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Kinematics and Stiffness Modeling of Soft Robot With a Concentric
Backbone

Qingyu Xiao!, Mishek MusaZ, Isuru S. Godage3, Hao Su®, Yue Chen!

Abstract—Soft robots can undergo large elastic deformations
and adapt to complex shapes. However, they lack the structural
strength to withstand external loads due to the intrinsic compli-
ance of fabrication materials (silicone or rubber). In this paper,
we present a novel stiffness modulation approach that controls
the robot’s stiffness on-demand without permanently affecting
the intrinsic compliance of the elastomeric body. Inspired by
concentric tube robots, this approach uses a Nitinol tube as the
backbone, which can be slid in and out of the soft robot body
to achieve robot pose or stiffness modulation. To validate the
proposed idea, we fabricated a tendon-driven concentric tube
(TDCT) soft robot and developed the model based on Cosserat
rod theory. The model is validated in different scenarios by
varying the joint-space tendon input and task-space external
contact force. Experimental results indicate that the model is
capable of estimating the shape of the TDCT soft robot with
a average root mean square error (RMSE) of 0.90 (0.56% of
total length) mm and average tip error of 1.49 (0.93% of total
length) mm. Simulation studies demonstrate that the Nitinol
backbone insertion can enhance the kinematic workspace and re-
duce the compliance of the TDCT soft robot by 57.7%. Two case
studies (object manipulation and soft laparoscopic photodynamic
therapy) are presented to demonstrate the potential application
of the proposed design.

Index Terms—soft robot, Kinematics, stiffness modulation,
tendon-driven concentric tube robot

I. INTRODUCTION

Soft robots, fabricated from soft materials such as poly-
mer or silicone, are designed to overcome the limitations
of conventional rigid robotic systems in their inability to
safely and effectively interact with real-world environments
outside of a controlled setting [1], [2]. For example, a rigid
industrial robotic arm has to be placed within a safeguard
during its operation. On the other hand, plants and animals,
for example, have gone through natural evolution to develop
intrinsically compliant mechanisms ideal for survival in a wide
range of environments [3]. Designers of soft robots often take
inspiration from these mechanisms and employ novel materials
and techniques to create structures and actuators capable of
large elastic deformations.
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However, despite an impressive amount of research in soft
robotics that establishes immense potential, they are yet to
make applications outside laboratory settings. This is partially
due to their lack of structural strength, necessary to exert force
on the environment (i.e., manipulate objects, move payloads)
while supporting their own weight [4]. Thus, stiffness modula-
tion is often necessary to enhance the soft robot’s mechanical
strength to satisfy different application requirements. Low
stiffness allows the robot to conform to the environment, while
high stiffness is needed to transmit force or to bear loads.
Literature reviews indicate that soft robot stiffness can be mod-
ulated via the thermal-based methods, magneto-rheological
(MR)/electro-rheological (ER) based methods, jamming-based
methods, and antagonistic-based methods [5], [6].

Thermal-based methods are achieved by integrating the soft
robots with the additive materials whose stiffness varies with
respect to temperature. These additive materials include shape
memory polymers (SMPs) [7]-[11], thermoplastics such as
PLA or ABS [6], [12], low melting-point alloys (LMPAs)
[13]-[17], and others such as wax [18]. The primary limitation
of thermal-based methods is that heating or cooling these
materials requires additional sets of power electronics and
sensory feedback systems. Moreover, they typically require
a long response time (as large as 50 s [10]) due to the nature
of heat dissipation, which may not be sufficient to achieve
real-time stiffness control. MR/ER-based methods employ the
MR or ER fluids that could change from soft to rigid state
subject to an external magnetic field, or electric field [19]-[21].
Soft robot stiffness can be readily modulated by controlling
the strength of magnetic or electric field. However, ER-based
methods require a high voltage source (1kV - 5kV [21])
to produce the required electric field, potentially imposing
a safety hazard to humans. MR-based methods can achieve
stiffness modulation in a low magnetic field (10-35mT, [19],
[20], [22]), but they still require external electromagnets or
permanent magnets to control the magnetic field strength [22].
Jamming-based methods typically rely on vacuums to depres-
surize the encapsulated particles and surface layers, leading
to increased friction between particles [23]-[25] or surface
layers [26]-[28], and hence increasing the stiffness of soft
robotic manipulator. However, soft robots using these methods
require additional channels to encapsulate particles, leading
to increased dimensions of the robot itself (diameter around
45 mm [23], [25]). Extra space is also needed for cumbersome
pneumatic pumps, making them challenging to be applied in
the confined operation space, such as the clinical operating
room. Besides, the particles inside the channels have the risk
of damaging the surrounding membranes or sheaths, and will
exacerbate the hysteresis [29]. To use the antagonistic-based
methods for stiffness modulation, soft robots are assembled
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with actuators that operate in the opposite direction [30]-
[33]. The stiffness can be tuned by simultaneously actuating
opposed actuators. But the robots with these methods are
inefficient in that they require multiple actuators to finish a
task which can be achieved by just one actuator from other
aforementioned methods.

The aforementioned stiffness modulation methods have
shown significant enhancement of soft robot stiffness but still
have certain limitations such as prolonged response time and
require for additional cumbersome power-electronic systems.
Also, those methods typically increase the stiffness when the
soft robot is reached the desired position. The stiffness is
enhanced up to several orders of magnitude higher than the
original stiffness, leading to a shape lock. This is beneficial
to holding large loads but will lose the inherent dexterity and
compliance of the soft robot. Therefore, the desire for a design
that can achieve fast stiffness modulation and maintain the
robot manipulability at the same time motivates the work in
this paper. Inspired by the concentric tube robot, we propose
a new method for soft robot stiffness modulation by adding a
super-elastic Nitinol backbone to a tendon-driven soft robot.
Concentric tube robot consists of a set of pre-curved, super-
elastic tubes that are nested together [34], [35]. Extending or
rotating the inner tube with respect to the outer one leads
to the variation of overall configuration and stiffness. Similar
to the concentric tube robot, the tendon-driven soft robot is
analogous to the outer tube, while the Nitinol backbone is
analogous to the inner tube. The advantage of the proposed
method can achieve fast stiffness modulation. Moreover, the
soft robot can change the stiffness during the manipulation
when the soft robot is moving. The proposed stiffness modu-
lation method can be applied to a variety of soft robots, such
as pneumatic driven and hydraulic driven soft robots. And this
method can be achieved via electromechanical motors directly,
which has a fast response and is hygienic for clinical use. Our
new stiffness modulation idea was experimentally validated in
a tendon-driven, concentric tube backbone (TDCT) soft robot.
The motivation of evaluating it in a tendon-driven soft robot is
to leverage the advantage of easy fabrication and simple joint
space control. The contribution of the proposed work includes:

1) Proposed a new stiffness modulation concept and eval-

uated through a custom-designed TDCT soft robot;

2) Developed and experimentally validated the mechanics

modeling for the proposed TDCT soft robot.

