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We introduce a novel input device for the teleoperation of extensi-
ble continuum robots. As opposed to previous works limited by
kinematically dissimilar master devices or restricted degrees-of-
Jreedom (DoF ), a kinematically similar input device capable of
9DoF is designed and used. The device is capable of achieving
configurations identical to a three-section continuum robot and
simplifies the teleoperation of such manipulators. In this paper,
we outline the design of the input device and its construction.
Implementation of the new master device and its effectiveness in
regulating a physical system is also discussed.
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1 Introduction

Teleoperation continues to be an area of robotics that is neces-
sary for the development and testing of robotic systems. The abil-
ity to interact with a remote environment through a robotic system
remains a major advantage when dealing with hazardous situa-
tions and unstable surroundings [1]. Despite extensive research in
the topic of teleoperation [2], the subject is still open to innova-
tion, especially when concerning less conventional continuum
robots.

Continuum robots [3] present a unique control problem due to
their unusual structure. Unlike rigid-link robots that feature a dis-
crete set of joints capable of rotating or extending at fixed points,
continuum robots are capable of bending at any point along their
backbone. Developed from the biological inspiration of animal
kingdom structures (tentacles, tongues, and elephant trunks), con-
tinoum robots are able to perform a unique range of environmen-
tal interactions in comparison to traditional manipulators [4,5].
Continuum robots have exhibited numerous system designs and
applications in a variety of environments [6-11].

Extensive research has been conducted into the kinematic mod-
eling of continuum robots [12,13]. Research has also led to
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approximations of Jacobian models [14] and more exact models
such as Refs. [15-17]. These Jacobians allow for responsive real-
time implementation of continuum manipulators. Further advan-
ces have been made in the research of the customary control of
continnum robots including dynamics [18-21] and control
[22-26]. The topics of dynamics and control are still active areas
of research in continuum robotics. While much attention has been
given to these aspects of continuum manipulator operation, the
human interfacing and teleoperation of continuum robots has only
seen a handful of investigations in the literature [6]. One limiting
factor on the teleoperation of continuum robots has been the lack
of intuitive relationships between a human interface and a contin-
uum systemn.

In the literature, there are three examples of teleoperation
schemes concerning continuum manipulators. In Ref. [27], the
movements of a traditional gaming joystick are mapped to the
motions of a continuum robot. A series of mappings were created
and tested. Though the system was functional, the limited
degrees-of-freedom (DoF) of gaming joysticks (two or three
degrees-of-freedom) created difficulties in translating the move-
ments of the joystick to the movements of the manipulator. In
Ref. [28], a nonredundant rigid-link master was used to manipu-
late the end effector of a planar continuum robot. This system did
not directly manipulate the 6DoF available to the planar contin-
uum manipulator, instead using the inverse Jacobian to determine
the necessary input values for the end effector to reach a desired
point. Though this application is useful, it does not take into
account the environment of the manipulator and cannot be used in
applications such as whole arm manipulation [15]. A third recent
study used of a 6DoF rigid-link robot to teleoperate both the pla-
nar and spatial motion of a 9DoF continuum robot [29]. In this
study, several mappings were developed to directly control the
9DoF of the continuum robot. The system allowed users to manip-
ulate the slave manipulator and perform various tasks but still
lacked fully intuitive teleoperation of the continuum robot, espe-
cially in regard to the location of the end effector. All of these
investigations demonstrated useful capabilities in the teleopera-
tion of continuum robots but each had shortcomings in various
aspects, especially concerning intuitive interfacing.

In this paper, we present a teleoperation input device designed
for intuitive continuum manipulator interfacing. The continaum
input device, nicknamed the MiniOct, is a three-section contin-
uum device capable of extending and curving each of its three sec-
tions. With the additional ability to curve in any direction, the
device is capable of kinematically emulating a 9DoF continuum
manipulator. We demonstrate the use of the MiniOct to teleoper-
ate two 9DoF continuum robots and discuss the versatility of the
input device. The results indicate that the MiniOct device is a sig-
nificant advance in the direction of intuitive continunum manipula-
tor interfacing. This work is an extension of the work presented in
Ref. [30].

