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Abstract— The field of soft robotics has evinced
considerable interest recently due to its importance in several
practical applications. Teleoperation of a soft manipulator to
do a multitude of tasks in a remote environment is one such
promising application. The dexterity and conformity of a soft
robot can be constructively utilized for enhanced motion
planning and manipulability in cluttered environments. To
that end, this paper investigates an adaptive task space
bilateral teleoperation framework for soft robots with
dynamic uncertainties assuming a non-redundant rigid master
manipulator and a redundant soft slave manipulator under
the piecewise constant curvature hypothesis. First, the
dynamics of the soft robot are approximated as a rigid link
manipulator with elastic joints using an existing augmented
formulation in the literature. The task space adaptive
bilateral teleoperation framework is then introduced based on
this rigid-robot-like formulation. The null space velocity of
the soft robot is also exploited to achieve sub-task objectives.
Finally, the proposed control algorithms are experimentally
investigated on a planar soft robot and the results are
discussed pointing out the important observations.

I. INTRODUCTION

Soft robotics has become an expanding research area in
the field of robotics since the agility and compliance of
these robots can be exploited to achieve highly dexterous
manipulation capabilities in cluttered environments [1].
Over the past two decades numerous applications of soft
robots have been identified, such as minimally invasive
surgery, operations in underwater and space environments,
and inspection operations.

Typically a soft body is an infinite dimensional
dynamical system. Therefore, it is a challenging task to
articulate the kinematics and dynamics of the soft robot,
which are amenable for control theoretical formulations.
However, several reduced order mathematical models have
been proposed in the soft robotics research recently. The
kinematics of soft robots have been studied extensively and
the Piecewise Constant Curvature (PCC) formulation is a
widely used model [2]. Dynamics models proposed for soft
robots have been based on PCC formulation [3], [4], [5]
and Cosserat rod theory [6] among others [7], [8], [9].

Although several works on control and motion planning
of soft robots have been developed recently, bilateral
teleoperation of soft robot systems has not been addressed
adequately [10]. However, for rigid link robotic systems
bilateral teleoperation frameworks have been extensively
studied [11], [12], etc. For soft robots, considering a
kinematics framework, a telerobotic system for telesurgery
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has been proposed in [13]. A task space teleoperation
framework considering the dynamics for an extensible soft
robot using feedback linearization has been proposed in
[14], [15]. The authors also have utilized the null space
velocity of the redundant slave robot to achieve singularity
avoidance as a sub-task. A model based nonlinear control
strategy was utilized to achieve asymptotic task space
tracking between the master device and the soft robots
[16]. However, all these works did not include any
feedback from the slave robot to the master robot, and
hence the robots were not controlled bilaterally.
Furthermore, dynamic uncertainty was not considered in
the aforementioned works on teleoperation of soft robots.

One approach to mitigate the uncertainty of the
parameters is to utilize adaptive control techniques [17].
There have been several previous studies on adaptive
control of soft robots. A model reference adaptive control
for soft robots [18] has been used in an open-loop inverse
dynamic feedforward controller to follow reference
trajectories in the degree of curvature space. A
model-based sliding mode controller has also been
developed for curvature tracking [15], [19]. Additionally,
there have been several works on kinematic adaptive
control of soft robots [20]. A model-free controller for
continuum robots based on an adaptive Kalman Filter for
path tracking using only actuation pressures and tip
position has also been developed [21].

In the current paper, it is considered that the master/
leader robot is a non-redundant rigid manipulator and the
slave/follower robot is a redundant inextensible soft
manipulator under the PCC hypothesis. First, we map the
kinematics and the dynamics of the soft slave robot to an
approximated rigid robot using an augmented formulation
[4]. Then the bilateral teleoperation framework is
introduced using classical control strategies developed for
rigid robots.

To the best of our knowledge, we demonstrate for the
first time that passivity based adaptive task space
controllers [12] can be constructively utilized for bilateral
teleoperation of a rigid master robot and a soft slave
robot. Consequently, the need for exact knowledge of the
master or the soft robot’s parameters is obviated.
Additionally, the null space velocity tracking is utilized to
achieve sub-task goals such as conforming to degree of
curvature limits in the soft robot. Finally, the performance
of the proposed controllers is evaluated extensively via
experimentation with a physical planar soft robot and the
gleaned insights are discussed.
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The rest of the paper is organized as follows. The
mathematical models for the soft slave robot and the rigid
master robot are introduced in Section II. Then the bilateral
teleoperation framework for the system is discussed in
Section III. In Section IV the experimental setup and the
results for the proposed bilateral teleoperation framework
for the soft robotic system are detailed. Finally, the
summary of the paper is presented in Section V.

