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Abstract: Continuum robots for application in medicine are
of high interest in recent research. However, as most sys-
tems in literature show complex and large actuator units,
setting up such a system can be time consuming, costly
and results in a bulky system, unsuitable for the spatial
requirements given in surgical scenarios. In this work, a
compact, efficient continuum robotic system is presented.
A pair of two antagonistic tendons is controlled by a single
servo motor instead of single tendon actuation. This way,
the actuator footprint is maintained at a minimum size and
the method results in a simpler setup. The resulting 260 mm
long robot with 9.9 mm diameter achieves a repeatability
with an error of maximum 1.8 % of its length. In future work,
this work serves as a basis for integration of various sensing
modalities in continuum robots and evaluation of control
algorithms.

Keywords: Continuum robot; actuation; minimally-invasive

Kurzfassung: Kontinuumroboter sind stark im Fokus
aktueller medizinrobotischer Forschung. Da die meisten der
in der Literatur vorgestellten Systeme jedoch komplexe und
grofie Aktoreinheiten aufweisen, kann das Erstellen eines
solchen Systems in aufwendigen, kostenintensiven und
sperrigen Aufbauten resultieren, welche ungeeignet fiir die
raumlichen Anforderungen des Einsatzes in medizinischen
Szenarien sind. In dieser Arbeit wird ein einfaches,
effizientes kontinuumrobotisches System vorgestellt, in
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welchem ein antagonistisches Paar von Kabelzligen durch
einen Servomotor hewegt wird, anstatt jedes Kabel durch
einen einzelnen Motor zu treiben. Auf diese Weise kann
die Grundflache der Aktoreinheit klein gehalten werden
und die Methode resultiert in einem einfacheren Aufbau.
Der resultierende 260 mm lange Roboter mit 9,9 mm
Durchmesser erreicht eine Wiederholgenauigkeit von
1,8 % seiner Lange. In zukunftigen Arbeiten dient er als
Basis fiir die Integration von verschiedener Sensormoda-
litditen in Kontinuumroboter und zur Evaluation von
Steueralgorithmen.

Schlagwérter: Kontinuumroboter; Aktuierung; minimalin-
vasiv

1 Introduction

1.1 Motivation

Usually, minimally invasive surgery is conducted with rod-
shaped, rigid instruments. This represents the standard of
care in a lot of manual as well as many robot-assisted
interventions such as laparoscopic, eye, or brain surgery.
However, controllable flexible instruments and robots can
provide significant benefit by increased dexterity, increased
workspace, and capability of obstacle avoidance. Therefore,
the research on continuum robots (CRs) for the application
in medicine is flourishing and commercial systems such as
the Da Vinci SP or Ion and Auris Health’s MONARCH Plat-
form have been certified for use in the operating room (OR).
Recent literature presents various technologies for realiza-
tion of a CR such as concentric tubes [1, 2], steerable needles
[3], magnetically actuated CRs [4], as well as pneumatically
actuated soft robots [5, 6]. Tendon-driven CRs form one of
the most simple, yet effective way for implementation; an
elastic backbone provides stability and restoring force for
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the robot’s structure, which is actuated by pulling tendons
that are mounted parallel to the robot’s body. Lateral ten-
don displacement is often confined by spacer discs [7, 8]. A
single segment of a tendon-driven CR is typically actuated
by three or four tendons to allow for 2-degrees of freedom
(DOFs) bending. Each of these tendons is driven by a single
motor, thus, resulting in a set of 3n to 4n motors for a CR
of n segments. Some approaches use this over-actuation
for additional DOFs (torsion or translation) or additional
functionalities like variable stiffness but often it remains
unused. The need for the number of motors results in typical
tendon-driven CRs exhibiting large actuation units under-
neath the actual robot body. Especially, if power supply
and hardware interfaces are taken into account as well, a
CR setup often requires a large footprint and volume for
integration. As space in the OR is highly limited in medical
application scenarios, technical systems must effectively fit
into space requirements. Robotic applications in the OR are
thus often limited by the space around the patient being
required for surgical staff and various other instruments.

