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Abstract. Soft continuum robots are highly deformable and manoeuvrable ma-
nipulators, capable of navigating through confined space and interacting safely
with their surrounding environment, making them ideal for minimally invasive
surgical applications. A crucial requirement of a soft robot is to control its over-
all stiffness efficiently, in order to execute the necessary surgical task in an un-
structured environment. This paper presents a comparative study detailing the
stiffness characterization of two soft manipulator designs and the formulation of
a dynamic stiffness matrix for the purpose of disturbance rejection and stiffness
control for precise tip positioning. An empirical approach is used to accurately
describe the stiffness characteristics along the length of the manipulator and the
derived stiffness matrix is applied in real-time control to reject disturbances. Fur-
ther, the capability of the two types of soft robots to reject disturbances using the
dynamic control technique is tested and compared. The results presented in this
paper provide new insights into controlling the stiffness of soft continuum robots
for minimally invasive surgical applications.

Keywords: Stiffness control - Soft continuum robots - Robustness - Minimally
invasive surgery

1 Introduction

There is an increasing interest to advance the state-of-the-art of soft robotics in medi-
cal applications. This is primarily driven by the need for a robot that can manoeuver
in confined spaces and interact with organs and tissue safely, especially, in applica-
tions such as minimally invasive surgery (MIS). Numerous research studies have been
conducted that demonstrate soft continuum robots for MIS applications
[1, 2, 3, 4]. The highly articulated soft robot manipulators are advantageous compared
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with rigid manipulators because of their low modulus, making them compliant to
compressive forces and hence, allowing to manoeuvre easily and safely through nar-
row orifices and tight passages between organs. However, flexibility of the manipula-
tor also implies low payload capacity and poor distal stiffness. While it is desirable
for the manipulator to be gentle when interacting and manoeuvring within its sur-
roundings, significant stiffness is required once the robot is in place to perform useful
surgical tasks.

For a fully operational soft robot, a key requirement is its ability to navigate in an
unstructured environment in the presence of perturbation to avoid crude movements
and instability of the distal tip. For these reasons, tuneable stiffness is required in
order for the manipulator to reject perturbing forces anywhere in the workspace. This
can be achieved by tuning the forces generated by the manipulator to compensate the
effect of perturbations, thus ensuring safe manoeuvrability and manipulation of the
soft robot.

The currently implemented tuneable stiffness methods for soft manipulators re-
quire a more complex mechanical design e.g. tendon driven mechanism [5, 6, 7] and
granular jamming [7, 8, 9]. While prototypes based on these designs have been
proven to provide the desired stiffness, they introduce additional problems. In the case
of granular jamming, the granular matter used reduces steerability, while, tendon
based mechanisms may introduce undesirable non-linear characteristic to the entire
system as well as poor disturbance rejection [10]. The ideal solution is to design stiff-
ness controller coupled with position estimation algorithm to produce a desired posi-
tional tip stiffness. However, assessing the stiffness of soft manipulator can be diffi-
cult and stiffness control for this type of manipulator is achieved indirectly from posi-
tion control without sensing the forces or stiffness at the tip as proposed in [11]. Apart
from the work in [11], stiffness control of soft manipulators has been poorly re-
searched and developed.

The goal of this paper is to analyse and compare the stiffness characteristics of two
different designs of soft continuum manipulators and use this information for real-
time stiffness control by implementing a disturbance rejection algorithm. The empiri-
cal approach taken involves characterizing the stiffness of the manipulator through
experiments and deriving a relationship between the force exerted by the manipulator
and the joint displacement to generate a dynamic stiffness matrix. Disturbance rejec-
tion in this study is achieved by directly measuring the perturbing forces on the ma-
nipulator and compensating for any deflection using the dynamic stiffness matrix, in
contrast to the work in [11] whereby no information on forces was utilized to execute
the stiffness control.