The rest of this paper is organized as follows: Section II
describes the design and modeling of the TDCT soft robot;
Section III illustrates the experimental setups and validation
results for the proposed modeling method; Section IV per-
forms simulation study of the TDCT soft robot kinematics
and compliance; Section V presents two case studies of the
TDCT soft robot; and Section VI is the conclusion of this

paper.

II. DESIGN AND MODELING
A. Design of TDCT Soft Robot

The proposed TDCT soft robot leverages the mechanical
stiffness of Nitinol and the compliance of silicone to achieve
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Fig. 1. Design of TDCT soft robot with a super-elastic retractable Nitinol tube
(black curve) for stiffness modulation. 4 tendons are symmetrically located at
the cross section with the same distance to the center. The Nitinol insertion
can be achieved manually (in this paper) or via precise linear motors. Noting
that friction-reducing sleeves are integrated with the soft robot to reduce the
friction between the soft robot and tendons/Nitinol tube.

desired soft robot stiffness modulation. The robot CAD model
can be seen in Fig. 1. The soft robot consists of 4 narrow chan-
nels molded within its elastomeric body to enable easy control
of robot bending in x— or y— directions. The elastomeric body
of the soft robot is made of Elastosil M4601 A/B (Wacker
Chemie AG), and a Nitinol tube can slide in and out of
the central channel to modulate the robot’s configuration and
stiffness. The Nylon tendons are routed straight and parallel to
the backbone. Nitinol backbone can sustain large deformations
without plastic deformations. Note that the Nitinol backbone is
manually inserted into TDCT soft robot central channel in this
preliminary study. However, it can be automatically inserted
via a linear actuator to achieve real-time stiffness modulation.
Also, the proposed idea can also be used for multi-segments
soft robot [36].

B. Robot Mechanics Modelling

The configuration of the proposed TDCT soft robot is
determined by the joint-space tensions provided by the in-
elastic tendon wire, joint-space Nitinol backbone insertion
depth, and task-space external load. As shown in Fig. 2, the
mechanics modeling of the TDCT soft robot can be carried
out by considering the following two segments, which are pure
silicone body actuated by tendon wires (segment 1) and soft
silicone body with Nitinol backbone (segment 2).

Segment 1 is a standard tendon-driven soft robot, and
has been extensively studied [37]-[39]. For example, the
kinematics of tendon-driven robots can be developed based
on the constant curvature assumption [37] or calibration-based
method [40]. However, this modeling method may not be able
to handle the complicated robot deformations due to various
external loads. This motivates the development of generalized
modeling such as finite element method [38] or Cosserat rod
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Fig. 2. The TDCT soft robot can be separated by the transition point. Segment
1 is the region without Nitinol backbone (assume that the Nitinol backbone
insertion depth is less than the TDCT soft robot length), while segment 2 is
the overlapped region of Nitinol backbone and silicone body.

theory [39]. In this paper, we calculate kinematics/mechanics
of segment 1 based on the method described in [41], which
can be written in (1):

P = Rv
R = Ra o
ksg +Q G ! d
T kpr +H c

where p, R, v, u are defined in Table 1. Q, T, G, H, d, and ¢
are determined by the configuration space variables, external
loads, and the tendon tensions as described in coupled rod and
tendon model derived in [41]. (see Table I for other detailed
definition of each parameter).

TABLE I
NOTATIONS IN THE MATHEMATICAL MODEL
Symbol Unit Definition

s m arclength

p kg/m linear density

X - derivative of X with respect to s

r m tendon position in the local frame

P m position with respect to origin

R - rotation matrix from origin to p

Rij - the element of R in row i and column j
n N internal force in global frame

m Nm internal moment in the global frame
f N distributed force in the global frame

1 Nm distributed moment in the global frame
v - rate of change of p to s

u 1/m curvature vector in local frame

v* - v when robot is relaxed

u* 1/m u when robot is relaxed
kse N stiffness matrix for shear and extension
kpr Nm?  stiffness matrix for bending and twisting
E Pa Young’s modulus

G Pa Shear modulus

1 m* second moment of area

A m? cross sectional area

) - skew-symmetric matrix of a vector v
T N tension applied on the tendon

t - subscription, representing the ' tendon

0.G,T,H - stiffness matrix defined in [41]

Segment 2 is a tendon-drive soft robot with a Nitinol
backbone. To create the mechanics model of segment 2, we

tendon wire
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Fig. 3. Force analysis of segment 2 based on Cosserat rod theory. (A) the
tendon wire is subjected to internal tension 7, and reaction force —f, from
silicone body. (B) silicone body is subjected to interaction forces and moments
from tendon wires f,, Nitinol backbone (f, and l.), internal forces n; and
moments mj, R3-3p; and p, are linear density, and external loads f, and
moments /.. (C) Nitinol backbone is subjected to reaction forces —f,. and
moments —/. and internal forces ny and moments m,.

take the following assumptions:

1) The friction between the inner Nitinol backbone and
outer soft robot, as well as the friction between tendon
wire and outer soft robot, can be ignored. This can
be achieved by embedding a friction-reducing sleeve to
guide the backbone and tendon wires.

2) The inner Nitinol backbone and the medial axis of
the outer soft robot body are concentric, which can be
satisfied via an accurate fabrication process.

3) Shear strain of Nitinol backbone is negligible.

Based on these assumptions, the outer silicone body can
be freely compressed, extended, or rotated along the local
z— direction, and interacts with the inner Nitinol backbone
when it is bending or shearing in local x— and y— axis, as
illustrated in Fig. 2. This indicates that the force or moment
of soft robot in local x— and y— directions can be lumped
together, whereas the component in the z— direction should
be analyzed separately. Fig. 3 illustrates the force analysis of
segment 2 based on Cosserat rod theory, which can be written
in the following equations:

Nt
no= =Y fi—fo—f.—pg 2)
t=1
riZ = fc_ng (3)
Ni
m = _plxnl_zlt_le_lc (4)
t=1
my = —pyxmatl, )

where n;, ny, m; and m, are the internal forces and moments
in the outer soft body and inner Nitinol backbone, respectively.
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The subscripts 1 and 2 in the above equations refer to the outer
soft body and inner backbone, respectively. The terms f, and I,
are the force and moment generated from the 1™ tendon wire to
outer soft body defined in global frame, f, and I, are the force
and moment from external load defined in the global frame, f,
and I, are the interaction force and moment between the inner
backbone and outer soft body in global frame, R3-3p; and p»
are linear densities for soft body and Nitinol backbone, g is the
gravity vector in global frame. The corresponding positions of
the soft body and backbone are indicated by p; and p,. Taking
the second modeling assumption into consideration, we have
P, = P, and R; = R,. Hence, the internal forces and moments
of both inner backbone and outer soft body can be lumped,
as in (6) and (7).
R=n;+n =