1.2 Contribution

Actuation miniaturization has been identified as one of the
open challenges in CR research [7, 9]. Therefore, this work
presents a method to reduce the actuator unit’s footprint
by driving an antagonistic pair of tendons with a single
servo motor. This principle is applied to set up a 2-segment
CR for medical robotics research. Force measurement is
implemented on each tendon individually to allow for ten-
don force based models. Sensory feedback on tendon force
thus can be applied to improve kinematic control or derive
contact information of the robot to its environment. With a
length 0f 260 mm and 9.9 mm width the minimally-invasive
robot is designed with medical application such as laparo-
scopic or gastroenterologic interventions in mind. The robot
is designed as a research platform to be easily accessible to
researchers and students. Sensory feedback on tendon force
thus can be applied to improve kinematic control or derive
contact information of the robot to its environment.
Similar approaches of antagonistic tendon actuation
have been presented in more industrial, agricultural or
underwater large scale applications [7, 10-13]. Here, non-
medical applications often allow for larger diameter robot
bodies, simplifying actuator integration. For medical appli-
cation common maximum robot diameters are set to
approximately 10 mm, depending on the intervention. Rigid
link and serial actuators for medical interventions are often
driven by antagonistic cables, and equipped with force sens-
ing as well [14, 15]. Antagonistic tendon actuation of CRs
with focus on medical application can be found in [16, 17].
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Hong et al. focuse on Maxillary Sinus Surgery and develop
a specialized actuator for this situs. The authors present
a system with two segments. The distal 2-DOF-segment is
driven antagonistically with just one motor. The proximal
1-DOF-segment incorporates two separate tendons pairs for
one single plane of motion but providing variable stiffness
by varying tendon tension. For tendon force measurement
load cells are suspended on the tendons [16]. Amanov et al.
present a complex design also incorporating tendon force
sensing but with a single axial force sensor for each pair of
tendons. While this allows for measurement of tension for
two tendons with just one sensor, the measured force always
represents the difference of both tendons’ tension [17].

Besides footprint reduction, reducing the number of
servo motors increases the potential to economize CR inte-
gration into medical robotic instruments and assistant sys-
tems regarding cost and weight. This can accelerate CR
research and make it more accessible. Furthermore, a sim-
pler actuation unit may enable higher number of segments
(i.e., DOFs) and potentially simplify their control.

This work makes use of the antagonistic principle to
investigate a simple but effective CR platform suitable for
usage in continuum robotic research, especially with focus
on biomedical applications. The system’s general design
is illustrated in Figure 1, the final setup is presented in
Figure 6. To offer this system as an open-source research

Figure 1: The proposed continuum robotic platform with two segments
as CAD render in various poses.
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platform to the scientific community, all construction files
and code are published on GitHub.!

2 Methods

2.1 Antagonistic actuation principle

When actuating one of the three or four tendons of a conventional
tendon-driven CR, each motor can achieve a deflection of the robot’s
body simply in one positive direction. For a negative deflection, an
opposing motor (or the combination of two opposing motors in the case
of three tendons per segment) is necessary. Here, in order to enable
positive and negative deflection along one DOF using one motor only,
the proximal end of one tendon is wound around the rotor of the motor
clockwise and the antagonistic tendon is wound around the same rotor
anticlockwise. This design results in shortening of one tendon (to a
length of I;) and elongation of the antagonistic tendon (to a length
of [;) during motor rotation. This actuation principle is visualized in
Figure 2. One segment of a CR with a set of ng spacers per segment
is depicted in a bent state on one DOF. l;; denotes the length of the
backbone, r; the distance of tendon routing and backbone at the spac-
ers. When constant curvature is assumed, the backbone forms to an
arch of radius rz; which spans over an angle of ag,. A single section in
between two spacers spans over «, and requires a tendon length of ;.
The following geometric relations can be derived from the drawing in
Figure 2:

Iy = nglgp @
1 g
= — = 2
*r D %o NgTpp @
1 . (a
Elsp = sm(%)(rw —rp). 3

In combination, the shortend length of the tendon is given by

lBB ( 4)

le =2n.(rp, — ry)sin
S s\ BB T )
2ngTgg

and similarly the elongated tendon length is determind to

I, = 2n,(rgg + ry) sin

lBB . (5)
NsTpp
The shortening Al requires a rotation (in rad) of the motor and
tendon of 5
@ =AL—, (©)
Tta
where r,, is the radius of the tendon drum.
Given this rotation, sufficient antagonistic tendon is unwound
from the spool for the necessary elongation Al; as

Alg> Al & Lyy—1Ig> 1 — Iy, %

When the motor is rotated in negative direction past the neutral
position, the antagonistic tendon is shortened and the segment bends
in the opposite direction. Thus, one motor can achieve actuation of a

1 www.github.com/ChristianMarzi/Tendon-Driven-Continuum-Robot.
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Figure 2: Drawing of the antagonistic principle with dimensions and
symbols. Rotation of the tendon drum shortens the inner tendon and
results in bending of the actuator. The outer tendon is lengthened
simultaneously. Rotation in the other direction results in bending in the
opposing direction.

full DOF actuation. The inequality in Eq. (7) results in slacking of the
tendons. This is counteracted in the presented method by introduction
tension springs picking up slacking tendon (see Section 2.3).

2.2 Robot actuation

The antagonistic principle, presented in Section 2.1 is used to set up a
4-DOF tendon-driven CR. It consists of two segments, each of which is
actuated by two antagonistic tendon pairs aligned in orthogonal planes
along the robot’s backbone. Each segment has a length of 130 mm
resulting in a total robot body length of 260 mm. Respectively, the
robot is actuated by only four motors for a total of four actuated
DOFs. Here, pulse width modulation (PWM)-controlled servo motors
(SF3218MG, SunFounder, Shenzhen, China) with a range of motion of
270° and a maximum torque 2.05 Nm are used to rotate the tendon
drum and lengthen and shorten the tendons, respectively. With a given
rq 0of 6.0 mm a maximum force of 341N can be applied on the ten-
dons. The servos are installed to provide equal range of motion in
both directions and ¢;, = 0° is defined as the servo angle of motor i
which represents the neutral position of a segment. Accordingly, actu-
ator space is given by q = {@,, @,, @3, @, } with ¢ € [-135°,135°]. ¢,
and ¢, control the proximal segment 1, ¢, and ¢, control the distal
segment 2.

The robot’s body is built with a backbone from nickel titanium
alloy (NiTi) wire of diameter d,,. Due to its superelasticity, the NiTi-
backbone can restore its shape from extreme bending without plas-
tic deformation. Spacer disks to guide the tendons are fabricated by
SLS printing (Clear Resin and Form3 3D-printer, Formlabs, Somerville,
Massachusetts, USA). The robot is assembled by hand. For alignment
of spacer disk rotation and distance, a 3D-printed template was used.
The tendons are routed pairwise through a 1 mm diameter hole with
distance r, to the backbone. Figure 3 shows the spacer design and the
fully assembled robot body. The robot’s dimensions and parameters
used are presented in Table 1.
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Figure 3: The CR body unit. (a) End-spacer (b) spacer design. (c) Body overview. (d) Segment dimensions.

Table 1: Table of robot design parameters and dimensions.

