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Abstract—We describe a novel haptic interface designed specifically for the teleoperation of extensible continuum manipulators.
The proposed device is based off of, and extends to the haptic
domain, a kinematically similar input device for continuum manipulators called the MiniOct. This letter describes the physical design
of the new device, the method of creating impedance-type haptic
feedback to users, and some of the requirements for implementing
this device in a bilateral teleoperation scheme for continuum robots.
We report a series of initial experiments to validate the operation
of the system, including simulated and real-time conditions. The
experimental results show that a user can identify the direction
of planar obstacles from the feedback for both virtual and physical environments. Finally, we discuss the challenges for providing
feedback to an operator about the state of a teleoperated continuum
manipulator.
Index Terms—Continuum robots, haptics and haptic interfaces,
telerobotics and teleoperation.

I. INTRODUCTION
ONTINUUM robots [1] present a unique control problem
due to their unusual structure. Unlike rigid-link robots that
feature a discrete set of joints capable of rotating or extending
at fixed locations, 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), continuum robots are able to perform a
unique range of environmental interactions in comparison to
traditional manipulators [2], [3]. Continuum robots have exhibited numerous system designs and applications in a variety of
environments [4]–[9].
Extensive research has been conducted into the kinematic
modeling of continuum robots [10], [11]. Research has also
led to approximations of Jacobian models [12] and more exact
models such as [13]–[15] which allow for responsive real-time
implementation. Further advances have been made in the research of the traditional topics for continuum robots including
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dynamics [16]–[20] and control [21]–[25]. 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 one limiting factor concerning
research of the teleoperation of continuum robots has been
the lack of intuitive relationships between a human interface
and a continuum system, whereby a user can rely on previous
knowledge and environmental observations to perform desired
tasks.
In the literature, there have been various investigations
into the teleoperation of extensible continuum manipulators
[26]–[28]. These particular works demonstrated useful capabilities in teleoperating continuum robots but each had shortcomings in various aspects, especially concerning intuitive interfacing. These works relied on complex mappings and control schemes in order to bridge a mismatch in kinematics and
degrees-of-freedom which do not necessarily present clearly to
users. There have been three recent works particularly focused
at developing kinematically similar interfaces for this class
of robots. In [29], a 3-section, 9 Degree-of-Freedom (DoF)
continuum interface was introduced specifically for the teleoperation of continuum manipulators. The high DoF allowed
for 1:1 mappings between the device, termed the MiniOct, and
3-section extensible continuum robots. The MiniOct was also
shown to be a versatile tool that could serve as an interface
for a variety of continuum robots that varied in both scale and
actuation type. The continuum interface presented in [30] is a
4 DoF interface capable of mapping to non-extensible 4 DoF
continuum robots. The works shows an intuitive correlation
between the shape of the master device and the slave device.
In [31], a continuum interface geared towards the teleoperation
of growing-vine robots is introduced. In addition to the soft
nature of the interface, a unique feature of this device is the use
of IMUs to measure the curvature of the device, independent of
orientation. The interface itself has 2 DoF, with an additional
linear potentiometer that controls the growth rate of vine robots.
While unidirectional teleoperation has clearly been explored for
continuum manipulators, there appears to be no literature on the
design or use of haptic interfaces for teleoperating extensible
continuum manipulators.
Haptic feedback is the method of providing sensory feedback
through touch [32]. Haptic feedback has been repeatedly used in
teleoperated surgery in order to provide surgeons with additional
insight about tissues and patient vitals [33], [34]. Other work
has studied human perception and lessons that can be learned
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from psychology in order to maximize the information that can
be perceived through auxiliary senses [35]. While many haptic
interfaces exist and have found practical applications [36], these
solutions exhibit a mismatch in DoF and kinematics to multisection extensible continuum manipulators.
The key contribution of this work is the introduction of the first
continuum haptic device designed specifically for the teleoperation of extensible continuum manipulators. The haptic device,
nicknamed the HaptOct, is a 3-section continuum interface
capable of extending and curving each section, independently,
in any direction. The key innovation of this design over the
previously reported MiniOct is the complete replacement of the
measurement and communication side of the MiniOct along with
providing the ability to apply controllable opposing forces to the
extension and bending of its continuum interface. Also key to
the approach is the method for calculating opposing forces to the
user using kinematics unique to continuum manipulators and the
simplicity of mapping between master and slave devices.
The paper is organized in the following order: Section II
describes the design and construction of the HaptOct, as well
as details about the materials and hardware utilized. Section III
describes the interfacing scheme when using the HaptOct to
teleoperate a remote continuum manipulator and some system requirements. In Section IV, a series of experiments are
conducted to validate the hardware and proposed teleoperation
scheme. Discussion and conclusions are made in Sections V and
VI, respectively.