N;
Y fi—fo—(pr+p2)g (6
=1

m=m;+np =

N
—pxn—Y -1, (7)
=1
where n and m are the lumped internal force and moment. Note
that the outer soft body can axially rotate with respect to the
inner backbone due to the non-friction modeling assumption,
the linear constitutive relation is adopted and described as

ney = Rksgi+ksg2)(v—v")|xy ®)
n, = Rksg1(v—v"); 9)
myy = R(kpr+kpr2)(u—u)ly (10)
m; = Rkpri(u—u")|, (11)

where the stiffness matrices are ksp = diag(ky, kg kip)
and kpr = diag(kl; kyp k5p). Other notations used in the
above equations are defined in Table I. Combining the linear
constitutive relationship described in (8) - (11), we have the
following equations:

Ny
n = ny | =Rksg(v—v") (12)

_nz

o
m = my | = Rkpr(u—u") (13)

_’/’/lZ

where

kse = diag(kse) +kspo kg gy Kgpy)  (14)
kgr = diag(kpry +kpro kppy +kpry kirpp)  (15)

where (14) and (15) indicate that we can consider the TDCT
soft robot as a new soft robot which has the enhanced stiffness
in local x— and y— directions, but the stiffness in local z
direction remains unchanged. This forms our basic concept
for stiffness modulation.

Note that the stiffness of Nitinol tube kggy is significantly
larger than kgg;, which leads to unobservable shear strain
(deformation at x- and y-direction) due to the internal force
n. However, the stiff backbone will not affect the compression
or elongation (deformation at z-direction) of the soft body
because it can be freely inserted and pulled out. Therefore,
the shear strain components (first and second elements) of v

can be approximated to zeros and we only need to compute v
at z direction, which is described in (16) and (17)

0,0,v,]" (16)
1+ [R31 Rz R3s]n/ (k) (7

v =

Vs ==

And the derivative of the position and orientation can be
computed by the rotation matrix times the local frame twist,
and thus the soft robot pose can be obtained through the
integration of (18) and (19)

p=Rvy (18)
R=Ri (19)

Referring to [41], the tendon forces can be modelled in (20)
if the friction between the TDCT soft robot and the tendons
wire is negligible (see our modeling assumption 1):

fi= a(;'f') (20)

where p, is the position of the ' tendon, f, is the " tendon
force applied on the soft robot, and 7, is the 1 tension.
Combining (16), (18), (19) and (20), tendon force can be
simplified as (21)

f,=wRafo 0 1]7 (1)

Note that the above equation is obtained by assuming that
P; = p, which is true for a soft robot whose tendon wire is
close to its backbone, and is routed straight and parallel to the
backbone. Hence the moment I, acting on the soft robot by
tendon can be computed by (22)

I, = (Rr)) x f, = wRFa[0 0 1]7 (22)

where r; is the coordinate of the 1 tendon in the body
frame. Combining the tendon force and moment in (21) - (22)
with lumped model (6) - (7), and the concentric soft robot
constitutive laws (16) - (17) with the shape model (18) - (19),
we can obtain the proposed TDCT soft robot model, which
can be re-organized as (23) - (26)

R — Ri 24
Ny
no= =Y tRal001]" —(p1+p2)g—f. (25
t=1
N
h —pxn—Y TRA001]" -1, (26)
=1
where
v; = 1+[R31 R Rs3]n/(ky) @7
u = kETIRTm (28)
kg1 = EiA; 9)
Eilix+ Exly 0 0
kgr = 0 Eily+Exhy, 0 (30)
0 0 Gily;

Note that the proposed model is used to calculate the pose
of the TDCT soft robot where the Nitinol backbone and
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the silicone body are overlapped (see Fig. 2). If the Nitinol
backbone insertion depth is smaller than TDCT soft robot
length, the robot will have a transition point, after which the
TDCT soft robot can be calculated based on equation (1).

C. Boundary Conditions

The proposed TDCT soft robot kinematics/mechanics is
divided into two segments (see in Fig. 2), where segment 1
is similar to the conventional tendon-driven soft robot, and
segment 2 is the overlapped region of the Nitinol backbone and
the silicone body. Since the two segments of the TDCT soft
robot are modeled by different methods, boundary conditions
have to be considered to solve the modeling.

Notice that the variables of integration of segment 1 are p,
R, v, and u, whereas the integration of segment 2 relies on p, R,
n, and m (see equations (23) - (26)). Therefore, the conversions
of these variables are necessary at the transition point to
obtain the complete configuration of the TDCT soft robot.
Force and moment analysis at the transition point indicates
the conservation law should be maintained, which gives

n; (Lni) =
mi(Ly) =

n(Ly) 31)
m(Ly;) (32)

where L,; refers to Nitinol backbone insertion depth. Using
the constitutive relation in (12) and (13), the transition from a
concentric soft robot model to a standard tendon-driven model
is achieved by

pi(Lui) = p(Lui) (33)
Ri(Lni) = R(Lu) (34)
vi(Lu) = kg R (Lyi)n(Lyi)+1[0 0 1]7 (35)
ui(Ly) = kg R (Lui)m(Ly) (36)

The left-hand-side in (33) - (36) can be fed into the tendon-
driven soft robot model to continue the shape calculation after
transition point.

The boundary condition at the TDCT soft robot end effector
(s = L) should also follow the conservation of force and
moments as described in (37) and (38), respectively

Ny ;

mL)+Y ot tf, = 0 (37)
= bl
N, ,
my(L)+ Y w(Rr)=—=+1l. = 0 (38)

= 1Pl

Shooting method is applied to solve the boundary value
problem by converting it to an initial value optimization
problem. The reason for adopting the shooting method to solve
our model is that it has been proven to be a powerful method
for solving many similar problems, such as tendon-driven
continuum robot [42], concentric tube robot [43], and multi-
backbone continuum robot [44].In future work, we will also
explore the efficiency of solving the differential equations with
shooting methods and many other approaches [45]. The goal
of the shooting method is to find the correct initial value of
n(0) and m(0) such that they satisfy the boundary conditions
in (37) and (38). Both the Euler method and the Runge-Kutta

schemes can be used for the integration of the proposed ODEs.
However, we choose the 4" order Runge-Kutta scheme in
this study to maintain accuracy and calculation stability. We
use the function fsolve provided by MATLAB with default
Trust-Region-Dogleg Algorithm to find the solution. Note that
explicit numerical integration using Euler or Runge-Kutta
schemes will cause numerical error in R defined in SO(3).
However, this error can be trivial for short integration arc
lengths and relatively low curvatures that most continuum
robot designs exhibit [46].

III. EXPERIMENTAL VALIDATION OF TDCT SOFT ROBOT
MODELING

In this section, we will implement the proposed mechanics
model in MATLAB, and validated it experimentally by con-
sidering various joint-space inputs and external loads. The soft
robot gravity is also considered in the experimental validations.
The runtime for solving the model is 0.82+0.04 seconds using
a laptop with CPU 2.3GHz 8-core Intel Core i9. However,
solving the model in real time can be achieved given Jacobian
matrix computed in [47]. In our preliminary validation, we do
not integrate high speed computation algorithm to the solver.