II. MATHEMATICAL MODEL

A. The Soft Manipulator: Slave robot
The dynamics of the soft slave robot is formulated as a

Lagrangian system through an approximated dynamically
consistent augmented formulation using the methods
introduced in [4]. The reader is referred to [4] for the
complete derivation.

Under the PCC hypothesis, the soft robot is assumed to
be composed of n segments and each segment is assumed
to have a constant curvature (CC) that is time dependent.
To constitute the soft robot, these n CC segments are
attached together in such a manner that the resulting curve
is differentiable everywhere. Under this hypothesis a single
variable per segment, namely the degree of curvature, is
sufficient to describe the segment’s configuration in space
[2]. In this work, the segments are assumed to be
inextensible.

The augmented robot model of this PCC robot is
represented as a rigid link robot, as illustrated in Fig.1(a),
with a sequence of revolute and prismatic (R and P) joints
with elasticity. The augmented formulation approximates
the kinematic and approximated dynamic properties of the
PCC soft robot with a conventional rigid robot system.
Under this formulation, the configuration variable of a
segment is the degree of curvature qsi. Fig.1(b) illustrates a
PCC robot comprised of three CC segments which also
carries an end-effector approximated as a lumped mass at
the end of the robot with mass me.

Following [4], the dynamics of the soft robot represented
as an equivalent rigid robot evolving on the degree of
curvature space qs ∈ Rn is given as,

Ms(qs)q̈s + Cs(qs, q̇s)q̇s +Dq̇s +K0qs +Gs(qs)

= τs − J>s (qs)Fext (1)

where Ms(qs) ∈ Rn×n is the equivalent inertial matrix,
Cs(qs, q̇s)q̇s ∈ Rn collects the equivalent centrifugal and
Coriolis terms, Gs(qs) ∈ Rn is the equivalent gravitational
torque and τs ∈ Rn is the generalized torque vector. Here,
the damping and stiffness matrices, D,K0 ∈ Rn×n

respectively, are introduced to incorporate the compliance
of the soft robot. Fext ∈ Rp is the external force acting on
the end-effector which is mapped using the equivalent
Jacobian Js(qs) ∈ Rp×n.

B. The Rigid Manipulator : Master robot
The master robot is modeled as a rigid serial link

manipulator with p links. In the absence of friction, the
dynamics of the master robot can be written in the
Euler-Lagrangian formulation as [22],

(a) (b)

Fig. 1. The PCC robot and the augmented robot as RPPR links are
superimposed and shown here. The soft robot segments are shown in red.
Panel (a) shows the ith segment superimposed with RPPR model and panel
(b) illustrates the representation of a soft robot manipulator with three CC
segments with an end effector of lumped mass me at the tip.

Mm (qm) q̈m + Cm (qm, q̇m) q̇m +Gm (qm) = τm + J>m (qm)Fh

(2)

where Mm(qm) ∈ Rp×p is the inertial matrix, Cm(qm, q̇m)q̇m
∈ Rp is the matrix of the centrifugal and Coriolis terms and
Gm(qm) ∈ Rp is the gravitational torque. Here,qm ∈ Rp is
the vector of the relative joint angles, τm ∈ Rp is the control
torque, and Fh ∈ Rp is the operator force which is mapped
using the Jacobian Jm(qm) ∈ Rp×p.

III. BILATERAL TELEOPERATION FRAMEWORK

The proposed bilateral teleoperation framework is
developed based on the Lagrangian formulation of the soft
slave robot and the rigid master robot as given by (1) and
(2) assuming the master is non-redundant and the slave is
redundant. We follow similar methods as in [12] to derive
the framework. Subscripts j = m, s will be used for
concise representation where, subscript m refers to the
rigid master robot and subscript s refers to the soft slave
robot and the arguments will be omitted due to brevity,
where obvious.