Dimension Symbol Value
Robot length Igg 260 mm
Robot diameter d= 9.9 mm
Number of segments ng= 2
Segment length = 130 mm
Sections per segment ng= 8

Spacer thickness = 1.5 mm
Tendon drum radius g= 6.0 mm
Tendon routing radius re= 3.5mm
Backbone diameter dpp= 1.0 mm
Base plate side length Opp= 230 mm

To set up a proof-of-principle for evaluation, the robot’s back-
bone is mounted vertically on a SLA-printed base. The motors are
tightly arranged around the base’s center. Tendons are made from
high-modulus polyethylene fibers (BeastMaster AX Round Dyneema,
Shimano, Osaka, Japan), a material providing high tensile strength
and tear resistance. The tendon is wound around the drum three
times and the end is securely clamped at the drum using a screw. To
avoid entanglement, the two antagonistic tendons are wound around
the drum at different axial positions with a distance of 5mm on
the tendon drum. From the tendon drum, each tendon is routed to
a load cell unit and back to the robot’s base. Here, deflection pul-
leys guide the tendons through a channel in the robot base and into
the robot’s body.

2.3 Tendon force sensing

Tendon force sensing is implemented on each tendon separately.
Therefore, each of the eight tendons is routed from the servo to a
pulley, mounted on a load cell. Here, a tensioning mechanism with
springs was implemented to reduce slack. Tendon angles and pul-
ley support are designed such that the tensioning mechanism has
no influence on the measured force F,.. The latter relates to tendon

force F; asin
F; = 0.5F,. ®)

From the load cell, the deflection pulley redirects the tendon
trough the robot’s base into its body. Figure 4 provides multiple views
to visualize the tendon routing. Based on preliminary experimentation,
the load cells (Miniature LC TAL220B Sparkfun, Boulder, Colorado, USA)
are dimensioned for a maximum nominal force of 50 N. The sensor
values of the load cells are digitized by a 4-channel Wheatstone bridge
(PhidgetBridge 4-Input, Phighets, Calgary, Canada).

The complete robotic setup consisting of robot base, the CR body,
motors and load cells is mounted on a square aluminum base plate
with @, = 230 mm side length. At the bottom of the plate, space is
used for 5 Vpower supply (50 W), microcontroller for servo control, two
Wheatstone bridges for load cell read-out, as well as additional sensing
hardware. The complete platform is mounted on feet of 40 mm height.

2.4 Control interface

To allow for versatility and best integration in a research setting, the
robot interfaces directly to the Robot Operating System (ROS)? via a
connected PC. An Arduino Uno (Arduino S.rl, Monza, Italy) is used for
control of the servo motors. Using the rosserial package,® a publisher
is written that subscribes to topics for each servo motor’s rotation and
is set via a PWM-signal for each motor. The load cell’s measurement
bridges are equipped with an USB-interface and raw data are read out
and published to ROS via the phidgets_driver package.*

3 Robot evaluation

To evaluate the robot, the main characteristics of workspace
and positioning repeatability are examined. The evaluation

2 WWW.ros.org.
3 www.wiki.ros.org/rosserial.
4 www.wiki.ros.org/phidgets_drivers.


http://www.ros.org
http://www.wiki.ros.org/rosserial
http://www.wiki.ros.org/phidgets_drivers

532 = (. Marzietal.: Continuum robot with antagonistic tendon actuation

DE GRUYTER OLDENBOURG

T !H.\M
[} (LR (I

| i i

Figure 4: Tendon routing in the actuator unit. From the servo’s tendon drum, each tendon is routed to the load cell and through the robot base into

the robot body.