A. Experimental Setup and Procedures

As shown in Fig. 4, the TDCT soft robot is mounted
horizontally on an optical table. The actuation tendon is
attached to a force sensor (Go Direct®, Vernier Inc., OR,
USA), which is connected to a lead screw mechanism. The
TDCT soft robot is actuated by pulling the tendon wire via
a stepper motor, and the corresponding tendon tension can be
measured through the force sensor. External loads are achieved
by attaching a weight at the distal tip of the TDCT soft robot.
The Nitinol backbone is manually inserted with the depth
measured by digital caliper. The shape of the TDCT soft
robot is measured by a @1 mm fiber bragg grating (FBG)
sensors (FBGS International, Belgium). The shape data is
reconstructed by Shape Sensing vI.3.1 developed by FBGS
International, which converts the wavelength variation to the
positions of the fiber along its arclength.

FBG sensors unit
Control system

Nitinol backbone

External load Tendon Force sensor Lead screw

Fig. 4. Experimental setup for mechanics model validation with single tendon
actuated and applying loads that align with the bending plane. The FBG sensor
unit is used to acquire shape data.
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To further verify our model of predicting the shape of the
TDCT soft robot, we conducted experiments with multiple
tendons actuated and applying loads that are not align with the
bending plane. As the experimental setup presented in Fig. 5,
the TDCT soft robot was actuated by the weights hanging on
one or two of the tendons. external load at the tip is measured
by ATT force sensor (ATI Industrial Automation, United States)
mounted on the Franka Emika Panda robot (Franka Emika,
German). The magnitude and the direction of the external load
was computed by the forward kinematics of the robot arm
and the three-directional force vector read from the ATI force
sensor. The shape of the TDCT soft robot was acquired by the
FBG sensor the same as the first experimental setup.

ATI Force Sensor

Tendon Tension

Fig. 5. Experimental setup for mechanics model validation with multiple
tendons actuated and applying loads that not align with the bending plane.

B. Mechanics Model Validation

The TDCT soft robot material properties are calibrated
before the experimental validations. For the soft body of
the TDCT soft robot, Young’s modulus was experimentally
calibrated. The TDCT soft robot was actuated by five distinct
tendon forces on the same tendon. In all the five actuations,
Nitinol tube was not inserted and no external load was applied
at the tip. The Young’s modulus, therefore, was calibrated by
minimizing the error between the 5 experimental shapes and
the corresponding modeling shapes. The shear modulus can
be calculated by Young’s modulus and Poisson’s ratio. For the
Nitinol tube, the Young’s modulus of Nitinol tube is 83 GPa,
which is obtained from the material certification. More param-
eters used for calculation in the mechanics model are presented
in Table II. The root-mean-squared error (RMSE) and tip error

TABLE II
PARAMETERS IN THE MECHANICS MODEL

Outer Diameters of Nitinol tube 1.397 mm
Inner Diameters of Nitinol tube 1.118 mm
Outer diameter of soft robot 20 mm
Diameter of Nitinol tube insertion channel 1.5 mm
Young’s modulus of soft robot 0.85 MPa
Young’s modulus of Nitinol tube 83 GPa
Poisson ratio of soft robot 0.5
Poisson ratio of Nitinol 0.33
Soft robot length 160 mm
40 T
¢ Gravity
20+ o® {7=10N
— 7=8N
E o :
- 7=6N
o
> 20
Model shape T=3N
240 + O Experimental shape
; i 7=0N
0 50 100 150
z, (mm)

Fig. 6. Comparison of the modeling and experimental shape of the TDCT
soft robot.

is used to evaluate the accuracy of the proposed model. The
RMSE can be calculated by

N,
1 )4

RMSE = Ni Z ||P(Sk> _pexp(sk)”z (39)
P k=1

where N, is the total number of the points of a shape, p(sy) is
the position of the modeling shape at the arc length s, p,,,(sk)
is the position of the experimental shape at the arc length sy.
The corresponding percentage of the error with respect to the
total length of the robot (L) is also computed.

In the first experiment, we tested our model with single
tendon actuated and applying loads that align with the bending
plane. This will evaluate the accuracy of our model for the
TDCT soft robot in planar deformations. Fig. 6 shows the
modeling and experimental shapes of the TDCT soft robot
obtained with the 20 g tip load, 80 mm Nitinol backbone,
and various tensions, which indicate that the proposed model
could accurately predict the TDCT soft robot shape. To further
validate the accuracy of the proposed work, we tested our
model under different combinations of tendon tensions (0 N,
3N, 6N, 8N, and 10 N), inserted lengths of Nitinol (0 mm,
40 mm, 80 mm, and 120 mm), and the weights (0 g, 20 g, and
50 g) attached to the distal tip. This will produce the deformed
robot with bending angle in the range of [—57.1°,+61.4°].
The RMSE and tip error for each test is shown in Table III
and results indicate that the proposed method can accurately
predict the shape with the average RMSE of 0.75 (0.47% of
total length) mm and the average tip error of 1.48 (0.92% of
total length) mm. And the maximum RMSE is 2.27 (1.42% of
total length) mm and the maximum tip error is 3.46 (2.16% of
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total length) mm. Notice that the RMSE becomes much larger
with a larger tension or heavier weight. For tendon tensions of
ON,3N,6N, 8N, and 10 N, the average RMSEs are 0.45 mm,
0.51 mm, 0.74 mm, 0.95 mm, and 1.11 mm, respectively. And
the tip errors are 1.36 mm, 1.33 mm, 1.34 mm, 1.64 mm, 1.70
mm. This shows an increasing trend of RMSE and tip error
when tendon tension becomes larger. This is potentially due
to the nonlinear constitutive behavior of silicone occurs under
these large deformation scenarios [48]. However, our proposed
model achieved sufficient accuracy when the tension is less
than 10 N, and the weight is less than 50 g. Moreover, the
RMSE and tip error decreases as the Nitinol insertion depth
increases. For Nitinol insertion depth of 0 mm, 40 mm, 80 mm,
120 mm, the average RMSEs are 1.00 mm, 0.74 mm, 0.72 mm,
0.53 mm, respectively. The average tip errors are 1.75 mm,
1.48 mm, 1.47 mm, 1.18 mm. This is potentially because the
deformation becomes smaller as we insert the Nitinol tube, and
hence the silicone has better linearity to satisfy the proposed
model.

In the second experiment, we tested our model with multiple
tendons actuated and applying loads that not align with the
bending plane. Fig. 7A presents the two results of TDCT
soft robot actuated by single tendon with the same tension.
The shape with black arrow at the tip is the result with
external load applying at the tip. Similarly, Fig. 7B shows the
two results of the TDCT soft robot actuated by two tendons
with the same tendon tensions. Both figures show that with
the experimental shape of the TDCT soft robot conforms to
the model shape accurately with multiple tendons actuated
and out-of-plane external load. To systematically evaluate the
accuracy of the proposed work, we tested our model under
different combinations of tendons, tendon tensions, inserted
lengths of Nitinol, and the external load at distal tip. The
RMSE result for each test is summarized in Table IV, showing
that the proposed model can accurately predict the TDCT soft
robot shape with a average RMSE of 0.95 (0.59% of total
length) mm and a average tip error of 1.49 (0.93% of total
length) mm. The maximum RMSE is 1.58 (0.99% of total
length) mm and a maximum tip error is 4.19 (2.62% of total
length) mm in all the tests.