The paper is organized in the following order: Section 2
describes the design inspiration and construction of the MiniOct, as
well as details about the materials and hardware utilized. Section 3
reviews a demonstration of the device being used to teleoperate
two different continoum manipulators in real time, Discussion and
conclusions are made in Secs. 4 and 5, respectively.

2 Design and Construction

The MiniOct is a three-section continuum device that is capable
of kinematically emulating a three-section, 9DoF continuum slave
device. The mechanical design of the device was inspired by the
spring and cable system present in the elephant trunk manipulator
[31]. The total system measures 71.59 cm in height and weighs
approximately 1.57 kg. The device is comprised of two main hard-
ware components: the continaum input interface and the configu-
ration measurement system. The two components can be seen in
Fig. 1, where section A is the continuum input interface and
section B is the measurement system.
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Fig. 1

MiniOct continuum input device

2.1 Continuum Inferface. Similarly to Ref. [31], a parallel
system of cables and springs allow the MiniOct to curve and extend
with constant curvature for each of the three sections. Unlike the
elephant trunk manipulator [31], the MiniOct only uses three
springs and three cables per section, similar to the actuation of the
OctArm manipulator [32] it is designed to teleoperate. Additionally,
the MiniOct is constructed with extension springs, whereas the ele-
phant trunk used compression springs. The use of extension springs
in the MiniOct design creates a defanlt configuration in which the
MiniOct is at the minimum length and contains no curve along the
length of the device. The length of the entire continuum interface
section ranges from 31.75 cm to 57.16 cm. This change in length is
constrained by the string potentiometers described in Sec. 2.2,
which have a maximum extension of 30.48 cm.

The springs used within each section were chosen to have low
spring constant and an unextended length of approximately 10 cm.

025005-2 / Vol. 10, APRIL 2018

Fig. 2 Cross section of push tab system

This choice in spring length allows each section to nearly double
in length and a lower spring constant reduces the resistance to
extension experienced by the user. The outer diameter of the -
springs chosen to meet these criteria was 0.95cm. A system of
cables within each section use friction to maintain any configura-
tion achieved from manipulation by a user.

The friction imposed on each cable is created by placing spring
loaded tabs at the base of each section. These tabs encircle the
cables and press against them to prevent slipping in either direc-
tion. When pressed by a user, the tabs allow the cable to glide
freely, extending or compressing the side of the immediately
distal section to which the tab corresponds. A cross section of a
section divider with the tabs for each cable can be seen in Fig. 2.

The section dividers are three-dimensional printed cylinders
designed to be rotationally symmetric at intervals of 120 deg with
slots for the termination of section springs, holes for each cable,
and internal tracks for the cable tabs. The section dividers are
assigned different colors to help distinguish the sections for the
operator. Also featured in each divider is a series of smaller holes
that allow for the passage of thin cables attached to the measure-
ment devices that determine the configuration of the MiniOct.
These devices are described in Sec. 2.2. The diameter of the sec-
tion dividers, and the overall device, was set at 5.08 cm in order to
accommodate the springs, cables, and push tabs.

In order to create constant curvature, each section is fitted with
a series of acrylic spacers that keep the relative distance between
the springs and cables constant. These spacers prevent the buck-
ling of the springs and force each section to curve in a desirable
fashion, creating constant curvature for the cables. They are fixed
at equal intervals along the extension springs using transparent
cord. An example of a spacer for the base section can be seen in
Fig. 3. Each section contains ten acrylic spacers.

A cross-sectional view of a single MiniOct section is seen in
Fig. 4. The operation of a section is described by the arrows, in
which the operator first presses the push tab and then extends the
structural cables by pulling on the end of the section. Releasing
the tabs causes the section to hold the set configuration. When
pressing the push tabs without the operator holding the end of the
section, the springs will retract the support cables to the default
section length.