setup consists of the robot as described in Section 2 con-
nected to a ROS-network to be driven to certain motor con-
figurations and the position of both segment’s end-spacers
is sampled. As a ground truth for the position of the end-
spacers, a hand-operated 3D-measuring arm (FARO Plat-
inum, Faro Technologies Inc., Lake Mary, Florida, USA) with
measuring precision of 0.037 mm is used. The segments’
end-spacers and the robot’s base were designed with mul-
tiple registration features which were sampled using the
metrology arm. These features allowed to determine the
center points of the spacer discs and the robot origin. The
measuring arm’s sampled values (i.e., 3D-positions in the
measurement arm’s coordinate system) where also pub-
lished to the ROS-network. All data were recorded as ros-
bags and evaluated using Matlab (The MathWorks Inc, Nat-
ick, Massachusetts, USA). The sampled spacer coordinates
were transformed to the robot’s base coordinate system to
determine positions relative to the robot’s base. This coor-
dinate system was defined with its origin in the mounting
point of the backbone in the robot base. The z-axis points
upwards along the robot’s ideal neutral position. The x-axis
is defined in the plane of the (neutral) tendon pairs from
motor 1 and motor 3. The y-axis respectively along the ten-
don pairs of motor 2 and motor 4 a right-handed coordinate
system.

3.1 Robot workspace

To evaluate the robot’s workspace, nine maximally reach-
able actuator configurations were determined as summa-
rized in Table 2. The poses were chosen to demonstrate
maximum elongation (in neutral position) and maximum
reach at the circumference of the robot’s workspace around
the robot’s base.

At each pose, the registration features of the end-
spacers of segment 1 and 2 were sampled five times and
averaged to reduce the influence of hand-operation of the
measuring arm.

To analyze the usability of force sensing on the robot,
maximum forces where observed during the workspace
analysis. As extreme robot positions are set up, the highest
possible forces are expected to apply in this case.

3.2 Repeatability

To evaluate the robot’s motion repeatability, five random
motor configurations were generated (cf. Table 2). Starting
from neutral pose, these configurations were approached
in sequence of the configuration number. At each pose, seg-
ment 1 and segment 2 end-spacer positions were sampled
as described in Section 3.1. The sequence was repeated and
resulting poses were measured again. For each pose and
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Table 2: Motor configurations, defined to evaluate the continuum robot’s workspace and repeatability.

Conf. Workspace evaluation Repeatability evaluation
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5
@, 0° 135° —135° 0° 0° 135° —135° 135° —135  0° —8° —12° 42°  —125° —9°
®, 0° 0° 0° 135°  —135° 135° —135°  —135° 135 0° 31° 134> —15° 122° 75°
@3 0° —135° 135° 0° 0° —135° 135° —135° 135  0° —13° —6° —44° 65° 30°
[N 0° 0° 0° —135° 135° —135° 135° 135° -135 0° —56° —63° 95° 54° 126°
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Figure 5: The continuum robot’s motion capabilities. (a) Neutral pose.
(b) Segment 1 bent, segment 2 straight. (c) Equal bending of both
segments. (d) Opposing bending of segment 1 and segment 2.

segment, the mean coordinates and the difference of both
measurements are evaluated.

4 Results

The complete minimally-invasive robotic system is pre-
sented in Figure 6. It incorporates all required control hard-
ware and only interfaces to a 230 V outlet and USB for ROS-
connection. While the full system’s footprint is 230 mm X
230 mm, the actuation unit (without load cells) only mea-
sures 80 mm X 80 mm. For visualization of the robot’s
motion capabilities Figure 5 illustrates the continuum robot
body in various configurations.

4.1 Robot workspace

For visualization, the results from Section 3.1 are graphed in
a 3D-plot. For each configuration, robot base, both segments’
end-spacer positions are plotted and connected by lines. The
plot is shown in Figure 7 in three first angle views and an
axonometric projection to illustrate the three-dimensional
relations.

Analysis of the resulting data indicates the robot
being capable of a maximum range of motion of

Figure 6: Photograph of the final setup including continuum robot body,
force sensing units, power supply and hardware interfaces (on the robots
bottom). At the robots origin the coordinate system is drawn.

—184 mm-172 mm in X-direction and, —172 mm-178 mm
in Y-direction. It could reach a minimum Z-value of
—111 mm. Contrary to expectation, it could be observed
that the robot’s planes of motion are shifted to the ZX- and
ZY-planes by approximately 20°.