For the cases 1-6 (single tendon actuated, Table IV) , the
average RMSE is 0.63 mm, 0.64 mm, 0.73 mm, 0.76 mm,
0.96 mm, and 1.07 mm, respectively. The average tip errors
are 0.80 mm, 0.97 mm, 1.10 mm, 0.92 mm, 1.22 mm, and
1.49 mm, respectively. This reinforces the conclusion drawn
in the first experiment that the RMSE increases as the tendon
tension becomes larger. For the cases 7-10 (double tendons
actuated) where the summation of the two tendon tensions
are unchanged, the average RMSE is 1.16 mm, 1.14 mm,
1.17 mm, 1.20 mm, respectively. The average tip errors are
1.87 mm, 1.88 mm, 1.75 mm, and 1.60 mm, respectively.
This indicates that the accuracy of the proposed model is
not be affected by the number of tendon actuated. For the
experiments with various depth of inserted Nitinol backbone
(0 mm, 40 mm, 80 mm, and 120 mm), the average RMSE
is 1.09 mm, 1.05 mm, 0.85 mm, 0.78 mm, respectively. The
average tip errors are 1.38 mm, 2.16 mm, 1.38 mm, and 1.03
mm, respectively. The RMSE drops as the depth of Nitinol

tube increases, but the tip error increases as the Nitinol tube
insertion depth increases from 0 mm to 40 mm and then
decreases as the depth of Nitinol increases from 40 mm to
120 mm. This is potentially due to the model inaccuracy in
the situation where short insertion depth and large tendon
tension both exist. Since the stiffness of the Nitinol tube is
high when the Nitinol tube insertion depth is short, interaction
force between Nitinol tube and the inner wall of silicone body
is intense. Thus, the Nitinol tube could press into the inner
wall of the silicone body, and the concentric assumption of
the model would fail.

[—Mode\ shape O TExperimentaI shape

(B) 140
120
100

80

z (mm)

60

40

20

40

20 d 40
0 20
0

y (mm) X (mm)

Fig. 7. Comparison of the modeling and experimental shape of the TDCT
soft robot in 3D space. The black arrow indicates the external load. In (A), the
shape with no black arrow at the tip is subjected to single tendon force, and
the other shape is subject to both the tendon force and external load. In (B),
the shape with no black arrow at the tip is subjected to double tendon forces,
and the other shape is subject to both double tendon forces and external load

IV. KINEMATICS AND STIFFNESS ANALYSIS OF TDCT
SOFT ROBOT

This section discusses the simulation results of Nitinol
backbone on the TDCT soft robot from the aspects of tip
pose and robot compliance. Note that compliance is considered
as the opposite of stiffness. According to the prior work of
continuum robot modeling [49], we use compliance as the
performance index to evaluate the TDCT soft robot stiffness.

A. TDCT Soft Robot Kinematics Characterization

This section aims to investigate the kinematics of TDCT
soft robot in terms of tip workspace, position, and orientation,
subject to the variation of Nitinol backbone insertion depths
and tendon tensions. Note that in this study, we only actuated
tendon 1 to create in-plane bending (see Fig. 2 for tendon
location) because the actuation of multiple tendons can result
in a planar deformation as that of single tendon input [50].

To systematically analyze the robot tip pose, we conduct
a series of simulation studies where tendon force increases
from O N to 10 N with 1 N per increment, while the Nitinol
backbone insertion depth increases from 0 mm to 150 mm with
10 mm per increment. The robot tip position is presented in
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TABLE III
SUMMARY OF SINGLE TENDON ACTUATION, IN PLANE EXTERNAL LOAD EXPERIMENT RESULTS

Case Load | Tendon RMSE (mm) Tip Error (mm)
N) (N) L=0mm L =40 mm L =80 mm L =120 mm L=0mm L =40 mm L =80 mm L =120 mm

1 0 0.81 (0.51%) | 0.32 (0.20%) | 0.19 (0.12%) | 0.17 (0.11%) | 1.64 (1.02%) | 0.37 (0.23%) | 1.18 (0.74%) | 0.56 (0.35%)

2 3 0.51 (0.32%) | 0.19 (0.12%) | 0.35 (0.22%) | 0.32 (0.20%) | 0.89 (0.56%) | 0.87 (0.54%) | 1.23 (0.77%) | 1.36 (0.85%)

3 0 6 0.53 (0.33%) | 0.76 (0.47%) | 0.58 (0.36%) | 0.65 (0.41%) | 0.64 (0.40%) | 1.61 (1.01%) | 0.61 (0.38%) | 1.20 (0.75%)

4 8 0.77 (0.48%) | 0.97 (0.61%) | 0.83 (0.52%) | 0.70 (0.44%) | 1.66 (1.04%) | 1.32 (0.83%) | 2.09 (1.31%) | 1.51 (0.94%)

5 10 1.16 (0.72%) | 1.17 (0.73%) | 1.11 (0.69%) | 0.96 (0.60%) | 2.58 (1.61%) | 1.88 (1.18%) | 1.28 (0.80%) | 1.30 (0.81%)

6 0 0.58 (0.36%) | 0.38 (0.24%) | 0.46 (0.29%) | 0.21 (0.13%) | 1.46 (0.91%) | 1.39 (0.87%) | 1.72 (1.07%) | 1.57 (0.98%)

7 3 0.50 (0.31%) | 0.38 (0.24%) | 0.44 (0.27%) | 0.28 (0.18%) | 1.30 (0.81%) | 0.91 (0.57%) | 0.95 (0.59%) | 0.84 (0.52%)

8 0.20 6 0.87 (0.54%) | 0.32 (0.20%) | 0.22 (0.14%) | 0.38 (0.24%) | 1.57 (0.98%) | 1.08 (0.68%) | 0.87 (0.54%) | 0.50 (0.31%)

9 8 0.54 (0.34%) | 0.43 (0.27%) | 0.45 (0.28%) | 0.49 (0.31%) | 1.03 (0.64%) | 1.47 (0.92%) | 1.64 (1.02%) | 0.54 (0.34%)

10 10 1.16 (0.72%) | 1.01 (0.63%) | 1.01 (0.63%) | 0.69 (0.43%) | 1.81 (1.13%) | 1.90 (1.19%) | 1.22 (0.76%) | 1.63 (1.02%)

11 0 0.48 (0.30%) | 0.83 (0.52%) | 0.67 (0.42%) | 0.27 (0.17%) | 1.63 (1.02%) | 1.59 (0.99%) | 1.58 (0.99%) | 1.67 (1.04%)