2.2 Configuration Measurement. In order to use the
MiniOct as a master device in the teleoperation of continuum
manipulators, the device must be able to output information that
can be used to determine the configuration of the device and thus
the desired configuration of the slave device. For the MiniOct, this
information is provided in the form of nine cable length measure-
ments, three lengths for each section placed 120 deg apart. These
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Fig. 4 Basic operation of single MiniOct section

measurements are read as voltages, ranging from 0 V to 5V, from
a series of string potentiometers, which are placed symmetrically
in a circle at the base of the device. The circle of potentiometers
can be seen in Fig. 5.

The string potentiometers in use are voltage dividers that
increase output signal in direct proportion to the length in which
the string is extended. Each of the potentiometers is attached to a
cable Tunning along the length of the MiniOct and terminating at
the end of the base, middle, or tip section. The output voltages are
then converted to useable values using the following equations:

A
Lyi = (Vi) v % 3 Comin €8]
max
.
Coi = (Vini — Vi) V—”L + Lommin @
max
A
i = (Vi — Vi) —Vi + Linin 3)
max
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Fig.5 Ring of siring pots for determining configuration

where £y;, £i, and £,; are the calculated output (desired for the
slave device) lengths for the base, middle, and tip sections, respec-
tively, of the slave device for the ith actuator in each section. Vb,
V.., and V,; are the output voltages from the MiniOct string pots,
again corresponding to the base, middle, and tip sections for the
ith string pot for each section. A, Ay, and A, are the total change
in length achievable by each section of the slave device and Lpmin,
£oumin, a0d &y are the minimum section lengths of the slave
device. Vi is the maximum voltage that can be output from the
MiniQct by fully extending a single section. The values of £5;, £,
and £,; can be used to calculate meaningful values for the kinemat-
ics of a slave device or can be directly used to calculate slave
device input such as pneumatic pressure or tendon length.

3 System Implementation

Following the development of the hardware and signal output,
the device was utilized for the teleoperation of two structurally
different continuum manipulators. The two slave manipulators
were the OctArm [32] and the Tendril [33] manipulators. The
setup for these two devices is described in Secs. 3.1 and 3.2,
respectively.

3.1 MiniOct to OctArm. The OctArmm is pneumatically
driven by a series of pressure regulators controlled via a Quanser
data acquisition board [34]. The input values for the regulators are
derived in a ssMULINK model [35]. In this experiment, the output
lengths from the MiniOct were obtained using the Quanser board
and converted to OctArm section lengths within the same SIMULINK
model used to manipulate the OctArm. Once converted to lengths
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Fig.6 Correlation of base, middie, and tip sections

using Egs. (1)-(3), the values are used to calculate the necessary
pressures to achieve the configuration designated by the MiniOct.

In order to increase the intuitiveness of the MiniOct’s design,
the device is color coded to allow a user to easily determine the
relative orientation between the master and slave devices. In this
experiment, the OctArm was similarly marked with blue, green,
and ted tapes to indicate which of the base, middle, and tip
sections, respectively, was curving in response to the MiniOct
configuration. Additional color labeling was used to determine
orientation of the bending sections by corresponding to the colors
of the push tabs on the master device. Figure 6 depicts the base,
middle, and tip sections of the MiniOct and OctArm, where both
devices are oriented such that the base sections are located near
the bottom of the image and the tip sections are located near the

(b)

top of the image. In order to demonstrate the functionality of the
MiniOct, a series of confignrations were reached that show the
relationship between the MiniOct and the OctArm. These teleop-
eration experiments directly mapped MiniOct cable lengths to
OctArm muscle lengths using open-loop control. Figures 7(a) and
7(b) demonstrate curving of a single section with two differing
orientations. The first orientation is toward the view of the user
while the second is perpendicular to the view. Figure 7(c) shows
the actuation of the middle section while keeping the base and tip
sections without curve or extension. Figure 7(d) is an example of
curving two sections, each with a different orientation. The final
confignration, seen in Fig. 8, shows manipulation of all three of
the OctArm sections using the MiniOct.