This paper is organised into the following sections. Section 2 describes the proto-
types of the soft manipulators. Section 3 details the stiffness analysis carried out. Sec-
tion 4 discusses the relationship between the applied disturbance force at the tip and
the change in chamber pressure to compensate for this tip displacement. Finally, Sec-
tion 5 gives concluding remarks and suggests future work.
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2 Soft Continuum Manipulator Prototype

This study investigates the stiffness characteristics of two soft continuum manipulator
prototypes as shown in Fig. 1. Both of the prototypes were fabricated using Ecoflex
™ (050 silicone and are composed of three actuating pressure chambers displaced at
1200 apart in symmetrical radial arrangement. Two different braiding structures are
explored to maximize the longitudinal extension and bending of the manipulator in
achieving the desired steerability. The structural differences between the two proto-
types are explained below:

Prototype 1. The first prototype is composed of three equally spaced semi-cylindrical
chambers in radial arrangement moulded directly into a single cylindrical unit as
shown in Fig. 1(a) [12]. A crimped braided sheath is used around the module to con-
strain the inflation of the chamber and maximize bending under applied pressure. The
diameter of each semi-cylindrical actuating chamber is 8mm and the diameter of the
cylindrical unit is 30 mm.

Prototype 2. The second prototype is more compact in structure compared with Pro-
totype 1. It comprises three full-cylindrical actuating pressure chambers without any
braided sleeve around the module as illustrated in Fig. 1(b). The radial expansion of
the pressure chambers are constrained by tightly wound nylon thread around each
individual chamber to maximize the bending and longitudinal expansion. Similar to
the first prototype, the actuating chamber is 8mm in diameter and with an overall
smaller module diameter of 25mm [13].
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Fig. 1. (a) Prototype 1 (crimped braided sheath) and (b) prototype 2 (nylon threaded chambers)

Both braiding structures effectively minimize the radial expansion of the chambers
under actuation, but their behaviours differ tremendously. Prototype 2 is less sensitive
to changes in pressure compared to prototype 1. This is due to the internal braiding
that restricts changes in chamber length and cross-sectional area. Furthermore, the
prototype 2 eliminates cross-talk between chambers and friction between the outer
surface of the silicone and the wall of the external braiding which prototype 1 suffers
from. More details on the structural design of these prototypes can be found in
[12, 13, 14].
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3 Stiffness Analysis

This section investigates and compares the stiffness characteristics of the two proto-
types presented in Section 2. The stiffness matrix for each module is derived and used
to control the stiffness of the manipulator.

The stiffness matrix is defined as the relationship between the forces exerted to the
displacements of all joints [15]:

F=Kd (1

where F is the force (n dimensional vector) at the tip in (N), d is the displacements
of the joints (n dimensional vector) in (m) and K is stiffness matrix in (N/m). Nor-
mally, this matrix is a constant throughout its operating workspace and configuration.
However, due to the inherent non-linear behaviour of the manipulator, a constant ma-
trix will not properly reflects the changes in the stiffness of the manipulator, hence,
will not be effective in controlling the stiffness of the manipulator.

The forces exerted by each actuating chambers is symmetrical around 120 degree
and the force sensor [16], [17] used has a symmetry of 90 degree on the x-y coordi-
nate axes, therefore, the relationship between the displacement of each chamber and
the forces acting on each chamber cannot be obtained directly. This relationship is
obtained indirectly in two steps: first, the relationship between a change in force as a
function of a change in pressure is obtained. The second step is to manipulate the
relationship in the first step in terms of pressure and substitute this into the Euler-
Bernoulli equation to obtain a relationship between displacement, stiffness and pres-
sure.

In this study, the Euler-Bernoulli beam model equation [18] is used. This equation
relates a change in length to a change in pressure:

Adl; = 2 dl; = Fk g, )

where dl is the length of a small fragment of the chamber in (m), Adl is the change
in length of the chamber due to pressure in (m), i € {1,2,3} is an index used to indi-
cate chamber number, dP is change in pressure in (N/m2), E is the material’s
Young’s Modulus in (N/m2), and A is the cross sectional area of the module in (m2).
The pressure in each chamber can be used to calculate the force applied on the mod-
ule using (3):