Consider the maps hm(·) : Rp → Rp and hs(·) : Rn → Rp

which map the configuration spaces to the task space Rp.
Here the direct forward kinematics of the robots are utilized
as these maps and the robot tip positions and their velocities
are defined as, Xj = hj(qj) and Ẋj = Jj(qj)q̇j respectively.
Here, Jj(qj) =

∂hj(qj)
∂qj

are the Jacobian matrices.
Following the passivity based adaptive control approach

[17], assuming time invariant uncertainties in the inertia and
Coriolis/centrifugal terms, the control inputs for the master
and slave robots are given as,

τm =M̂m(qm)am + Ĉm(qm, ˙qm)vm + Ĝm(qm)

−Kmsm − JT
mτ̄m

τs =M̂s(qs)as + (Ĉs(qs, q̇s) + D̂)vs + K̂0qs + Ĝs(qs)

−Ksss − JT
s τ̄s (3)

where (̂·) indicates the estimates for the corresponding terms.
Kj are positive definite diagonal matrices that needs to be
tuned and τ̄j are the coordinating control torques that are
defined subsequently.

Using the properties of Lagrangian systems we can define
the regressor (Yi (qi, q̇i, vi, ai)) and parameter (Θi) vector
pair for the estimated systems [22],
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M̂mam + Ĉmvm + Ĝm =YmΘ̂m

M̂sas + (Ĉs + D̂)vs + K̂0qs + Ĝs =YsΘ̂s (4)

The tracking errors for the master system and soft slave
system are defined as em(t) = Xs(t − Ts) − Xm(t) and
es(t) = Xm(t − Tm) − Xs(t) respectively. Here,
communication time delays Ts and Tm are assumed to be
constant.

The signals sm(t) and ss(t) for the master the slave are
defined as,

sm = −J−1
m Λmem + q̇m,

ss = −J+
s Λses + q̇s − (In − J+

s Js)ψs (5)

where Λj are positive definite matrices and ψs ∈ Rp is the
negative gradient of an appropriately defined convex
function which is utilized for the sub-task control.
J+
s , JTs (JsJ

T
s )−1 ∈ Rn×p is the pseudo inverse of Js

and satisfies the property JsJ
+
s = Ip. The signals

vi(t), ai(t) are then defined as, vi = q̇i − si and
ai = q̈i − ṡi, respectively.

The coordinating controls τ̄j are defined as,
τ̄j = krj (−Λjej + Ẋj)− kJj ėj (6)

where krj and kJj are positive control parameters.
The closed loop dynamics of the system is found by

substituting the proposed controls (3) in (1)-(2) and using
(4),

Msṡs + Csss +Dss +Ksss = YsΘ̃s − JT
s τ̄s − JT

s Fext

Mmṡm + Cmsm +Kmsm = YmΘ̃m − JT
mτ̄m + JT

mFh (7)

where Θ̃j = Θ̂j −Θj . The adaptation law for the parameter
estimation is defined as,

˙̂
Θm = −ΓmY

T
m sm ,

˙̂
Θs = −ΓsY

T
s ss (8)

where Γm and Γs are positive definite symmetric control
parameter matrices that needs to be chosen.

First, we consider the free motion case when there is no
human operator force on the master and there is no
environmental force on the slave (i.e: Fh = Fext = 0).
Following the proof of Theorem 3.1 of [12], assuming that
Jm is full rank and operated under free motion of the
closed loop teleoperation system (6) – (8), the tip of the
soft slave manipulator asymptotically tracks the tip position
and velocity of the rigid master manipulator. i.e: ei, es → 0
and ėm, ės → 0 as t→∞.

Next, we consider the case when the human operator
exerts a force on the master and/or the slave robot
experiences environmental forces. Here it is assumed that
both the human operator and the slave environment are
passive with respect to the inputs Fh(t), Fext(t) and
outputs rm = Jmsm, rs = Jsss. Hence, there exist
constants kh, ke ∈ R+ such that −

∫ t

0
FT
h (σ)rm(σ)dσ 6 −kh

and
∫ t

0
FT
ext(σ)re(σ)dσ 6 −ke.

Similarly to the free motion, assuming that Jm is full
rank and the human operator and the slave environment are
passive with respect to the inputs Fh(t), Fext(t) and
outputs rm, rs it can be shown that the closed loop
teleoperation system described by (6) – (8) will drive
ei, es → 0 and ėm, ės → 0 as t→∞ [12].