As can be seen in Fig. 7, the orientation of the slave device mir-
rors that of the MiniOct. In these experiments, this relat'ionship
between orientations was created for the clarity of the results. The
motion of the slave device can be changed to occur in the same
coordinate frame as the MiniOct or in a mirrored coordinate
frame. Figure 7(z) highlights the respective coordinate frames
between the two devices, where the MiniOct is operating in a
right-hand coordinate frame and the OctArm operates in a left-
hand coordinate frame. The axes shown depict the X, ¥, and Z
axes as arrows traveling right to left, out from the image, and
from the bottom to the top of the image, respectively.

The physical range for the MiniOct, OctArm, and Tendril with -
respect to curvature and arc length can be seen in Table 1. The
table also highlights the significant differences between the two
slave systems demonstrated in these experiments. The range for
direction of curvature is the same for all three devices, given that
all three are capable of curving each section in any direction.

3.2 MiniOct to Tendril. The Tendril manipulator differs
structurally and operationally from the OctArm, creating another
potential application for the MiniOct. As opposed to pneumatic
actuation and a similar range of length for each section of the
OctArm, the Tendril is tendon actuated and each of the three sec-
tions has a unique range of backbone length. The default lengths
of the three Tendril sections at rest are approximately 90cm,
35cm, and 20cm for the base, middle, and tip sections, respec-
tively, as seen in Table 1. In order to implement the MiniOct as a
master device for the Tendril, the kinematic values arc length, cur-
vature, and angle of curvature (denoted s, x, and ¢ as described in
Ref. [16]) were used to map the shape of the MiniOct to the shape

(c)

Fig. 7 Configurations petween MiniOct and OctArm manipulator with local coordinate frames: (2) curving tip section (i), (b)
curving tip section (ii), (¢) curving middle section, and (d) two section manipulation
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Fig. 8 Three section teleoperation of pneumatic continuum
manipulator

of the Tendril. The procedure for mapping MiniOct lengths to ten-
don lengths for the Tendril is demonstrated in Fig. 9. MiniOct
lengths are again calculated by converting the voltages from string
potentiometers to actual lengths of the MiniOct. These lengths are
used to calculate s, %, and ¢ for each MiniOct section and then
scaled to the range of s, k, and ¢ available to the corresponding
Tendril section as listed in Table 1. Finally, the scaled kinematic
values are used to calculate tendon lengths, which determine the
degree of rotation for each of the Tendril’s motors located at the
base of the manipulator.

In the MiniOct to OctArm experiment, the MiniOct is tethered
to the same computer as the OctArm through the Quanser data
acquisition board and snuLINK. The Tendril is designed as a
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Kinematic range for continuum devices

Table 1

MiniOct OctArm Tendril
Min sgage (1) 0.100 0.3233 0.917
Max sz (M) 0.180 0.418 0.917
Min Kpase (1) 0.001 0.001 0.001
Max 7egase (M) 24.166 4.200 1.713
Min spga (m) 0.100 0.314 0.225
Max Spgq (m) 0.180 0.418 0.345
Min evsg (m ™)) 0.001 0.001 0.001
Max iepgq (m™Y) 24.166 4.450 10.300
Min 51, (m) 0.100 0.3387 0.105
Max sy, (m) 0.180 0.455 0.215
Min fery, (m™Y) 0.001 0.00t 0.001
Max rep;, (m™) 24.166 6.000 27.557

‘MiniOct, Potentiomster Vahtiges

A 4

Mim(}c’s Lengihs :

A 4

MiniOct s,x, aﬂd @

Scale
7

,Tegd:i},‘ s,, and ¢ |

¥

Tendon Lengﬁhs '

; Tend ril Motor Co‘k‘unts’

Fig. 9 MiniOct to Tendril mapping

mobile system for use in inspection, which calls for a more porta-
ble communication system. Bluetooth communication was used to
send motor data from the MiniOct to the Tendril.