12 3 0.88 (0.55%) | 0.88 (0.55%) | 0.84 (0.52%) | 0.52 (0.33%) | 2.37 (1.48%) | 2.04 (1.28%) | 2.24 (1.40%) | 1.00 (0.62%)

13 0.49 6 1.67 (1.04%) | 1.09 (0.68%) | 1.05 (0.66%) | 0.76 (0.47%) | 2.06 (1.29%) | 2.12 (1.33%) | 2.00 (1.25%) | 1.87 (1.17%)

14 8 2.27 (1.42%) | 1.44 (0.90%) | 1.63 (1.02%) | 0.92 (0.57%) | 3.46 (2.16%) | 1.91 (1.19%) | 1.70 (1.06%) | 1.35 (0.84%)

15 10 1.89 (1.18%) | 0.49 (0.31%) | 1.02 (0.64%) | 0.70 (0.44%) | 2.09 (1.31%) | 1.74 (1.09%) | 2.06 (1.29%) | 0.88 (0.55%)

TABLE IV
SUMMARY OF MULTIPLE TENDONS ACTUATION, OUT OF PLANE EXTERNAL LOAD EXPERIMENT RESULTS

Te(n;;)‘)“ Load RMSE (mm) Tip Error (mm)

#1 #2 L =0 mm L =40 mm L = 80 mm L =120 mm L =0mm L =40 mm L = 80 mm L = 120 mm

0 0 0.30 (0.19%) | 0.30 (0.19%) | 0.31 (0.19%) | 0.33 (0.21%) | 0.96 (0.60%) | 0.92 (0.57%) | 0.73 (0.46%) | 0.58 (0.36%)
2.94 0 0.61 (0.38%) | 0.65 (0.41%) | 0.43 (0.27%) | 0.46 (0.29%) | 1.59 (0.99%) | 0.57 (0.36%) | 0.60 (0.38%) | 1.47 (0.92%)
3.92 0 0.92 (0.57%) | 0.82 (0.51%) | 0.52 (0.33%) | 0.42 (0.26%) | 1.53 (0.96%) | 0.86 (0.54%) | 1.13 (0.71%) | 1.13 (0.71%)
491 0 0.93 (0.58%) | 0.80 (0.50%) | 0.64 (0.40%) | 0.41 (0.26%) | 1.51 (0.94%) | 1.14 (0.71%) | 0.42 (0.26%) | 0.73 (0.46%)
5.89 0 Yes 1.05 (0.66%) | 0.98 (0.61%) | 0.83 (0.52%) | 0.53 (0.33%) | 1.81 (1.13%) | 1.84 (1.15%) | 0.59 (0.37%) | 0.72 (0.45%)
6.87 0 1.26 (0.79%) | 1.15 (0.72%) | 0.79 (0.49%) | 0.72 (0.45%) | 1.44 (0.90%) | 2.95 (1.84%) | 0.98 (0.61%) | 1.24 (0.78%)
2.94 | 5.89 1.12 (0.70%) | 1.43 (0.89%) | 0.95 (0.59%) | 0.95 (0.59%) | 1.54 (0.96%) | 4.19 (2.62%) | 2.22 (1.39%) | 0.78 (0.49%)
3.92 | 491 1.34 (0.84%) | 1.39 (0.87%) | 0.97 (0.61%) | 0.84 (0.52%) | 1.30 (0.81%) | 4.39 (2.74%) | 1.93 (1.21%) | 1.02 (0.64%)
491 | 3.92 1.58 (0.99%) | 1.33 (0.83%) | 0.96 (0.60%) | 0.87 (0.54%) | 1.66 (1.04%) | 3.15 (1.97%) | 1.86 (1.16%) | 0.80 (0.50%)
5.89 | 2.94 1.45 (091%) | 1.39 (0.87%) | 1.01 (0.63%) | 0.92 (0.57%) | 1.29 (0.81%) | 3.42 (2.14%) | 1.43 (0.89%) | 0.68 (0.43%)

0 0 0.90 (0.56%) | 0.98 (0.61%) | 0.97 (0.61%) | 0.91 (0.57%) | 1.23 (0.77%) | 3.20 (2.00%) | 3.59 (2.24%) | 2.79 (1.74%)
2.94 0 0.83 (0.52%) | 0.76 (0.47%) | 0.51 (0.32%) | 0.87 (0.54%) | 1.17 (0.73%) | 0.86 (0.54%) | 0.65 (0.41%) | 0.88 (0.55%)
3.92 0 0.99 (0.62%) | 0.93 (0.58%) | 0.58 (0.36%) | 0.67 (0.42%) | 1.23 (0.77%) | 0.96 (0.60%) | 0.93 (0.58%) | 1.04 (0.65%)
491 0 0.99 (0.62%) | 0.92 (0.57%) | 0.71 (0.44%) | 0.73 (0.46%) | 1.32 (0.83%) | 0.91 (0.57%) | 0.59 (0.37%) | 0.75 (0.47%)
5.89 0 No 1.15 (0.72%) | 1.09 (0.68%) | 1.29 (0.81%) | 0.73 (0.46%) | 1.27 (0.79%) | 1.42 (0.89%) | 1.38 (0.86%) | 0.72 (0.45%)
6.87 0 1.22 (0.76%) | 1.15 (0.72%) | 1.29 (0.81%) | 0.95 (0.59%) | 1.45 (0.91%) | 1.92 (1.20%) | 1.06 (0.66%) | 0.91 (0.57%)
2.94 | 5.89 1.36 (0.85%) | 1.30 (0.81%) | 1.09 (0.68%) | 1.11 (0.69%) | 1.27 (0.79%) | 2.37 (1.48%) | 1.64 (1.02%) | 0.97 (0.61%)
392 | 491 1.29 (0.81%) | 1.22 (0.76%) | 0.97 (0.61%) | 1.08 (0.68%) | 0.83 (0.52%) | 2.53 (1.58%) | 2.00 (1.25%) | 1.05 (0.66%)
491 | 3.92 1.30 (0.81%) | 1.23 (0.77%) | 1.03 (0.64%) | 1.09 (0.68%) | 1.29 (0.81%) | 3.26 (2.04%) | 1.32 (0.83%) | 0.67 (0.42%)
5.89 | 2.94 1.30 (0.81%) | 1.23 (0.77%) | 1.14 (0.71%) | 1.15 (0.72%) | 1.24 (0.78%) | 2.39 (1.49%) | 1.81 (1.13%) | 0.57 (0.36%)

Zo — Yo plane, and the tip orientation is defined as the tangent
angle at the tip (6;;, in Fig. 8A). The workspace of the TDCT
soft robot, as shown in Fig. 8B, is enhanced by the insertion
of the Nitinol backbone, allowing the tip to reach a larger area
compared to a standard tendon-driven soft robot whose tip can
only move along a curve. This is intuitive to understand since
the increased workspace is caused by the additional Nitinol
backbone insertion DoF.