F =PAcy (3

where A, is the cross sectional area of the chamber. Table 1 shows the constants in
(2) i.e. the Young’s Modulus, the cross-sectional area of the module and the chamber
cross-sectional area. Figure 2 shows a comparison between the beam model and the
experimental data for the two prototypes investigated. The beam model and experi-
mental data correlate for both prototypes and for this reason, the beam model is con-
sidered a representative model.
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Table 1. Beam model parameters

To obtain the relationship between change of force and change of pressure, the tip
of the manipulator is constrained to emulate interactions with the environment. For a
small change in pressure AP (see Fig. 3), the forces exerted at the tip of the module
are measured using the force sensor developed by Noh et al [17]. This is done across
the operational pressure range (up to 0.8 bar) and allows for the characterisation of the
stiffness of the manipulator in all operational pressure range and configurations of
interest. Thus, the behaviour and pattern between actuated pressure and force exertion
for both prototypes is estimated. This analysis gives the relationship between force
and pressure, for the three actuating chambers. For example, the change of force as a
function of change of pressure relationship for chamber 1 of prototype 1 is governed

Parameter Description Prototype 1 Prototype 2
E Young’s modulus 40000 N/m? 178000 N/m?
Manipulator cross-
A P 4.22e-4 m? 4.52e-4 m?
sectional area
Chamber cross-sectional
a 221e-5 m? 4.42e-5 m?
area
120 : .
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Fig. 2. Relationship between pressure and the change in length for one chamber

by (4):

dF, = —4.366dP; + 1.6368
dF, = —1.7853dP; + 0.5973

dF, = 1.6199dP, — 1.4472

“
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Fig. 3. Experimental setup to evaluate the relationship between pressure and force: (a) and (b)
prototype 1 and 2 with constrained tip respectively, (c) input pressure supply to both prototypes
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Linear fitting of the relationship between change in force and pressure: (a) and (c)
for prototype 1, (b) and (d) for prototype 2

Figure 4 compares the relationships of the change in force as a function of change
in pressure for the two prototype manipulators. The figure shows data for two cham-
bers (out of three), i.e., chamber 1 and 2. As illustrated in these figures, both proto-
types have a similar overall trend where the directions of the forces exerted are com-
parable. However, prototype 1 exerts a significantly higher force compared with pro-
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totype 2. This is due to the difference in braiding structure of the manipulator. For
small pressure perturbations imposed within each chamber, the external braiding of
prototype 1 allows it displace more (see Fig.2) compared with the second prototype.
Furthermore, the cross-sectional area of prototype 1 changes as the chamber is actu-
ated causing the resultant force to be higher.

The goal for stiffness control for surgical tasks is to maintain the tip position as
forces are exerted at the distal end of the manipulator. The input to the controller is
the desired displacement and this is compared with the actual displacement for posi-
tion control through reducing the position error. The change in length(Ad!), the force
(Fp) acting on the chamber is determined empirically at a given position (in the x, y
and z directions). The straight line equations obtained in (4) as well as the beam
model is utilized to generate the dynamic relationship between length and force as the
chambers are pressurized at different levels. The linear equation in (5) is re-written in
terms of forces to give (6):

de,y,z = Bi,x,y,z dpP; + Ci,x,y,z (5)
dPi _ AFx,y,z=Cixyz (6)
Bi,xyz

Substituting (6) into (2) gives the relationship of the desired change is length as given
in (7):

Adl; = (M)Mdli (7

Bixyz EA
which can be generalized as:
Adl = K~'dF 8)

where K~1 is the inverse of stiffness matrix also known as the compliance matrix
which take the following form:

Kii(l) Kio(l)  Kyz(y)
K=Ky (1) Kpa(l) Kps(l)f 9
K31(l3) Ksa(lz) Kssz(ls)

4 Disturbance Rejection

For a given operating scenario, the manipulator could experience unknown interaction
forces at the tip which result in the deflection of the tip from its desired working point.
This could have a detrimental effect in practice, possibly resulting in unintended inter-
action between the tip and its surroundings resulting in tissue damage. This deflection
can be effectively compensated for by directly measuring the interaction forces in-situ
and utilizing the compliance matrix derived in (9) to maintain the desired tip position.
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The deflection and tip position of the manipulator (X,,Y,,Z.) is measured using
the NDI Aurora sensor [19]. To maintain the desired position in the presence of dis-
turbance forces, the inverse kinematic model in [20] is utilized to calculate the desired
joint position.