A. Sub-task Control in Null Space

In this work, the soft slave manipulator is assumed to be
redundant considering the degree of curvature space with
regard to the task space. Thus, null(Js) has a minimum
dimension of n − p which can be exploited to accomplish
sub-task control as the task space motion is unaffected by
the link velocity in the null space. This is done by designing
the auxiliary function ψs(t) in (5) appropriately.

The sub-task error is defined as the null space velocity
tracking error of the auxiliary function ψs(t) [23],
eN (t) = (In − J+

s Js)(q̇s − ψs(t)). Hence, the auxiliary
function ψs(t) can be designed in such a way that taking
the negative gradient of a convex function f(qs) whose
minima leads to the desired configuration, ψs = − ∂

∂qf(q).
In this work we will consider the sub-task of conforming

to degree of curvature limits. We define the convex
function flim(qs) = Πn

i=1

(
(1− qsi

qmax
si

)(
qsi
qmin
si

− 1)
)

where qsi
is the curvature of the ith CC segment with i = 1, ..., n.
qmaxsi and qminsi denotes the maximum and minimum
allowable degree of curvature of the ith CC segment. The
corresponding auxiliary function for the sub-task is then
found using computing ψs.

A detailed discussion of the different sub-tasks that
could be achieved in bilateral teleoperation have been
presented in [12]. Singularity avoidance and obstacle
avoidance for soft robotic teleoperation also could be done
by utilizing the subtask control and will be addressed in
our subsequent work.

IV. EXPERIMENTAL INVESTIGATION

In this section we present the experimental results
demonstrating the performance of the proposed bilateral
teleoperation framework. First the experimental setup is
described. Subsequently, the experimental results are
presented and discussed.
A. Experimental setup

The experimental setup shown in Fig.2 consists of a
pneumatically actuated pleated type soft robot [24],
OptiTrack motion capture system and two i7 16GM RAM
Windows 10 laptops: one running the control algorithms on
Matlab 2015 and the other simulating the rigid master
robot. Experiments with a physical rigid master robot will
be reported in the future.

1) The Soft Robot: The soft robot used in the
experiments, as shown in Fig.3(a), comprises of three
bi-directional pleated type segments (n = 3) which were
fabricated following methods outlined in [24]. The robot
was constrained to move on a horizontal table and ball
transfers were used underneath near the segment joints to
reduce friction.

Each segment has two compartments that are
individually actuated pneumatically. The segments are
assumed to deform with a constant strain under the applied
pressure, thus, having a constant curvature. The middle
layer of each segment (the joint between the two
chambers) is inextensible due to the restrained material
layer. The segment lengths along the inextensible middle
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Fig. 2. The experimental setup.

(a) Pleated type soft robot

(b) Marker placement (c) Degree of curvature extraction

Fig. 3. Illustration of the soft robot and degree of curvature estimation
using motion capture data of the markers.

layer were measured to be Lsi = 0.125 m. The segment
masses msi = 0.110 kg were measured prior to joining the
segments together. The material properties of each segment
were assumed to be identical. Therefore, for all the
segments identical torsional stiffness of ki = k and
damping of di = d were assumed. The identification of the
nominal values of k and d will be discussed subsequently.

As seen in Fig.3(b), an unactuated end effector resembling
a soft gripper of mass me = 0.050 kg was attached to the
tip of the soft robot.

2) Degree of Curvature Estimation using Motion
Capture: The positions of the end points of each segment
was extracted using a Motion Capture system (OptiTrack)
by attaching clusters of markers on the segment ends as
shown in Fig.3(b). These labeled markers were assumed to
be lying on the horizontal plane throughout the trial. The
base of the soft robot was securely attached to the table so
that experiments could be conducted without re-calibration.
The degree of curvature of each segment was calculated
using the properties of the dot product of the labeled
marker positions as illustrated in Fig.3(c):
qsi = 2

(
π
2 − cos−1

(
(a−b)·(c−b)
||a−b|| ||c−b||

))
.