The details of the soft robot tip pose changes (positions and
orientations) with respect to Nitinol backbone insertion depth
are shown in Fig. 9. As the figure shows, the magnitude of
the gradient of z;, and y;;, becomes smaller as the Nitinol
backbone insertion depth increases (Fig. 9A and Fig. 9B), in-
dicating that the effect of Nitinol backbone on the tip position
becomes smaller as the insertion depth increases. However,
Fig. 9C shows that the TDCT soft robot orientation angle
gradually reduces with the insertion of the Nitinol backbone
since it tends to straighten the robot system.
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Insertign — Tendon-driven soft robot workspace
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— — —TDTC soft robot workspace boundary
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Fig. 8. (A) TDCT soft robot deformation caused by the varying Nitinol

backbone insertions. The red arrow indicates the direction of soft robot tip
motion while inserting the Nitinol backbone. (B) The workspace of the TDCT
soft robot with/ without the Nitinol backbone insertion DoF. The Nitinol
backbone enlarges the workspace of the TDCT soft robot from a curve (black
curve) to an area (red dash line).

B. TDCT Soft Robot Stiffness Analysis

The mechanics modeling has shown that the TDCT soft
robot stiffness can be changed with the presence of the
Nitinol backbone. This section will systematically investigate
the Nitinol backbone’s effect on the robot stiffness at the
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Fig. 9. Soft robot tip pose with various insertion depths of Nitinol backbone.
In all cases, tip load is set to zero, tendon tension 7 is increased from 0 N
to 10 N with 1 N per increment, and the Nitinol backbone insertion depth
increases from 0 mm to 150 mm with 10 mm per increment. (A) and (B)
show the tip position (z, and y;») changes. (C) describes the orientation
0,ip changes of the soft robot. Overall, the insertion of Nitinol backbone can
significantly change the TDCT soft robot tip pose.

tip. In this paper, compliance ellipsoid (CE) [49] is utilized
to visualize the relationship between a small external force
applied on the tip and the induced tip position change, which
can be written as

CE={dp(L): [|6f,ll =1} (40)

where f;, is the force expressed in global coordinate at the tip.
Note that the principle axes and the magnitudes of CE can be
obtained when the compliance matrix (CM) is obtained, which
is defined as

_dp(L)

B afrip
The CM is a 3 by 3 symmetric matrix, which has eigenvalues
A1, A2, A3, and corresponding eigenvectors f,, 2,, f3. Using
the first order approximation, the relationship between dp(L)
and & f;, can be written as

6P(L) =CM 6ftip (42)

cM 41

which can be substitute into the condition in (40) and becomes
Sp(L)T(cM cMT)'6p(L) =1 (43)

which indicates that the principle axes of the CE are i, i,,
15 with magnitudes Ay, A2, A3, respectively.

In this paper, CM is computed numerically by finite dif-
ference method as indicated in (41), and then the dimension
of CE can be obtained. Fig. 10 shows an example of the CE
projected in Uy — u3 plane with different Nitinol backbone
insertion depth, indicating that the insertion of Nitinol back-
bone could lead to the reduced tip compliance of the TDCT
soft robot, also known as the increased stiffness. Note that this
result was obtained with a constant tendon tension such that
only the Nitinol backbone effect on the robot compliance is
considered.

We further characterized the TDCT soft robot compliance
caused by both tendon tension and Nitinol backbone insertion
depth. In these simulations, the insertion depth of the Nitinol
backbone was increased from 0 mm to 150 mm with 10 mm
increments, and the tendon tension was increased from O N to
8 N with 2 N increments. Fig. 11 shows that the values of A,
and A3 are two orders of magnitude larger than the value of 4,
indicating that the dimension of CE is mostly determined by

Soft body = Nitinol backbone Compliance ellipsoid
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Fig. 10. CE projected in [, — M3 plane with various Nitinol backbone
insertion and constant tendon tension, where pq, W,, M3 are eigenvectors
of CM. The dimension of the CE becomes smaller with Nitinol backbone
inserted, indicating the stiffness of the TDCT soft robot tip is enhanced.

A> and A3. Moreover, the TDCT soft robot compliance could
be significantly reduced due to Nitinol backbone insertion, but
the tendon tension effect on the compliance is minimal or
negligible. For example, the value of A, is decreased from
203.5 mm/N to 86.1 mm/N in Fig. 11 when the Nitinol
backbone gradually increased from 0 mm to 150 mm, showing
a 57.7% reduction of compliance in the major axis of the CE.
However, the values of A, or A3 for various tendon tensions in
Fig. 11 are close to each other, showing that the tendon tension
has an insignificant contribution to the TDCT soft robot tip
compliance.

V. POTENTIAL APPLICATIONS

We have demonstrated the enhanced kinematics and stiff-
ness of the proposed TDCT soft robot in the prior sections.
In this section, we explore two potential applications of the
proposed design in the practical applications.

A. Object Manipulation

This section aims to explore the application of the TDCT
soft robot for object manipulation. Fig. 12 presents 4 scenarios
of the TDCT soft robot deformation due to the Nitinol
backbone insertion variation to manipulate an 50 g external
object. The Nitinol backbone tends to straighten the TDCT soft
robot by making the overall structure stiffer, which leads to
the external object motion (see Fig. 12 for the object motion).
This motion is analogous to the robotic pick-place task, where
the TDCT soft robot moves the object from the initial position
(Fig. 12A, without Nitinol backbone insertion) to the desired
position (Fig. 12D, with Nitinol backbone insertion) by simply
inserting the backbone. Thus, the proposed TDCT soft robot
demonstrates improved stiffness and shows its advantage in
object manipulation by simply inserting the Nitinol backbone.
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Fig. 11. The relationship between eigen value A and Nitinol backbone inser-
tion depth with various tendon tensions. The dimension of CE significantly
decreases as the insertion depth increases. This shows that the stiffness of the
TDCT robot tip is enhanced caused by the Nitinol backbone.

‘ Model shape Nitinol tube Experimental shape ‘
2 20 A 2 20 ®)
E o, E op—... .
= 20 N, M| e <20 Fiiiii T
> R . >
-40 -40
0 50 100 150 0 50 100 150
z, (mm) z, (mm)
20 20
= © = (@]
g 0 _\- .. . é 0 _—\
5 -20 5 20
> >
-40 -40
0 50 100 150 0 50 100 150
z, (mm) z, (mm)

Fig. 12. Experimental study of object manipulation with various Nitinol
backbone insertion depth and constant tendon tension. The TDCT soft robot
is actuated by 10 N tendon tension to lift a 50 g object with (A) 0 mm, (B) 40
mm, (C) 80 mm, (D) 120 mm Nitinol backbone insertion depth, respectively.

