guarantee that the system will always remain on the
sliding surface [33]. As long as the system remains on the
sliding surface, the desired deactuation dynamics are pro-
duced. The nonlinear control term in the controller design is
formulated such that it forces the system toward the sliding
surface even in the presence of unknown model uncertainties
and bounded external disturbances [34]. The convergence
of the proposed controller is proved using the Lyapunov
stability criterion and experimentally demonstrated using a
soft robotic experimental platform [35]-[37]. [38] considered
the mechanical limits of the rigid robot to constraint the
state-vector in the feasible range. Such a method can also be
extended to increase the reliability of soft robots.

We fabricated a 6-chambered parallel soft robot to ver-
ify the effectiveness of the proposed controller. A graphical
model of the soft robot is shown in Figure 2. It contains six
inflatable cylindrical chambers radially distributed inside the
body of the soft robot. The robot is capable of 3-dimensional
motion by controlling the input air pressure in 6 chambers.
When a chamber is inflated using high-pressure air, it pro-
duces a bending motion in the soft robot in the opposite direc-
tion. By controlling the air pressure inside these chambers,
the bending angle and orientation of the soft robot can be
controlled. We constructed a complete soft robotic platform
consisting of pumps, valves, MOSFET switches, and micro-
controllers. The detail of the experimental platform is given in
the subsequent sections. The experimental platform is shown
in Figure 1. The highlights and contribution of this paper are
summarized below

1) Active vibration damping of the soft robots by formu-

lating an SMC controller with PID based sliding sur-
face. The nonlinear switching term introduced by the
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SMC controller assist in compensating for unmodelled
nonlinearities.

2) The convergence and stability of the controller are
proved rigorously using theoretical analysis based on
the Lyapunov function.

3) The design of a novel 6-chambered parallel soft robots
is presented. The robot is used as an experimental
platform to demonstrate the efficacy of the proposed
controller.

The remaining paper is organized as follow: Section II
describe the physical and mathematical model of the soft
robot, Section III provides the formulation of sliding mode
controller and proof of its convergence, Section IV present
experimental results and Section V concludes the paper.

Il. SOFT ROBOT MODEL

In this section, we will discuss the structure of our soft robot,
construction of the experimental platform, and formulation
of a mathematical model that will be used in developing the
SMC based controller.

A. PARALLEL SOFT ROBOT

To fabricate the soft parallel robot, we designed the molds
according to the structure of our soft robot and used a 3D
printer to create those molds. We used Ecoflex-30 silicone
[39] as the material for our soft robot because of its high flex-
ibility and low cost. The liquid silicone mixture was prepared
and poured in the molds and left for curing in the open air for
about 8 hours to let the mixture dry completely. We removed
the soft robot from the molds and inserted silicone tubes
into the chambers to inflate them using an external pressure
source. We then mounted the soft robot on the experimental
platform, as shown in Figure 3(a).

We used a 12V DC vacuum pump to power the soft robot.
In order to control the bending angle of the soft robot, the air
pressure from the pump to the soft robot needs to be regulated.
Therefore, we attached solenoid valves between the pump
and chambers of the soft robots. The solenoid valves are
3-position 3-port, i.e., they can exist in 3 states; inflating,
holding the air, and deflating the soft robot chambers. By con-
trolling the state of the valve, the air pressure inside each of
the valves can be regulated.

For the digital implementation of the control algorithm,
we used an ATMega-2560. The controller pins generate sig-
nals for controlling the state of the solenoid valves. Since the
pins of ATMega-2560 can provide few milliamperes (mA)
of currents, which is insufficient to drive the solenoid valves
directly, we used MOSFET switches to provide adequate
currents. MOSFET switches can provide very high output
switching current and consume small input current from the
microcontroller. The gate input of the MOSFET switches
was connected to the microcontroller pins. To program the
ATMega-2560, we implemented the controller on Simulink
[40], [41] and then used the Simulink Support Package for
Arduino target to directly program the microcontroller. This
approach increases the efficiency of system development
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FIGURE 3. Experimental platform for our soft robot. (a) Labelled image of
the experimental platform. (b) Schematic diagram of the soft robot,
showing relationship between different components of the experimental
platform.

since it automatically generates a reliable code and help in
avoiding the tedious task of manually writing and debugging
the controller code.