3) The Actuation Unit: The soft robot was actuated
using a pneumatic controller unit based on the open source
hardware platform [25] with command inputs serially
transmitted to the control board. The compressed air to the
unit was supplied by an external compressor at a constant
pressure of 20psi. The air pressure in the segments was
regulated by Pulse-Width Modulation (PWM) using a

frequency of 100Hz. The control input calculated by the
controller, in terms of a torque, was converted to a PWM
signal for each segment using corresponding mappings. At
a given time instance, only one compartment out of the two
in each segment is actuated. A positive torque commanded
one compartment while a negative torque commanded the
opposite compartment of the same segment.

The torque-to-PWM signals mapping was identified by a
curve fitting process for each compartment of the three
segments. Considering the dynamic model of the soft robot
(1), for the ith segment, a step input of τsi = τpwm resulted
in a steady state represented by τipwm = k θipwm . Here θipwm

is the steady state degree of curvature of the considered ith

segment and k is the torsional stiffness. Sending commands
to only one compartment of a segment, the steady state
degree of curvatures (θipwm ) were recorded for different
PWM signal values. Then the equivalent torque being
applied, τipwm , was calculated hypothesizing the torsional
stiffness of each segment to be k = 1 Nm/rad. Finally, a
third order polynomial curve fit was performed using this
data for each of the segments to obtain the mapping from
torque to PWM signal.

The nominal value of the torsional damping of a segment
d = 0.2 Nms/rad was calculated using a system identification
process by applying a unit torque to each of the segment.

B. Experimental results for bilateral teleoperation
Here we evaluate the performance of the passivity based

task space adaptive bilateral teleoperation framework. In
these experiments, the soft robot served as the slave device
and a rigid manipulator which was simulated due to the
unavailability of such a robot served as the master device.
The simulation was done using Matlab/Simulink 2019a in
real time using the Simulink Desktop Real-Time library
block on a separate laptop. The communication between
the two laptops, i.e. between the master and slave robots
was achieved through the TCP/IP protocol over WiFi
(network time delays: Tm = Ts = 0.004s).

The simulated master robot comprised of a 2-DoF rigid RR
robot and was modeled according to [22]. The link lengths
were chosen as Lm = [0.1895, 0.1895]>m so that the master
robot and the soft slave robot has a similar task space. The
masses and inertia were chosen as mm = [0.2, 0.2]>kg and
Im = [0.003, 0.003]>kgm2 respectively. The human force was
modeled as spring-damper forces with spring and damper
gains set to 150 N/m and 150 Ns/m respectively.

For the soft slave robot, the uncertainty was assumed in
the segment masses, end effector mass, torsional stiffness and
torsional damping. Thus the parameter vector was chosen
as Θs = [ms1 ,ms2 ,ms3 ,me, k, d]> and the initial parameter
estimates Θ̂s(0) = [0.5, 0.5, 0.5, 0.01, 2, 1]> were set different
from the measured nominal values. The control gains were
constant throughout the experiments and were set to Γs =
0.075, Λs = 3.5, Krs = Ks = 0.3 and Kjs = 10.

The uncertainty in the rigid master robot was assumed to
be in the rigid robot’s link masses and in the link inertia.
Thus the parameter vector was chosen as Θm =
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Fig. 4. Results for the bilateral teleoperation task without and with subtask
control of conforming to degree of curvature limits for the scenario with no
environmental force.

(a) without the subtask control

(b) with the subtask control

Fig. 5. Sequenced photographs of the bilateral teleoperation scenario with
no environmental force.

[mm1 ,mm2 , Im1 , Im2 ]>. The initial parameter estimates
were Θ̂m(0) = [0.05, 0.05, 0.001, 0.001]>. The control gains
were constant throughout the experiments and were set to
Γm = 0.75, Λm = 5, Krm = Km = 1 and Kjm = 12.

1) Scenario with no environmental force: Here the soft
slave robot was allowed to move freely with no
environmental forces being applied. We considered the
sub-task control of conforming to degree of curvature
limits of qsi = [−5π9 , 5π9 ]>.

In the experiment, t = 0-5.5s is in free motion for both the
robots to synchronize. Then, from t = 5.5-16.5s (phase 1.1)
the human operator exerts a force to move the leader toward
Xm = [0.001, 0.245]>. From t = 16.5-27s (phase 1.2) the
human operator tries to move the leader to Xm = [0.2, 0.2]>

and from t = 27-35s (phase 1.3) to Xm = [0.25, 0.001]>. At
t = 35s the system is set to operate again in free motion.

