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Abstract— Tendon driven continuum robots promise tentacle-
like dexterity in minimally invasive surgical applications. These
robots are subject to conflicting design goals. It is desirable
for the robot to fit through the smallest port possible, yet
it is also desirable for the robot’s diameter to be large, so
that for a given tension, tendons can apply larger actuation
moments to the robot. To satisfy both goals simultaneously, we
propose a new radial folding mechanism that facilitates a 2.5x
diameter change along the robot. We show that our folding
tendon manipulator can be modeled by existing mechanics-
based models. Comparing at consistent tendon tensions, the
robot has a larger range of motion and larger stiffness than a
non-folding continuum robot that fits through the same sized
entry port.

I. INTRODUCTION

It is generally desirable to use the smallest port sizes
possible in surgical robotics to reduce invasiveness. This
is particularly true in the context of thoracoscopic surgery,
where robots like the da Vinci are increasingly being
used [1]. In such procedures, rigid instruments are inserted
and manipulated by tilting them between the ribs. Many
patients experience serious and chronic pain after surgery
[2], [3], which has been hypothesized to come from rigid tool
shafts crushing the intercostal nerves against the ribs. Thus,
it is desirable to use small port sizes, and flexible instruments
that can bend distally to the port, to avoid pivoting rigid tools
between the ribs, in these surgeries.

Continuum robots are flexible devices that can provide
tentacle-like motion [4]-[6] beyond the port, without rigid
tool shafts or the need for pivoting at the entry point to
the patient. The dexterity of tendon driven continuum robots
makes them potentially useful in a variety of medical ap-
plications [6], [7]. These manipulators typically consist of a
series of rigid disks spaced evenly along a flexible backbone,
with tendons routed through holes in the periphery of each
disk [8]-[11]. As tension is applied to the tendons, they apply
distributed forces and moments along the manipulator [12],
causing it to bend into various shapes.
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These tendons apply loads to the robot’s elastic backbone
wherever they are constrained along the backbone and at their
termination points. The larger the diameter of the robot and
further away the tendons are from the backbone, the larger
these loads will be for a particular tendon tension. Larger
loads mean either that the robot will bend further, or that
the backbone can be made stiffer, enabling larger potential
forces to be applied to tissue, with less deflection of the
backbone. Tendon breakage has been identified as perhaps
the most significant failure point on tendon driven continuum
robots [13], and it has been noted in prior studies that
tendon termination points can be fragile [13]. For this reason,
in this paper, we hold tension constant when comparing
designs, and seek to create a manipulator that can amplify its
actuation moments by increasing its diameter, after passing
through a small port.

Our robot uses disks that can fold to change its diameter.
The concept of folding has been explored to customize the
capabilities of soft robots for various applications including
grasping and locomotion (see e.g. [14], [15]). Similarly, an
accordion-like folding pattern has been proposed as part
of the elastic structure for a crawling tendon driven robot
[16], which illustrates folding, though not diameter change.
Abah et al. proposed a push-pull continuum robot with
a scissor mechanism that enabled the constraint disks to
change in diameter, and demonstrated in simulation how this
diameter change can be used to accomplish a control task
while avoiding joint limits [17]. While these previous designs
demonstrate the benefits of continuum robotic manipulators
which can change their size, this work demonstrates the
first physical prototype of a continuum manipulator that can
fit through a circular port-like constraint, then expand its
diameter by over two times. This enables it to have desirable
force and motion capabilities.

In this paper, we present a new tendon-driven continuum
robot design which can fold along multiple planes to decrease
its diameter. This enables it to fit through a port that is much
smaller than its initial diameter. To do this, it uses embed-
ded mechanical pin hinges, and includes hard-stops which
prevent folding past the desired 90 degree range (Fig. 1).
We show that existing mechanics-based models formulated
for rigid disks still apply to our folding manipulator. We
then compare to a traditional non-folding design that fits
through the same port size. We show that at equivalent tendon
tension, our new manipulator provides a larger workspace
and greater force application capability.



Fig. 1: (A) The proposed tendon driven continuum manipulator with folding disks. A single support disk shown in the open (B) and

folded (C) configuration.
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Fig. 2: Robotic system with our folding tendon manipulator at
various stages of deployment through a laparoscopic port.

II. ROBOT DESIGN

Our diameter-changing robot consists of a central hollow
elastic backbone with support “disks”, each consisting of a
hub with 6 arms. The arms and central hub were printed on a
Stratasys J35 polyjet printer from ABS-like resin (Stratasys:
RGD-531/515), and assembled with 0.72 mm diameter steel
pins. The arms fold forward so they can be deployed past the
port, but can also be easily manually withdrawn through the
port if the surgeon wishes to quickly remove the robot from
the patient. To make the arms open after passing through
the port, laser-cut rubber backing 0.4 mm thick was secured
to the back of each disk with Loctite adhesive. The rubber
is stretched in the folded configuration, causing the arms to
naturally extend when port constraints no longer hold them
closed. The hubs are secured to a Nitinol backbone using
Loctite EA-9460 epoxy. The tendons in all prototypes are
made from inextensible Rikimaru polymer fishing line. To
evaluate this manipulator concept, we compared it directly
to a standard non-folding tendon driven manipulator with
the same parameters as our prototype (disk spacing, length,
backbone, disk thickness) but with no deployable arms. The
key parameters for both prototypes are given in Table I. The
deployed diameter of 30 mm was chosen arbitrarily, and
could be modified to suit specific applications in the future.