Disturbance —| Force
Sensor ,l,

K_l
ﬂd‘r‘l,z,s
KV Zy —> Inverse Kinematics % Pressure ~| Soft Robot
3 Model i f Controller | p Actuator
g 12,3
¥ v.|z Lig Logs Ly

ol b

Position |g

Sensor

Fig. 5. Position control architecture through stiffness control and disturbance rejection

In the current test setup, disturbances are injected by applying arbitrary forces on the
tip of the manipulator. Based on the measured forces, the system calculates the resulting
Adl, , 3 using (8) and re-calculates the desired chamber length (I; 4,1, 4,13 4) to over-
come this disturbance. The controller then outputs the appropriate pressure, P; , 3, to
achieve the desired length. The overall control architecture based on the inverse kinemat-
ic developed in [20] is as shown in Fig. 5.

Figure 6 illustrates the disturbance forces applied at the tip, the deflection of the tip
due to this disturbance and the corresponding chamber pressure to counteract these
disturbances for both prototypes. For prototype 1, disturbance forces in the range of
0.6 to 0.7 N are applied for a period of 7.5 seconds (Fig. 6(a)) which results in tip
deflection in the range of 3 to 5 mm. For prototype 2, a steeper disturbance forces in
the range of 0.8 to 1 N were applied for a period of 3.5 seconds (Fig. 6(b)) resulting in
larger tip deflection between 2 to 5.5 mm. Larger disturbance forces were applied to
prototype 2 because of its inherent structural stability resulting from the internal nylon
threading. To counteract these disturbance forces, the controller utilizes the dynamic
stiffness matrix to estimate the resultant change in length due to these disturbance
forces and applies pressure in the relevant chambers to maintain the tip at the desired
position. As can be seen in Fig. 6(e) and Fig. 6(f), the controller manages to keep the
deflection of the tip to within 2 to 5.5mm and nullifies the displacement caused by the
disturbances force applied at the tip of manipulator. Both prototypes successfully
reject the disturbance but prototype 2 takes a longer time to achieve this. This was
attributed to the difference in duration and magnitude of the disturbance force applied
to the two prototypes. For both prototypes, corrective pressures in the range of 0.15
to 0.3 bar were applied. Figure 7 shows the results in the absence of the dynamic
stiffness control without force feedback, whereby huge deflections in the range of 10
to 20 mm are observed. Comparing results in Fig. 6 and Fig. 7 confirms that a dynam-
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ic stiffness matrix is required in order to actively counteract disturbance forces for
real-time applications. Further, the controller responds in real-time to maintain tip
position at the desired position under perturbed conditions, thus proving the robust-
ness of the stiffness controller.
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Fig. 6. Position control with force feedback for disturbance rejection and stiffness control
(a) disturbance force at tip of manipulator, (c) pressure actuation to compensate the disturbance
and (e) displacement of tip for prototype 1. Similarly (b, d and f) are the corresponding plots for
prototype 2
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Fig. 7. Position control with no force-feedback: (a) disturbance force at tip of manipulator,
(c) pressure actuation to compensate the disturbance and (e) displacement of tip for prototype 1.
Similarly (b, d and f) are the corresponding plots for prototype 2

5 Conclusion and Future Work

The experimental results suggest that the two designs of the soft continuum robot
modules have significantly different stiffness, re-enforcing the need for a separate
dynamic stiffness matrix tailored for each system. The results covered in this paper
show that the empirically derived stiffness matrix is suitable for disturbance rejection
in real-time control. More investigation is required to develop a generalized stiffness
matrix suitable for a class of soft continuum robots. Further research is under way to
achieve a complete characterization that covers the entire workspace of interest for
different designs of soft continuum robots.
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