Fig. 1.

Haptic device for continuum manipulators.

Fig. 2.

Basic operation of continuum section.

II. SYSTEM DESIGN
This section details the mechanical and operational design of
the proposed continuum haptic input device for teleoperating
continuum manipulators. The physical prototype can be seen in
Fig. 1, where the following text subsections correspond to the
labeled areas of the figure.
A. Continuum Interface
The continuum section of this device–the part handled by the
user–was first designed for use in the MiniOct, a passive master
device explicitly for the unilateral teleoperation of extensible
continuum manipulators. The MiniOct’s design was chosen as
the basis for this new device because of the kinematic and
visual similarity between the master device and potential slave
systems. The original design details of the continuum interface
are described in [29]. As an overview, there are three individual
sections, each comprised of a parallel set of extension springs
and steel cables that allow an operator to extend and curve
each section into a desired configuration. Plastic spacers (9 per
section) are distributed evenly along the length of a section and
keep the springs and cables uniformly, radially, spaced. The
spacers cause any imposed curvature to divide evenly along the
length of the section. A spring loaded tab connected to each
structural steel cable through the section divider at the base of
each section holds the section shape until the operator changes
the shape by pressing one of the tabs, releasing the cable, and
then extending or shortening the length of the cable. When a tab
is subsequently released by the operator, the shape is locked.
An illustration of the operation of this mechanism is given

in Fig. 2 while an example of multi-section teleoperation can
be seen in Fig. 3. The continuum interface is supported via 3
aluminum rods. These rods can be extended or shortened to
allow for the storage of longer structural cables. To protect the
electronics and device internals in the lower sections of the
HaptOct, the stored structural cable is guided by a funnel running
through the center of the device (labeled in Fig. 1).
B. Configuration Sensing
As with the original MiniOct [29], we use the measured length
of three cables (per section) to determine the length and shape
of each section. As an upgrade to the passive and noisy string
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opens, the resulting signal causes the device to take in slack,
using the motors described in Section II-C, until the switch
closes. Important to the development was the release force of
the switches (8.15 grams-force), as a higher release force could
potentially turn the spool and open the switch when no actual
slack existed on the line. This solution to use limit switches to
detect and avoid slack is similarly implemented in [38]. Other
recent solutions in continuum robotics to avoid slack such as [39]
and [40] require considerably more complex hardware and foot
print than the implemented solution herein.
The changes in length recorded by the encoders are then
converted via kinematics [41] to shape values that can be used
as input for a slave device as with the MiniOct.
C. Actuation

Fig. 3.

Teleoperation between HaptOct (left) and OctArm manipulator (right).

Fig. 4.

Limit switch and cover for slack detection.

potentiometers in the original device, we have replaced each
string pot with a combination of an HEDS-5540 series optical
encoder and a 25.4 mm diameter spool that stores excess cable.
The encoders are capable of providing 2000 counts per rotation
of the spool, giving a granularity of 39.9 μm for each cable. In
addition to the spools, a pulley located near each spool helps
route the cables from the horizontal orientation of the spool to
the extending vertical motion of each section. One advantage
of this overall arrangement is the elimination of a maximum
extension restriction for the overall device (previously 30 cm).
The use of the optical encoder and spool also removes the
passive, but increasingly opposing, force of the original spring
loaded potentiometers that beneficially removed slack on the
measurement cables but also made it harder to extend the MiniOct to full length (a noted issue in [29]). In order to replace
the slack collection, we used a solution inspired by slack line
detection in industry [37]. As seen in Fig. 4, the solution involves
placing a micro-limit switch with a roller in line with each
measurement tendon just above the routing pulleys. The cover
on the switch keeps the tendon pressed against the roller when
there is excessive slack and prevents the tendon from falling
away from the pulley or out of alignment. When the switch