Simulation studies in Fig. 13A indicate that maximum tip
displacement in y,— direction (Ay,,y) is a function of Nitinol
backbone insertion depth. Note that the simulations were
performed with a constant 10 N tendon force. For constant
tip load and tendon tension, Ay, is defined as:

Aymax = Ytip,max — Ytip,0 (44)

where yyip max 1S the maximum value of yp, Yrip0 is the initial
value of y;;, without Nitinol backbone insertion. Instead of
inserting the Nitinol backbone with the maximum depth L,
Fig. 13A shows that there is an optimal insertion depth for a
given external load such that the maximum tip displacement
Aymay can be obtained. The existence of the optimal insertion

‘—e—welgm =10g = weight = 20 g weight = 30 g ==@=— weight = 40 g~ weight=50g ‘
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Fig. 13. Simulation studies of detailed Nitinol backbone tip position y;;,
for various object weights and Nitinol backbone insertion depth. The peaks
Yripmax Of each curve are highlighted with black dot marker. The tendon
tension of (A) is 10 N, and the tendon tension of (B) 5 N, respectively

depth implies the trade-off between stiffness and compliance.
If no Nitinol backbone is inserted, the soft robot will become
too compliant to hold the load at the tip. If Nitinol backbone
is fully inserted, the soft robot will become too stiff for
the tendon to actuate the robot. These two extreme cases
will hinder the soft robot to reach the highest position. For
example, the TDCT soft robot tip could pick an external load
of 50 g and move it towards the largest y;;, with 70 mm
insertion depth (shorter than the TDCT soft robot length L).
Same conclusion could be drawn when tendon tension equals
to 5 N as shown in Fig. 13B.

Another noteworthy feature of the TDCT soft robot for
object manipulation is that it can increase the tip load capacity.
Fig. 14 shows the simulation result to move a object to the
same height (yg =0 mm) with the various tendon tension (6 N
- 10 N). Tendon-driven soft robot without Nitinol backbone
can only move 7.20 g, 13.74 g, 20.35 g, 27.04 g, and 33.82 g
load to the desired height with tendon tension 6 N, 7 N, 8 N,
9 N, and 10 N, respectively. However, these load capacities
can be increased to 18.44 g, 26.15 g, 3397 g, 4191 g,
and 49.98 g with 70 mm Nitinol backbone inserted, which
increases 156.11%, 90.32%, 66.93%, 54.96%, and 47.78% of
the load capacity of the tendon-drive soft robot with no Nitinol
backbone. Notice that if the Nitinol insertion depth is larger
than 70 mm, the load capacity will decrease. This is caused by
the trade-off between the Nitinol depth and the tendon tension.
The excessive insertion of Nitinol tube increases the stiffness
of the TDCT soft robot, which reduces the effect of tendon
tension on TDCT soft robot deformations.

B. Soft Robotic Laparoscopy for Photodynamic Therapy

Laparoscopic instruments are typically fabricated with rigid
materials and used in a variety of abdominal procedures [51].
Due to the limited DoF of the rigid tubes, surgeons have to tilt
the laparoscopic instrument around the entry points in order
to reach a large workspace within the abdomen. However, this
tilting motion has certain limitations in the practical scenarios,
including the limited capability to reach a target at the deeper
region within the confined abdomen, such as the pancreas that
is surrounded by bile duct, duodenum, transverse colon, and
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Fig. 14. Simulation result of the tip load capacity change with respect to the
insertion depth of Nitinol tube.

part of the stomach. Recently, we proposed a tendon-driven
soft robotic laparoscope enabled photodynamic therapy for
pancreatic cancer treatment (see Fig. 15 for the schematic
diagram of the soft robotic laparoscope, [52]).

During the pancreatic cancer photodynamic therapy, the soft
robotic laparoscope will carry a diffusing fiber and face to the
target at the desired orientation such that the photosensitizer
could absorb sufficient 690 nm laser light energy to destroy
the cancerous cell. Compared to the tendon-driven soft robotic
laparoscope [52], the TDCT soft robot design developed in
this study has an additional backbone insertion DoF, which
could significantly enhance the PDT treatment performance.
Note that the additional DoF also offers redundant resolution
in terms of the in-plane soft robot tip orientation control, which
could be highly beneficial in the practical scenarios when the
soft robot needs to reach the desired location and orientation
simultaneously.

We experimentally validated the TDCT soft robot orienta-
tion control performance by integrating a micro-camera (OD:
1.4 mm, minnieScope- XS PN: ENA-10005-AS, Enable Inc.,
Redwood City, CA) with the robot body. Then the camera
extrinsic orientation parameters under various Nitinol back-
bone insertion inputs are obtained using MATLAB camera
calibration toolbox. Error is defined as the difference between
the desired orientation angle and the actual orientation angle.
The experimental results (Fig.16) indicate that the TDCT
soft robotic laparoscope could achieve an orientation error of
0.77°£0.85°, which demonstrates the improvement compared
to our prior results 1.54+1.1° [52].

V1. CONCLUSION

This paper presented a novel stiffness modulation method
for soft robots based on a TDCT design. The mechanics
modeling of the TDCT soft robot was achieved through the
Cosserat rod theory. The proposed model was validated by two
experiments: 1) single tendon actuation with applying loads
align with the bending plane, 2) multiple tendons actuated
with applying loads not align with the bending plane. The
result of the first experiment showed a maximum RMSE of
2.27 (1.42% of total length) mm and a maximum tip error of

Bile duct ~

Stomach

690nm light for PDT

Pancreas

Pancreatic cancer
T Soft robotic laparoscope

TDCT soft robot

Fig. 15. Soft robotic laparoscope for pancreatic cancer treatment via PDT.

-10
-15
T2 20
<=
25
S Model results
*  Experimental results
-30 ‘ ‘
0 50 100 150

Insertion depth (mm)

Fig. 16. Experimental validations of the tip orientation 6;;;,. The red asterisks
are experimental results calculated from micro camera.

3.46 (2.16% of total length) mm. The average RMSE and tip
error were 0.75 (0.47% of total length) mm and 1.48 (0.92%
of total length) mm, respectively. The result of the second
experiment showed a maximum RMSE of 1.58 (0.99% of
total length) mm and a maximum tip error of 4.19 (2.62%
of total length) mm. The average RMSE and tip error were
0.95 (0.59% of total length) mm and 1.49 (0.93% of total
length) mm, respectively. These experiments validated the
accuracy of the proposed model to predict the shape of the
TDCT soft robot. The derived kinemati/mechanics model was
then applied to perform kinematics and stiffness analysis of
the TDCT soft robot. The kinematics analysis showed that
the tip pose and the workspace of the TDCT soft robot were
enhanced compared to the conventional tendon-driven soft
robot. Stiffness analysis showed that the tip compliance of
the TDCT soft robot can be reduced by 57.7%. Two potential
applications of the proposed TDCT robot were presented
and analyzed. For object manipulation, it was shown that
the TDCT soft robot is capable of enhancing the moving
position as well as the tip load capacity with an optimal
backbone insertion depth. The orientation control experiment
demonstrated the obvious improvement of accuracy for soft
robot-based photodynamic therapy.

Future work will focus on the contact analysis [53] and
dynamic control [54] of the proposed TDCT robot. Addition-
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ally, we will explore other clinical applications that cannot be
achieved with the conventional tools, such as atrial fibrillation
ablation therapy [55].
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