The observation of tendon forces resulted in a maxi-
mum force reading of F;, = 30.5N and thus F; = 15.25N
at configuration 8. This shows proper dimensioning of the
nominal load cell force and servo moment.
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Figure 7: Experimental results from workspace analysis. (a) ZX-plane. (b)
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4.2 Repeatability

The values for repeatability analysis are plotted in Figure 8
in a similar manner as described in Section 4.1. Here, the
markers denote the mean value of both measurements. The
distance of both values is annotated by a sphere with a

DE GRUYTER OLDENBOURG

correlating radius. For better visualization, the radius is
scaled up by a factor of 6.

The difference of the measured coordinate points of
segment 1 varies between 1.2 mm and 2.2 mm, while the
diameter of the repeatability spheres for segment 2 are
between 1.6 mm and 4.76 mm. Relating these repeatability
errors to the length of each segment, this equates to a
maximum error of 1.7 % for segment 1 and 1.8 % for both
segments combined.

5 Discussion

The presented work investigates the implementation of
antagonistic tendon actuation on a CR system for applica-
tion in medical robotic research. The robot’s dimensions of
only 9.9 mm diameter but 260 mm length support applica-
tion in minimally invasive robotic surgery. In contrast to
[12], tendons are implemented directly on the motor’s rotors
and no slippage was observed. As so far actuator unit minia-
turization was out of scope in related literature, comparison
of system dimensions is difficult. However, illustrations pro-
vided in recent works [8, 11, 18, 19] show actuator units often
largely exceeding the robot body’s dimensions. In this work,
the pure actuation for a robot of 260 mm length requires a
square footprint of 80 mm side length; the complete actu-
ation unit measures 230 mm X 230 mm X 125 mm height
(i.e., including tendon force measurement units). The main
focus of this work is on space reduction and decreasing
the number of required servo motors, as well as optimizing
their arrangement. The implemented force measurement
unit is not yet optimized and potentially decreases the full
system’s spatial requirement further.

Limitations

During workspace analysis of the presented system, a rota-
tory shift on the bending planes was observed. Presumably,
this behavior is due to imprecision in the manual assem-
bly process and inhomogeneities in the robot’s backbone.
Further improvement of this issue can possibly be achieved
by improved part manufacturing (e.g. micro machined alu-
minum parts). As this work’s focus was on the mechanical
principle and system design, no inverse kinematic is imple-
mented, yet. For proper research of the system’s absolute
positioning accuracy such a kinematic will be required.
In addition, accurate calibration of the system may miti-
gate manufacturing and assembly errors. As the presented
system makes tendon force measurements available, force
based control will be implemented in the future. For this
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various methods presented in literature (cf. [20, 21]) may
serve as a basis to be transferred from single-motor-per-
tendon control to one-motor-per-antagonistic-tendon-pair
control. Besides kinematic modeling, sensory feedback on
the robot’s end-effector’s position or the robot’s body shape
could significantly improve the system and serve as a basis
for accurate control.

Further design improvements regard the influence of
tendon slack resulting from Eq. (7). Slack can lead to tendons
loosing contact to routing pulleys and will be reduced by
further elaboration of tensioning mechanisms.

6 Conclusions

By controlling an antagonistic tendon pair of a CR with a
single motor, the number of motors required for a CR can
be minimized to design its actuation unit compactly. In this
work, we investigated how this principle can be used to
set up a versatile continuum robotic system which can be
used as a base for research in minimally-invasive medi-
cal robotics or other fields. The system design is published
open-source for use in the community.

The CR platform is still limited in its precision due to the
lack of inverse kinematic and calibration of manufacturing
error, but provides an effective robotic base for research
purposes. The presented system will be used in future work
to demonstrate integration of sensors in CRs and test algo-
rithms combining intraoperative sensing with CR-control
surgical interventions and assistance systems.
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