The HaptOct acts as an impedance-type haptic device by reflecting opposing forces to an operator in response to extensions
of the continuum interface. The medium for these opposing
forces is the individual measurement cables in the interface, but
the forces themselves are generated by DC motors connected to
the measurement cable spools. Each spool is connected to the
output shaft of a Maxon Brushless DC Motor (series 273753)
by a 6 mm Pololu mounting hub. Connected to the opposite
end of the motor shafts are the encoders for the measurement
cables. All nine motors lack a gearbox connected to the output
of the motor, thereby allowing the cable spools to easily turn
by hand when unpowered, which is critical for allowing the
operator to easily manipulate the continuum interface without
unintended resistance. These motors are readily available and
have a desirable current-to-torque relationship for our needs. The
DC motors are driven by a series of Pololu G2 high power motor
drivers, which require a Pulse Width Modulated (PWM) signal
and a binary direction signal. Each Maxon motor is mounted to a
custom motor mount that encases the entire motor and provides
an outlet for the shaft, power cables, and the encoder port.
D. Processing
The core processing of the HaptOct is executed by an
Arduino Due which has an Atmel SAM3X8E ARM Cortex-M3
CPU [42]. The board features an 84 MHz clock, 12 PWM pins,
42 GPIO pins, and 12 analog input pins. The Due is capable
of communication via serial USB, Inter-integrated Circuit (I2 C)
protocol, and Serial Peripheral Interface (SPI). We primarily
utilize the serial communication and Bluetooth communication
through an external Bluetooth module. The Due was ultimately
chosen for use because it enabled the HaptOct to achieve an
on-board refresh rate of approximately 2.5 kHz when interacting with simple virtual obstacles such as virtual surfaces. The
refresh rate for bilateral teleoperation between the HaptOct and
a slave device is largely limited by the communication protocol,
primarily serial USB communication in this case, and the size
of communication packets. The refresh rate for the experiments
here averaged around 26 Hz.
The device is powered by a 40 W AC-to-DC converter that
supplies an output voltage of 5 V. The 5 V output directly
powers the Due and 2 DC computer fans that help ventilate the
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(i.e. lengths of tendons/actuators), but the computed output force
to the operator is calculated with respect to each individual
measurement cable. An example of the relationship between
the error, additional force values, and final output force is given
by the equation:
Fl = Ce e + CΔe Δe + C
Fig. 5.

Teleoperation scheme for HaptOct.

lower sections of the HaptOct. In order to power the motors and
motor drivers, the 5 V is stepped up to 7.5 V using a DC-to-DC
converter.
III. SYSTEM IMPLEMENTATION
The logic and theory that drive the HaptOct are detailed
in this section. The device is designed to be an impedance
display, which measures movement provided by the operator
and exerts a force that can be sensed by the operator [32].
Fig. 5 contains the logic flow for the bilateral teleoperation of
a three-section continuum manipulator. The vector value lm
represents the lengths of measurement cables of the master
device and ls defines the actuator lengths of the slave device
as measured locally by the slave system. These measurements
are used to approximate the kinematic values (qm,s ) for both
the master and slave device, respectively, by each system’s local
controller. The slave controller sends the vector input τs to the
slave device as calculated by the controller in order to achieve the
designated configuration. The vector value Fm is the opposing
force experienced by the operator corresponding to an error
vector, es , produced by the slave system. The error between the
master device and tracking slave device is only one component
of the total opposing force felt by an operator. The central block,
Tdelay , represents the lag in time experienced between the master
and slave device due to transmission over various networks and
physical distance between the two devices. In this work, we do
not explore the impact of time lag on user experience and assume
a negligible round trip delay in our network.
A. Master System
As described in Section II-B, the HaptOct is capable of
sensing the lengths of the measuring cables through optical
encoders. These lengths are converted to the forward kinematic
values (as in [43] and [44]) used for the slave system and scaled
to the kinematic range of the slave. Due to the master device
having the same kinematic structure as the slave, we are able to
map one-to-one the kinematics of the HaptOct to a slave device
during this process. The scaled values are then relayed to the
slave system controller.
As previously mentioned, the master system receives the
current error seen by the slave system controller. The error values
are then used to calculate an error force component which, in
addition to other force components, determines the final force
experienced by the operator. The reported error can be with
respect to either the kinematic values or the actuator level errors

f

max
length

max f max (l)
length length

+ ···

= (l − lmax ) · H(l − lmax )