The full robotic system, shown in Fig. 2, consists of the
manipulator itself (Nitinol backbone with disks affixed to it),
a rigid port with a circular cross-section, and the actuation
unit. The actuation unit has 5 Degrees of Freedom (DOF) for



TABLE I: Parameters of the tendon driven prototypes in this paper.

Parameter Fold_ing Non-F9lding
Design Design
Deployed Diameter (d) 30 mm 12 mm
Folded Diameter (d) 12 mm -
Deployed (H)Ole Offset 12.6 mm 315 mm
r
Folded Hole Offset (r) 4.5 mm -
Disk Spacing (h) 13.5 mm
Total Length (L) 216 mm
Backbone OD 1.2 mm
Backbone ID 0.88 mm
Disk Thickness 2.5 mm

manipulator control. Four of the DOF are controlled by lead
screws for the tensioning of up to four tendons, and one
DOF is the insertion of the manipulator through the port.
The tests performed in this paper only actuate one tendon.
Future actuation units could include additional tensioning
DOFs for the control of additional tendons, and we note
that the current manipulator design can accomodate up to
6 tendons which can be terminated at the tip or along the
length of the manipulator, to enable piecewise curvature. The
ends of each tendon are secured to load cells which sense
the tension in the tendon. By securing the manipulator to
the actuation unit and securing the port with respect to the
ground, it is possible to translate the manipulator such that its
disks travel through the port and then deploy to an open state.
The manipulator’s shape is changed by controlling tendon
displacements, enabling complex 3D motion in both partially
and fully extended configurations.

A. Modeling

We use a coupled Cosserat rod and string model [18] to
determine the actuated shape of a continuum robot in this
work. The model consists of a set of ordinary differential
equations that are solved for the position p, orientation R,
and internal forces and moment in the rod n and m:

p=Rv

R =R 0
n=—f

m=—-pxn-—I.

The internal forces and moment can be related to the linear
and angular rates of change of the body-fixed frame (v and
w) based on the constitutive elastic law:
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In the case of our tendon robot, the unactuated shape of the
rod is given by v* = [0,0,1]7 and w* = [0,0,0]7. The
tendons apply distributed forces and moments along their
lengths, given by:
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where p; is the position of the i*" tendon relative to the
center of the backbone, and 7; is the tension applied with
that tendon.

The stiffness matrix K is a diagonal matrix that relates the
internal forces and moments in the rod to the deformation of
the rod. The stiffness matrix for a symmetric, homogeneous
rodis K = diag(GA,GA, EA,El,, EL,,, G(Ipe+1yy))),
where G = 2(7‘3_1) and E are the Shear and Young’s
Modulus, g is Poisson’s ratio, A = 7(r2 — r?) is the cross-
sectional area, and I, = Iy, = I = Z(ry —r}) is the
moment of area. The first three elements describe the shear
stiffness in the x, y, and z directions, respectively, while the
last three elements describe bending and torsional stiffness
about the x, y, and z axes respectively.

Note the relationship between the bending stiffness coef-
ficients and the geometric properties. Shear and elongation
stiffness are a function of the cross-sectional area, which
is proportional to radius to the second power. On the other
hand, bending and torsion is a function of the second moment
of area, which is proportional to radius to the fourth power.
The backbone used in our manipulator is long and slender,
with a small cross-section, therefore the bending stiffness
is much smaller than the shear and elongation stiffness.
Per equation 3, locating the tendon further away from the
backbone (increasing p;) will increase the applied moment
due to the larger moment arm.

We note that there are some key modeling assumptions
in the Cosserat rod model that must be considered when
applying it to our folding prototype. Most significantly, it is
assumed that the path of the tendons relative to the backbone
within a cross-section is rigidly constrained, although in our
proposed design the disks can fold, and there is a chance that
the tendon position relative to the backbone could change
if the disks open and close outside of the port. In this
design, the pin hinge restricts the folding such that it takes
place along a single axis. It is capable of transferring loads
from the tendon to the backbone in all directions except the
positive Z direction, since the disks are free to fold forward.
However, in the absence of friction, the tendons do not apply
a significant force in this direction, so we do not observe the
disks folding closed once they are deployed past the port.