Bluetooth communication is established via serial communica-
tion from an Arduino Mega microconiroller mounted to the mea-
surement section of the MiniOct. The Bluetooth communication is
set up such that the MiniOct Bluetooth receiver is the master and
the Tendril Bluetooth receiver is set as a slave device that can
only connect to the MiniOct receiver. All kinematic calculations

APRIL 2018, Vol. 10 / 025005-5




(b)

(a)

(d)

Fig. 10 Configurations between MiniOct and Tendril manipulator with local coordinate frames: (a) curving mid-
die section (i), (b) curving middle section (ii), (¢) curving base and middie section, and (d) three section

manipulation

take place in the MiniOct’s microcontroller, and motor movement
is executed by a microcontroller mounted to the Tendril’s motor
package.

Similar to the OctArm experimental results, a series of images
can be seen in Fig. 10 that showcase the mapping between the Min-
iOct and the Tendril, which are placed in the same base orientation
for these experiments. The orientation between the coordinate
frames for the two devices is demonstrated in Fig. 10(a), using the
same axis description used in Fig. 7(<). Figures 10(a) and 10(b)
demonstrate curving of the middle section with differing directions
of curvature. Figure 10(a) shows both systems curving in the plane
perpendicular to the camera and Fig. 10(b) depicts the systems
curving toward the camera. Figure 10(c) demonstrates the mapping
from the MiniOct base and tip sections to the Tendril base and tip
sections, which have a two different scaling factors given the differ-
ences in length. Figure 10(d) is an example of mapping to all three
sections of the Tendril using the MiniOct.

4 Discussion

The goal of this work was to create a small, easy-to-use
continuum device capable of acting as a master device for a
9DoF continuum manipulator. The device needed to manipulate
extending and curving of three continuum sections in any direc-
tion. As seen in Sec. 3, the implementation of the MiniOct con-
troller proved to be simple and very effective. Once constructed,
the MiniOct operator was able to intuitively provide direct inter-
facing to two different 9DoF continuum manipulators with mini-
mal calibration.

There are several critical parameters present in the design of
this device. The overall length and change in length is constrained
by the use of string potentiometers, which have a maximum exten-
sion of 30.48 cm. Given a three section device and a desire to
potentially double each section length at full extension, this means
that each section could have a default length of 10 cm and a maxi-
mum additional extension of 10cm. In order to maximize ease of
use, the springs in each section ideally have a low spring constant
and an unextended length of approximately 10 cm. The total outer
diameter of the extensible section must accommodate the spacing
of the springs, 18 cables (nine cables for structural support, nine
for string potentiometers), and the push tabs. A larger radial dis-
placement of the string potentiometers increases the impact of
length changes, increasing state estimation accuracy, but the outer
circumference of the device must be small enough for the operator
grab the device and simultaneously press all three push tabs for a
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section. The current circumference of the MiniOct does not
account for the hand size of the average person, which could be
an adjustment for future iterations.

Mechanical and measurement coupling is present between the
three sections. Given a change in the base section length, the cable
routes and the values measured by the siring potentiometers for
the middle and tip sections are altered. The mechanical coupling
is addressed through the flexibility of the extensible elements.
Since the cable system runs the entire length of MiniOct, changing
the path in a proximal section does not prevent the manipulation
of distal sections, as the cables are still free to glide through the
section dividers and spacers. Additionally, distal sections are pro-
vided with longer excess structural cable for displacement caused
by the extension of a proximal section. The measurement coupling
is addressed by subtracting the lengths measured in a proximal
section from the immediately distal section. This practice is also
performed in other continuum manipulators that rely on string
lengths for state estimation.

The rotational offset of the measuring cables routed through the
MiniOct introduces a small error in estimating the phase of the
master device. There is a phase shift of 6.6 deg between the cables
attached to the string potentiometers around the middle channel.
This offset is minimized by routing the tip section cable through
the middle channel and then placing the base and middle sections
cables clockwise and counterclockwise to either side, respec-
tively. Thus, when applying Egs. (1)-(3), the phase error cancels
for the distal sections when actuating all three sections. The phase
error for the base section can be eliminated with a constant phase
offset after calculating the raw lengths.