(1)
(2)

where the scalars Ce and CΔe are the force coefficients for the
slave state error (e ∈ 9x1 ) and change in error (Δe ∈ 9x1 ),
respectively. The equation for the overall opposing force, Fl , for
a cable l can be expanded to incorporate additional force terms.
For example, f max defined in Eq. (2), and its corresponding
length
coefficient C max , exists to prevent the extension of a tendon
length
beyond a predetermined maximum length and thus adds to the
overall opposing force Fl only when a cable on the HaptOct is
extended beyond a set maximum (as conveyed by the Heaviside
step function H(·)). This maximum length enforcing term is
also smoothed by scaling the force by the extension beyond the
maximum length. Additional terms could include forces exerted
by a known environment (i.e. an a priori simulated obstacle), or
internal forces/dynamics known about the slave device.
In order to provide an example for how the error in configuration between the master and slave device contributes to individual tendon forces, we exploit the kinematic model, detailed
in [44]. This model describes a single extensible continuum
section by the three values s(t), u(t), and v(t). The value s(t) is
the arc-length of the section and u(t) and v(t) represent a rotation
about the local z-axis. We have reported previously in [41] the
3-actuator based equations that relate s(t), u(t), and v(t) to
tendon or actuator lengths, reproduced here:
l1 + l2 + l3
3
l2 − l3
u(t) = √
d 3
s(t) =

(3)
(4)

s(t) − l1
(5)
d
Here, the scalar d is the radial distance between the center-line
of the section and each measured length-line. It can be shown
that the inverse of these equations (i.e. mapping from s(t), u(t),
and v(t) to actuator lengths l1 , l2 , and l3 ) are:
v(t) =

l1 = s(t) − d · v(t)

(6)
√
3d · u(t)
d · v(t)
+
(7)
l2 = s(t) +
2
2
√
3d · u(t)
d · v(t)
l3 = s(t) +
−
(8)
2
2
In observing these equations, we find a unique relationship
between each of the three length values and the values s(t),
u(t), and v(t), as expected. This can serve as the basis for forces
due to arc-length and bending in our system. By extension of
these equations, we can calculate unique error values for each
individual tendon by comparing the master configuration with
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that of the slave. An example of the error term for tendon l2 is:
√
3(um (t) − us (t))
vm (t) − vs (t)
+
el2 = (sm (t) − ss (t))+
2
2
(9)
where (sm , um , vm ) is the master configuration and (ss , us , vs )
is the slave configuration for a single section. The change in
error term (Δe) can be computed as the time derivative of
this error, relating whether or not the slave is converging to the
configuration of the master device. The output force computed
from combining the various terms is then converted to a torque
exerted by each DC motor as a function of current supplied by
an individual motor driver.
B. Slave System
The flow of logic shown in Fig. 5 assumes the slave system in
this scheme has the ability to converge to a desired configuration
through closed-loop control and can monitor and communicate
error as the system converges or diverges. As in [29], potential
slave systems for this scheme can have a variety of actuation
methods (pneumatic, tendon, etc.) and different proportions or
range-of-motion. This flexibility in types of hardware capable
of being teleoperated represents an advantage of the proposed
device.
IV. EXPERIMENTAL VALIDATION
We completed a series of experiments to validate both the
hardware and the teleoperation scheme. The following subsections describe the experiments and results.
The OctArm manipulator [45] serves as the example slave
device in a bilateral teleoperation scheme. The OctArm is a
pneumatically actuated extensible continuum robot consisting
of 3 distinct sections. Each section has the ability to extend
along its backbone and bend along orthogonal axes, totaling in
9 DoF for the overall device. The OctArm can be seen in Fig. 3
where it is being teleoperated using the HaptOct. In the described
experiments, the OctArm is laying on top of a horizontal surface.
A. Maximum Length Enforcement
The first experiment tests the ability of the system to limit
the operator from over extending a section (i.e. the impact of
f max in Eq. (1). As a default, the function prevents the master
length

device from extending beyond 100% of the initial length, a
feat that most continuum manipulators are incapable of. When
designated to drive a particular slave device, the max extension
can be scaled to match the range of motion of the slave. For
example, OctArm sections can nominally extend an additional
30% beyond their initial lengths.
In this experiment, we constrained the distal section of the
master device to match the proportional maximum extension
of the OctArm. Given the initial section length of 10 cm for
the HaptOct (as described in [29]), we set a virtual maximum
length of 13 cm for each individual measurement cable. We then
attempted to extend the section to this threshold and beyond
while recording the resulting force exerted by the interface.
Fig. 6(a) shows the lengths of the three measurement cables and

Fig. 6.