To sense the bending motion of the soft robot, we mounted
a wireless orientation sensor to the top of the soft robot,
as shown in Figure 3(a). The sensor directly measures the
magnitude of the bending angle relative to the vertical posi-
tion of the soft robot. When the soft robot is deactuated,
i.e., vertical position, the orientation sensor gives zero value.
Otherwise, its value is proportional to the bending angle. The
orientation sensor is connected to the ATMega-2560 con-
troller using a Bluetooth module. The schematic diagram of
the experimental platform and the connection between parts
is shown in Figure 3(b).

B. DYNAMIC MODELLING

Our soft robot has six identical chambers, and for the sake
of simplicity, we will only consider a single chamber in
the dynamic modeling. Additionally, since we are mainly
concerned about suppressing the deactuation transients, ana-
lyzing the dynamic behavior of a single chamber will provide
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enough information while keeping the discussion simple. The
dynamic model of a single chamber of the soft robot using
lumped element method can be described as a second-order
dynamic system as follow:

a16@t) + a20(t) + az0(t) = u(?), 1))

where 6(¢) is the magnitude of bending angle, ay, a3, az are
the constant model parameters and u(¢) is the input pressure
to chamber.

Equation (1) represents a second-order dynamic model,
which is a linear approximation to the actual model of the
soft robot. To account for unmodelled nonlinearities, we treat
them as perturbations to the linear model (1). Similarly,
unknown external disturbances can also induce instability in
the soft robot. We add the combined effect of perturbation
and unknown external disturbances to the system model as
follow:

a16(t) + a0(t) + a36(t) = u(t) + d(1), 2)

where d(t) represent the combination of perturbations, model
Uncertainties and unknown external disturbances.

To estimate the system parameters aj, az,az we used
MATLAB?’s system identification toolbox [42]. The toolbox
requires the application of a periodic input signal and use the
measured output values to estimate the system parameters.
We ran a periodic inflate-hold-deflate experiment, over the
entire range of operating pressure, for a chamber of the soft
robot, the measured values are shown in Figure 4. These
estimated values for the parameters are a; = 8.2 x 1073,
ar=1.1x1073,a3 =2.4 x 1072,

3
T

I Deflation '\
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.50 0.‘75
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FIGURE 4. System response for the experiment conducted to estimate the
system model parameters a;, a,, as. The experiment consisted of
inflate-hold-release cycle for a chamber of the soft robot. The output of
the estimated model (green) is very close to the measured output (red),
depicting the accuracy of the estimated model. (Sampling interval:

Ts = 0.005).

Ill. SMC CONTROLLER DESIGN
In this section, we will present the scheme of our proposed
SMC controller for the soft robotic platform.

A. CONTROLLER FORMULATION

The system model defined by (2) contains an unknown term
d(t) which accounts for unmodelled perturbations and exter-
nal disturbances. We used one-step delayed calculation to

88796

estimate perturbations d(¢) in real-time as follow:

d(t) = d(1-1)
= a16(t_1) + a2f(t_1) + az0(t_) —u(t_1) (3)

where t_; =t — T is used to denote the previous time-step,
T is the sampling period for the controller. d(t) denotes the
estimation for perturbation at time instant ¢. The first order
and second-order derivative terms are calculates using first
and second-order backward difference methods, i.e.,
Br_) ~ 0(—1) —0(t-2)
T
~ 0(t-1) —20(t-2) +0(t-3)
T
The equation (3) uses past observation to generate an estimate
for perturbation in the current time step. In practice the Ty is
small enough that d(¢) =~ d(t —T), therefore d () gives a reli-
able approximation for d(¢). By using the above estimation,
we can write the system model as follow,

alf@t) + @b +a30) = ut) +d@t) +d@) @

6(t_1)

where g(t) =d(t)— d (#) represents the error between the real
and estimated perturbation at time instant 7.