While the final design provides ideal direct kinematic mapping,
there are some limitations of the device to address. The cable sys-

tem does well at maintaining the configuration set by the user but

the friction imposed by the push tabs is not enough to overcome the
spring loaded force of the string potentiometers for large extension
of the base section. The base section is subject to the compression
force of the three springs within its section and all nine of the string
potentiometers, producing more force on the section. The middle
and tip sections are able to hold their shape regardiess of the exten-
sion length. In order to address this problem, the friction on the
base cables needs to be increased. Twoe potential solutions are fo
increase the surface area of the contact with the push tabs or to use
string potentiometers with rednced spring tension.

Additionally, the current design has all elements of the MiniOct
exposed to the user. This creates a potential pinch hazard and
increases the chance of damage to the device. While the open
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design makes repair simple, there is potential benefit to creating
an extensible cover for sections. A cover could be developed
using a thin rubber sheath or fabric.

Another area of improvement is to develop a way to extend the
MiniOct while maintaining curvature. The operation of the Mini-
Oct allows for the extension and curving of a section, but once set
to a curvature, it is difficult to extend along that curve without first
straightening out the MiniOct section. Design modifications to
achieve this are currently being investigated.

Though there are some hardware issues to address, the potential
for the MiniQOct is significant. The versatility of the device allows
for the teleoperation of any three section continoum device,
regardless of length or actuation type. The qualitative nature of
the results presented does not demonstrate the physical constraints
of the master and slave systems, but a novelty of the MiniOct is
its ability to scale the device output to any 9DoF extensible con-
tinunm manipulator and provide the user with a physical approxi-
mation of the slave system. Despite the differences in physical
capabilities seen in Table 1, the kinematic range for the MiniOct
can easily be scaled to map to either manipulator. The result of
scaling the MiniOct output is a slight disassociation between the
exact shape of the MiniOct and the slave device (as can be seen in
Figs. 7(b) and 10), but the general orientation and shape of the
slave device is still provided to the operator.

As noted earlier, no past teleoperation devices for continunm
robots have been able to directly teleoperate all DoF of a slave
device. The MiniOct is unique in having the ability to manipulate
the entire configuration of a continuum system and also intuitively
manipulate the position and orientation of the end effector. The
volume surrounding the MiniOct can be thought to represent a
scaled model of the volume surrounding the slave device, includ-
ing orientation if both devices are mounted in the same base
orientation.

The current hardware design allows for individual section
manipulation, which is useful when the specific shape of the slave
device is important. A feature that can be implemented in soft-
ware would be the ability to teleoperate all sections of a slave
device using only a single section of the MiniOct, or any variety
of mappings between one or more sections of the MiniOct to any
combination of sections in the slave manipulator. A mapping
between a single section of the MiniOct to all sections of a slave
system would result in direct end-effector manipulation, but
would constrain the possible configurations for the slave device.

Further versatility of the MiniOct is present in the modularity
of the sections. The current design has three distinct sections but
additional sections could be added once the issue of friction is
addressed in the base section. The MiniOct would then be able to
teleoperate beyond the 9DoF currently present.

5 Conclusion

The teleoperation of an extensible continuum robot using a
novel continuum input device was investigated. A description of
the design and construction of the device is provided. Device
design allows for easy transportation and enables application to a
variety of slave style hardware types. The device was used to tel-
eoperate two nine degree-of-freedom continuum robots in spatial
motion, demonstrating the capability of the system. The similarity
in kinematics allowed for ease of use and intuitive interfacing for
the slave systems. The user is able to relate orientation of master
and slave devices using visual cues from color of continuum
sections. Future work will look to further improve input device
design by addressing friction issues and implementing haptic
feedback.
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