Experiment 1, Force output due to extension.

is marked with a vertical dashed line when the lengths first pass
the maximum length threshold. Fig. 6(b) shows the force exerted,
calculated in Newtons, for each of the cables. It can be seen that
all three cables react proportionately to their individual displacements beyond the maximum and produce sufficient force to be
noticed by the operator (>3 N per cable). The difference in
time for each cable exceeding that maximum and the difference
final maximum between cable tensions can be contributed to
the motion by the operator not being pure extension (i.e. the
user is lengthening at a slight bending angle). This results in
cable 2 in this particular experiment being extended slightly
more (between 1 and 2 mm) than cables 1 and 3, also resulting
in a greater force from the HaptOct.
B. Known Obstacle in Slave Task Space
In the second experiment, we evaluated the ability of the
HaptOct to oppose invalid configurations given a priori knowledge of the slave system’s environment. In particular, we simulate a scenario in which the slave system is known to be laying
on a planar surface, restricting the valid motions of the robot

Authorized licensed use limited to: IAN WALKER. Downloaded on February 13,2020 at 21:00:48 UTC from IEEE Xplore. Restrictions apply.

1880

Fig. 7.

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 5, NO. 2, APRIL 2020

Experiment 2, Force output due to bending.

to configurations curving or extending away from the plane or
moving parallel to the surface.
For this experiment, we introduced a new term to the force
equation that describes our virtual obstacle. As with Eq. (2),
we use the Heaviside step function (H(·)) to define simple
boundaries and use more complex functions for harder to define boundaries. An example equation for describing a virtual
obstacle seen by l2 is:
f2virt = Cu · u(t) · H(u(t) − ub ) + Cv · v(t) · H(v(t) − vb )
(10)
where Cu and Cv are the coefficients for the bending displacements u(t) and v(t), respectively, and scalars ub and vb serve
as simple bounds for u(t) and v(t). The final term f2virt can be
added to the total force value defined in Eq. (1) for tendon 2.
Similar terms are also added to the force equations for tendons
1 and 3.
Now that we have a force expression for bending, we can
simulate a planar obstacle for the slave device. We set the bound
to be the yz-plane, which correlates to setting a bound on u(t)
such that u(t) ≥ 0. Fig. 7(a) shows the values of u(t) and v(t) as
the operator attempts to bend and rotate the distal section of the
HaptOct in all directions. Fig. 7(b) shows the three force values
corresponding to the changes in u(t) and v(t). As predicted in
Eq. (10), we see a noticeable increase in force response as the
operator tries to bend in the positive u(t) direction. Cable 1
does not apply an opposing force to the operator because it is
independent of u(t) and there is no restriction on v(t). Cable
3 does have dependency on u(t), but is not permitted to apply

Fig. 8.

Experiment 3 Results, Observing unknown obstacles.