To design the SMC controller, we defined the error coor-
dinates as follows,

e(r) = 0(1) — 04 (1) &)

where 6(¢) is the current bending angle and 6, () is the desired
bending angle.
Based on the defined error coordinates, we defined a
PID-type sliding mode function as follow:
t

S(t) = &) + kre(t) + ko / e(z)d ©)
0

where k1 and k; are the design parameters to tune the dynamic
response of the system on the sliding surface. While choosing
these parameters, it should be noted that the characteristics
polynomial s> + kis + k» = 0 should be strictly Hurwitz.
The sliding mode controller is designed such that it keeps the
system close to the sliding surface s(¢) = 0. As long as the
system remains on the sliding surface, the desired dynamic
response is obtained. Note that for the sake of brevity, the time
dependence variable () will be omitted in the following
discussion.

Theorem: For the system (4) with the sliding surface
defined by (6), the angle tracking error e will asymptomat-
ically converge to 0 i.e. lim;_.» ¢ = 0 if control input u is
governed by following equation:

u=(ay — ka6 + (a3 — kra))0 —d

+a1(q + ki10a + katg) — nsign(s)  (7)
where sign(.) is the signum function, n is switching gain,
and nsign(s) is the nonlinear control term to always force

the system toward the sliding surface even when uncertainties
drive it away.
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Proof: Defining V. = ays%/2 as a positive definite
Lyapunov function, whose first derivative is given by

V = ayss. (8)

To obtain s, we talf‘e the derivative of s as defined in (6), and
use (4) to replace 6, which results in

s=é+kiet+tke
. 1
(= )i+ (- Yo+ L
ap

aj ai

1 ~ = .. .
+ a—(d +d)—6; —ki6; — ky0;.
1

Replacing the expression for § in (8) we get the following
expression,

V=a (lq — Q)és + a; (k2 — a—3)9s + us
ai ai
+(d + d)s — a1(8g + k164 + k209)s.

Now replacing the value of control input u in above expres-
sion and simplifying, we get,
1% —nsign(s)s + ds
= —nls| +ds. ©)

From (9) it can be deduced that if we choose 1 such that
n>ldl+e, (10)

then V < —e|s| for all values of s. Here € is an arbitrary
positive constant. Since V is negative, which proves that the
tracking error e will eventually converge to 0, i.e., the system
states O will reach the sliding surface s = 0. Besides, this also
proves that once the system reaches the sliding surface, it will
remain to confide to it because leaving the sliding surface
will violate the in inequality (10). Therefore, the choice of
n should be such that it is greater than the bound on uncer-
tainties error of d. Remember that d is just the perturbation
estimation error, which is usually much smaller than the
perturbation d itself. Therefore the proposed controller is
much better in regulating the dynamic response of the soft
robot. The upper bound on the perturbation estimation error
can be found by exciting the system with a known input signal
and recording the output value. Then, observed values can be
used to estimate the model parameters aj, az, and a3 in (1).
The difference in the estimated model and the observed data
can be used to estimate the empirical upper bound on the
disturbance.

Remark: Because the sign(.) function is discontinuous,
it may introduce a lot of chattering in the control signal u.
To avoid this issue, by following the approach of [43] it is
often desirable to use the saturation function sat(.) as a soft
alternate to sign(.). sat(.) is defined as,

sign(s), for|s| > 4§

sat(s) =
s/8 for |s] <4,

where § is a design parameter, as § approaches 0, the sat(.)
become similar to sign(.) function. The sat(.) will keep the
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soft robot states in the vicinity of the sliding surface. The
choice of the value of § is a compromise between the chat-
tering and magnitude of tracking error.

IV. EXPERIMENTS & RESULTS

In this section, we will explain the experimental methodology
and discuss the results. The soft robot response demonstrates
that the proposed controller is effective in regulating the
dynamic response and actively suppressing the vibrations on
deactuation.