III. EXPERIMENTS
A. Hinge Force Testing

To test our mechanical hinge design, we determine the
average force for hinge breakage in three cardinal direc-
tions. Force testing is performed using an ATI Mini-40
Force/Torque sensor. The force sensor is fixed to the bench-
top and raised supports are used to enable precise force
application at the tendon attachment point. The mean and



(A)
[
F .=95+27N l F =260+73N
F,=53+16N
(B)

Fig. 3: (A) The three directions in which hinge breakage force
was tested, and the corresponding mean force values at breakage.
Arm folding occurs in the upward direction. (B) The force sensor
configurations used to take breakage force measurements.

standard deviation of 9 measurements taken in each principle
direction are shown in Fig. 3. In each force configuration,
the breakage point is located in the prototype’s ABS material
surrounding the pin (either in the interior disk or in the arm).
In the subsequent section we demonstrate that the folding
tendon robot has an acceptable range of motion with a tendon
tension well below the expected failure point. Future design
iterations may consider alternative fabrication techniques in
order to increase the robustness of the design.

B. Model Validation and Workspace Comparison

We validate the Cosserat tendon robot model proposed in
[12] on both the folding tendon robot in its deployed state, as
well as the reference non-folding design, to demonstrate that
the presence of the hinge joints does not significantly impact
the accuracy of the model. Using a single straight-routed
tendon, we apply known tensions using calibration weights
hung from the tendon. We measure the full shape of the
tendon robot using a fiber optic shape sensor (Pathfinder-Lab:
The Shape Sensing Company) which is inserted temporarily
within the inner lumen of the nitinol backbone, and affixed
to the base of the manipulator using tape.

The results of the model validation are shown in Fig. 4.
The average tip model prediction error for the folding robot
prototype is 1.9 £ 1.4 mm. For the non-folding reference
design, the tip error was 1.25 & 0.65 mm. The results also
illustrate the larger workspace of our manipulator, compared

to a non-folding design actuated with the same tendon
tensions.

C. Tip Force Application

We next validate the force capabilities of the folding
tendon robot in its deployed state compared to the non-
folding reference. As in the model validation experiment,
a single straight-routed tendon was used to apply known
tensions using calibration weights, and the full shape of
the robot was measured with the fiber optic shape sensor.
A hanging 5 gram mass was secured to the tip of the
robot to mimic an external loading condition. The results
of robot shape during a sweep of increasing tendon tensions
with an applied tip load are shown in Fig. 5. Our deployed
manipulator is capable of lifting its tip 81 mm above the
straight (horizontal) configuration when under 5 grams of
tip loading with 2.45 N applied to the tendon. In contrast,
the non-folding design is only capable of lifting its tip up 12
mm when subject to the same loading condition and tendon
tension.

D. Retracting Tissue

We envision our manipulator design as advantageous for
a variety of clinical applications which require a small
incision site, high dexterity, and applying force to the surgical
environment. One such application is the retraction of tissue.
In Fig. 6, a stiff retractor tip is secured to the tip of the
manipulator. Our robot is then used to lift a lobe of ex-
vivo bovine liver, demonstrating a first proof-of-concept
application for this design.

IV. CONCLUSION

This paper presents a novel tendon-driven continuum
robot design that can change its diameter using radially
folding arms. This enables the manipulator to pass through
a small port, and then expand inside the body to amplify the
actuation moments applied by its tendons, for a given tendon
tension. When our manipulator is past the port with unfolded
disks, we demonstrated that its shape can be predicted
well by existing mechanics-based models. Furthermore, we
demonstrated that at the same tendon tension, it has a
superior range of motion to a non-folding design that can
fit through the same port size. We also showed that with the
same tendon tensions, it can lift the same load higher. A
current limitation of our prototyping methods is the strength
of the pin hinge joint, although we believe that this can
be addressed with design and fabrication improvements that
mechanically reinforce this area by adding thickness or
changing materials. Having a large number of equally spaced
tendon supports (6 in our prototype) is desirable because it
enables one to thread tendons through many possible non-
linear paths along the backbone. However use of a smaller
number would enable the design to be miniaturized or the pin
joints strengthened by increasing wall thickness around the
hinges. While future improvements are possible, the design
in this paper fulfills its intended purpose of demonstrating the
feasibility of fitting a tentacle-like robot through a port that
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Fig. 4: The measured (dashed curves) and model (solid curves) backbone shape are compared across a range of tendon tensions for (A)
a straight tendon terminating on the last disk on the folding design and (B) the nonfolding design. (C,D) Images of the prototypes with
both tendons pulled at 2.45 N.

(A) 80+ I’,' T=245N (B) 80
/ STETOEN e Fiber Bragg Shape Sensor
60| 60
T=147N
— 40 — 40F
c T=1.18N e
£ E
N N

20

1) S sessEE i3

2

1 )

Fig. 5: Backbone shape of (A) the folding robot and (B) the nonfolding robot, with each lifting a point load, with shape measured using
the fiber shape sensor, at various tendon tensions. (C,D) A single, initially straight tendon was pulled at a range of tensions with a 5g
mass affixed to the tip of the manipulator.



Fig. 6: The folding tendon robot retracting animal tissue.

is less than half the size of its expanded diameter. Both the
small port and the elimination of a rigid tool shaft pivoting
at the body wall may be beneficial in the future to reduce
invasiveness and potential complications. This is particularly
true in the minimally invasive lung surgery application that
motivated this work, where a design such as ours may reduce
post-operative pain associated with nerve damage.
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