negative forces. This shows the HaptOct is capable of opposing
operator motion for basic virtual obstacles.
C. Real-Time Unknown Obstacle in Slave Task Space
We repeated the previous experiment concerning a slave
system placed against a planar surface but removed the a priori
knowledge of the surface from our scheme. In this case, we
perform real-time bilateral teleoperation and rely on the error
between the slave device and master device to convey the planar
obstacle to the operator.
As seen in Fig. 8(a), the operator in this experiment rotates
the HaptOct section in all directions over 4 distinct periods. We
can see the relationship between u(t) and v(t) given this plot.
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In Fig. 8(b), we see the corresponding forces experienced by the
operator during this repeated motion. At an initial glance, it is
difficult to determine the obstacle by the reaction forces alone.
However, in Fig. 8(c), we see the original motion plot overlaid by
the scaled generated forces. As marked by the vertical bars in the
plot, it is easy to now see that the periods of time when we have
the largest force exerted by each tendon align with the periods
when the magnitude of v(t) is positive or nearly positive. The
value of u(t) during these same periods spans the entire range of
u(t) used by the operator. The operator can conclude from this
result that the slave robot is laying in the xz-plane and oriented
such that values of v(t) ≥ 0 result in collision with the plane.
V. DISCUSSION
The underlying goal of this work was to design and construct a
continuum device capable of providing intuitive haptic feedback
to an operator while teleoperating a wide range of continuum
manipulators. Much of the design work has been completed and
presented here but further testing remains necessary to validate
the long term success of this strategy.
There were numerous constraints that influenced the design of
the mechanism. First, the system needed to minimize resistance
to motion seen by the operator when there is no acting force
from the device. This led to the use of DC motors without a gear
system. This reduces the maximum opposing force the system
can exert but gives the least inherent resistance. Second was the
desire to develop a compact device that did not have an overly
bulky actuator package. As depicted in Fig. 1, the complete
actuator package, logic, and power supply measures 20.3 cm
in diameter and 30.9 cm in height. Another constraint was the
desire for intuitive feedback, both visual and haptic, which led
to the use of the kinematically similar three section MiniOct
design as the base for developing a haptic device.
In the initial stages of developing this device, choosing the
mode of feedback for developing a new haptic device was a cost
and reward driven process. As mentioned in [32], tactile and
vibrotactile feedback are common modes. We determined that
for an initial investigation, the process of creating a synthetic
skin for the continuum device, while intriguing, would likely
be very difficult to realistically achieve and keep the device
portable and relatively simple. The tactile interface would likely
be very useful for conveying contact between the slave system
and the environment, but would also require a significant amount
of information about the slave system in order to accurately
portray points of contact. Vibrotactile feedback was much easier
to envision as the actuators are relatively small and would likely
only require simple error models. A drawback of a vibrotactile
mode would be the need to run wires through continuum sections
and it could prove difficult to localize the vibration to a single
side of the device or single section for a multi-section system.
An admittance feedback device was not investigated in detail,
but could prove to be an area of future exploration.
Through initial testing of the device and observations about
the design of the system, there are some improvements that can
be made to the current design. As with many bilateral teleoperation schemes, the performance of the operator and their ability
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to perceive mismatches between the master and slave device can
depend on the refresh rate and lag experienced by the operator.
Initial tests on a local system using serial communication has
achieved a round trip refresh rate of 26 Hz, the delay from which
will likely be noticed by the user. A proposed solution to this
will be to use a faster mode of communication, such as SPI or
I2C for local communication. As mentioned in Section II-D,
the HaptOct as a standalone device has an average refresh rate
above 2.5 kHz, which provides opportunity for the development
of more complex virtual environments that do not rely on
communication lags while maintaining smooth operation. When
performing the experiments over a distance of hundreds of miles
(performed from Houston, Texas to Clemson, South Carolina in
the U.S.A.) we experienced a lag of approximately 0.1 seconds.
We did not analyze the impact of this delay on performance,
though it was negligible enough to perform the experiments and
collect the results presented in Sections IV-B and IV-C. Future
work can now explore appropriate means for addressing lag of
varying severity.
Another limitation is that the device can only oppose the
operator when extending any one of the three sides of the
device. The limitation arises from the fact that the device always
inherently assumes that the slave system can retract or straighten
from an extended or curved configuration. This assumption is not
that disruptive in a static environment, but could prove erroneous
for dynamic environments in which a slave system might become
trapped.
The largest challenge for this haptic device (and any haptic device with regards to continuum manipulators) is the conclusion
that the feedback is only as informative and accurate as the error
model that is available for the slave system. One example of this
could be a scenario in which a distal section of a slave system
has come in contact with an object, but is able to bend or extend
normally. However, the proximal sections begin to curve due to
the compliant nature of continuum robots. The operator may not
perceive this deformation until attempting to later manipulate the
proximal section. Another scenario particular to pneumatically
actuated continuum manipulators is the increase in stiffness of a
muscle as it is extended. This internal stiffness may be difficult to
detect through error modeling, but would be useful feedback for
the operator to know that the system is approaching its physical
limits.
In addition to addressing many of the issues noted here, it is
the goal of future work to further evaluate the current design
and compare this device to other haptic interfaces. It will also
be an interesting challenge to see how forces can best be routed
through proximal sections.
VI. CONCLUSION
The first continuum haptic device specifically designed for
the teleoperation of continuum manipulators was explored and
prototyped. An overview of the physical design and features
of the device is given, including the assumptions and needs
for the successful implementation of bilateral teleoperation for
continuum manipulators. Through a series of experiments, we
showed that the device and the force based model performed
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as intended by exerting opposing forces to the operator in the
response to known and unknown constraints for the slave device.
We discussed the specific challenges of continuum manipulators
for haptics, such as the need for suitable error models in order to
display to an operator the different interactions a slave system
has with its local environment and internal constraints. Future
work will look to improve error modeling, the development
of virtual test environments, and addressing teleoperation challenges such as communication lag and refresh rate.
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