Fig.4 illustrates the results of this scenario without and
with the subtask control. Fig.5 depicts the configurations of
the soft robot during the experiment. It is clearly seen from
the sequenced photographs that the sub-task control forces
the degree of curvatures of the segments to be within the
desired limits by altering the configuration of the soft robot.

2) Scenario with the soft slave interacting with an
obstacle: In this scenario an obstacle of the form of a wall

0 10 15 20 25 30

-0.1
0

0.1
0.2
0.3
0.4

-0.1
-0.05

0
0.05

0.1

5

Free motion Phase 2.1 Phase 2.2 Phae 2.3 Free 
motion

20

0

-20

contact

rigid rigid softsoft

Fig. 6. The results of the bilateral operation involving obstacle contact in
the slave environment. The forces experienced by the human is shown in
the bottom plot.

Fig. 7. Sequenced photographs of the bilateral teleoperation scenario with
the soft slave interating with an obstacle

at x = 0.05 m appears during the trial at t = 15s and the
trial was conducted without attaching an end effector.

In the initial 0 - 5.5s the robots operate in free motion.
From t = 5.5-15.5s (phase 2.1) the human operator moves
the master toward Xm = [0.001, 0.245]>. From
t = 15.5-21.5s (phase 2.2) the human operator tries to
move the master to Xm = [0.2, 0.2]>. The soft slave robot
contacts the obstacle at around t = 16.5s. Since the soft
robot cannot move past the obstacle, the position errors
between the two robot tips do not approach zero.
Therefore, the human operator continuously tries to push
toward the desired point despite the inability to move it any
further. This is clearly illustrated in Fig.6 bottom figure
showing that the environmental forces experienced by the
soft robot at the slave environment are reflected onto the
master side. From t = 21.5-29.5s (phase 2.3) the human
operator moves the master robot tip to the opposite
direction of the obstacle, toward Xm = [0.01, 0.33]>. Now,
it is observed that the tracking errors approach zero and the
exerted forces diminish. At t = 29.5s the system is set in
free motion. Fig.6 presents the results of this trial and Fig.7
illustrates the configurations of the soft robot and the
obstacle. The force feedback at the leader robot side is
clearly seen in this experiment illustrating the performance
of the proposed bilateral teleoperation framework.

C. Discussion
The goal of the experimental investigation was to study

the performance of the proposed passivity based adaptive
teleoperation framework for a pneumatically actuated soft
robot. It should be noted that the reference trajectories and
the target positions for all the trials were carefully considered
in order for the soft robot to be able to operate in the task
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space spanned by qsi = [−5π9 , 5π9 ]> for all the segments so
that the sub task control of conforming to degree of curvature
limits of qsi = [−5π9 , 5π9 ]> can be utilized.

In the experiments, although the results were satisfactory,
the slow movement of the soft slave robot resulted in the
slave robot not reaching the target reference positions in
the allotted time interval. However, this observed result
illustrates the critical need for bilateral teleoperation as the
human operator is immersed in the remote slave
environment and is able to respond to changes in the
operational scenario.

The slow movement of the slave robot may be due to the
slow response of the pneumatic actuation and also due to the
hysteresis effect in the segments. Also spikes can be observed
in the input where the large torques that are generated due
to the local singularities of the segments.

Furthermore, although the stiffness of the segments were
assumed to be constant, they may be changing with
deformation. This time varying nature of the parameters are
not handled by the passivity based adaptive control and it
can impact the performance as well as the stability of the
bilateral teleoperation system. The frictional effects were
neglected in the soft robot model as well as in the control
algorithms. However, there might have been a significant
friction between the soft robot and the surface despite the
addition of ball transfers.

V. CONCLUSION

This paper proposed an adaptive bilateral teleoperation
framework for a system consisting of a non-redundant rigid
master manipulator and a redundant PCC soft slave
manipulator. The adaptive controllers guaranteed task space
synchronization of the robots under time invariant
parameter uncertainties at the master and/or soft slave side.
The redundancy in the soft slave manipulator was exploited
to achieve sub-task objectives such as conforming to
curvature limits while tracking the position of the master
robot. The experimental study demonstrated good task
space tracking performance and immersion in the remote
environment. Future work involves addressing practical
limitations of the actuation mechanism as well challenges
posed by the material properties.
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