A. SIMULATION RESPONSE

We carried out an extensive set of simulations to study
the effect of different controller parameters on the dynamic
response of the soft robots. We used Simulink for carrying out
numerical simulations. We implemented the system model
and SMC based controller in Simulink, which, in addition to
simulations, was directly used to program our microcontroller
by using automatic code generation. We carried out three
different sets of simulations to study the effect of control
parameters ki, k>, and n on dynamic response during deac-
tuation. The simulation responses are shown in Figure 5.

Figure 5(a) shows the results of simulations on using
different values of k; while other parameters remain con-
stant. These results show that the dynamic response becomes
damped, and vibration amplitude decrease as the value of k;
increases. However, large values tend to show a slower
response. Similarly, Figure 5(b) shows the results of simu-
lations on using different values of k;. These results show
that the dynamic response becomes damper as the value of
k> becomes small. In this case, a small value of k, tends to
show a very sluggish response.

The effect of switching gain 1 on the dynamic system
response is shown in Figure 5(c). The response shows that
the dynamic response becomes more damped as the value of
k1 decreases. However, using smaller values tends to have a
small impact on the dynamic response. This can be explained
based on the fact that 5 is a nonlinear switching gain, which
only ensures the asymptomatic convergence, but does not
directly impact the dynamic response. However, a large value
of n can leads to aggressive system behavior because of
its large contribution to the control signal u(¢), as shown
in Figure 5(c).

B. EXPERIMENTAL RESULTS
Now we will present the experimental results conducted on
our soft robotic platform shown in Figure 3(a). We set the
sampling interval 7T to 0.005 seconds. Small value of sam-
pling interval ensure the assumption made in perturbation
estimation i.e. Ei(t) = d(t — Ts) ~ d(t), remains true. The
experimental results are summarized in Figure 6.

We first experimented using a PID controller to obtain
a baseline for measuring the performance of the proposed
controller. The experiment involved releasing the soft robot
from an initial bending position of & = 45° and measuring
the vibration amplitude on reaching the deactuaton position
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FIGURE 6. Experimental results and comparison between the performance of a PID controller and the proposed SMC based controller. (a) The
performance of the PID controller for three different values of parameters, the response shows large vibrations on deactuation. (b) The response of the
proposed SMC controller with PID sliding surface. It can be seen that the proposed controller create small vibrations as compared to PID, for same

parameter values.

(6 = 0°). The experiments were conducted using different
values of PID parameters. Three of the responses are shown
in Figure 6(a). It can be seen from the waveforms that the
soft robot overshoot up to a maximum angle of —8° before
coming to a halt. Figure 6(b) also shows error histogram for
three trials with 6; = 0. It can be seen that the histograms are
largely spread out toward negative values, which indicate the
presence of overshoot and vibrations.

We then conducted the experiments using our proposed
SMC based controller using the PID sliding surface. Again
the initial angle was set to 45°. The experiments were
repeated using different values of parameters. The response is
shown in Figure 6(b) have similar parameter values as the PID
responses, with addition of nonlinear switching gain parame-
ter n = 0.001. It can be seen that the proposed controller can
dampen out the vibrations as compared to the PID controller.
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For a similar value of k1 and k>, the response shown by the
proposed controller is much smaller as compared to the PID
controller. The error histograms are shown in Figure 6(b) also
shows that the error is concentrated near # = 0, and large
negative values have very rear occurrence.

V. CONCLUSION

In this paper, we proposed a practical solution for dynamic
response regulation and vibration damping problem for soft
robots. We formulated a nonlinear sliding mode controller
based on a PID type sliding surface. The presented controller
combines the advantages of two primary control approaches
presented in soft robotic literature, i.e., model-free PID con-
troller and lumped element model-based controllers. The
nonlinear term in the proposed controller plays an essential
role in confining the states of the soft robot on the sliding
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surface, even in the presence of model uncertainties and
unknown external disturbance. The controller uses an effec-
tive perturbation estimation technique, which makes it easy
to tune the controller parameters. We theoretically proved
the convergence of the proposed controller using the Lya-
punov stability criterion. We demonstrated its performance
using extensive simulation and experimental results on our
six-chambered soft parallel robot. To the best of our knowl-
edge, this is the first work to apply a sliding mode controller
for active vibration damping of soft robots.
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