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Abstract

The application of continuum manipulators as assistive robots is discussed and tested
through the use of Bendy ARM, a simple tendon driven continuum manipulator prototype.
Two rounds of user testing were performed to evaluate the potential of this arm to aid people
living with disabilities in completing activities of daily living. In the first round of user
testing, 14 able-bodied subjects successfully completed the prescribed task (pick-and-place)
using multiple control schemes after being given a brief introduction and one minute of practice
with each scheme. In the second round of user testing, subjects (n = 3) demonstrated between
29.5 and 48.9 percent improvement in completion time across twelve trials of a peg-in-hole task,
and between 8.4 and 33.8 percent improvement across six trials of a task involving opening
and closing a drawer. Based on these results, it is posited that continuum manipulators merit
further consideration as a safer and more cost-effective alternative to existing commercially
available assistive robotic manipulators.

1 Objective
The use of robots in assistive technology is well-studied; numerous robotic arms for rehabilitative
applications have been designed and tested to-date, and several are commercially available [1, 2].
These robots are often intended to improve independence and quality of life for people who are
unable to perform activities of daily living (ADLs) without additional aid. Traditional rigid-link
robots have been shown to be effective at completing various ADLs in both wheelchair mounted and
desktop configurations [2]. Unfortunately, most of these traditional robotic arms are prohibitively
expensive, costing tens of thousands of dollars [3]. Additionally, many of these systems must
incorporate sophisticated sensors and control methods in order to ensure the safety of their users
[4, 5]. This paper proposes an alternative platform for assistive robotics which alleviates these
issues: continuum manipulators.

Of the assistive robotic arms which are currently commercially available, two of the most
notable are the MANUS [6] and JACO [7] arms. MANUS and JACO are seven degree of freedom
(DOF) wheelchair mounted assistive robotic manipulators (WMRM) with payload capacities of
approximately 1.5 kg. MANUS uses incremental encoders for controlling position, and does not
incorporate any other sensors. It can be controlled by a joystick or other user interface, and
utilizes controller software in order to calculate what path or configuration the arm should take
when responding to commands (e.g. go to point A).

The JACO robot is controlled with a three axis joystick – different functionalities of the arm can
be accessed by using pushbuttons to select between three control modes. JACO also uses encoders
for position control, as well as torque sensors in each joint to ensure the safety of the user. In
Maheu et al. [7], JACO was tested by 31 individuals living with disabilities and used to accomplish
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the following tasks: grasping and relocating a bottle, pushing buttons on a calculator, taking a
tissue from a box, taking a straw from a glass, and pouring water from a bottle into a glass.
Using subjective measures, the researchers determined that JACO could save users 1.31 hours
per day by helping them to accomplish tasks that would otherwise require the aid of a caregiver.
The researchers also proposed that, by reducing caregiver hours and potentially allowing users to
assume vocational roles, JACO could have economic benefits. The JACO arm demonstrates the
ability of assistive robots to be used to perform various ADLs and increase quality of life for people
living with disabilities. We propose that continuum manipulators could accomplish the same or
similar tasks at a relatively low cost and with minimal risk to the user.

Continuum manipulators are robots that lack traditional rigid segments and discrete joints.
Instead, they function by bending continuously along their length, like the trunk of an elephant
or the tentacle of an octopus. In order to achieve this bending motion, continuum manipulators
are often made of soft and flexible materials subject to deformation by external forces. As such,
these robots are inherently compliant, meaning they will conform to the shape of their environment
[8]. The complaint nature of continuum robots allows them to accomplish tasks which their rigid
counterparts are either incapable of or unsuited for, such as navigating in confined or unstructured
environments (e.g. inside of a human body) and grasping fragile or awkwardly shaped objects
[9, 10].

The field of continuum robotics is relatively new; prior to the 1990s, only a handful of at-
tempts had been made at designing and understanding continuum manipulators [11–13]. To-date,
numerous possible applications have been proposed: search and rescue [14, 15], radioactive waste
handling [16], outer-space assistance [17], and minimally invasive surgery [18–21], among others.
But while the use of continuum manipulators in minimally invasive surgery has been well explored
and assessed, many other applications remain untested.

This research seeks to demonstrate the potential for a continuum robot to perform successfully
as an assistive device. The nature of assistive technology requires close human-robot interaction,
which makes safety of the user one of the primary concerns of the field. Continuum manipulators
are designed in a way that allows them to react to obstructions without additional sensors and
algorithms – if they contact an extremity, they bend to accommodate it. Because continuum
manipulators do not require additional features to ensure the safety of their users, they can also
be built with less complexity, and therefore at a lower cost, than traditional assistive robotic arms.
However, safety of continuum manipulators is conditional on proper considerations being given for
possible failure modes [22]. The application of continuum manipulators in assistive technology has
been briefly explored with respect to the ADL of bathing, although no user testing of this proposal
has yet been completed [23, 24]. Similarly, the compliant nature of continuum arms lends them to
any ADL where close human contact is necessary, such as applying lotion, scratching one’s back,
combing hair, or brushing teeth.

Precise control is required to achieve many of the tasks outlined above. Position-based control
is well understood for traditional rigid-link robots; the inverse kinematics problems generally have
closed-form solutions that are not very computationally intensive [25]. In the case of continuum
robots, the inverse kinematics problem is much more difficult, often requiring extensive mathemat-
ical models and approximations [25]. A large portion of the research on continuum manipulators
to-date has been devoted to the development of mathematical models for control, and several viable
models have been established [25–28]. Many of these methods are computationally intensive and
require precise construction and calibration of the manipulator in question [25, 26]. An alternative
approach to control is to allow the user to compensate for any challenges presented by the robot’s
continuum structure via teleoperation.

This work presents a low-cost, tendon-driven continuum arm for experimentation and user
testing. This robot, Bendy Assistive Robotic Manipulator (Bendy ARM), employs a joystick-
based teleoperation system, with several novel control schemes designed to give the user complete
and intuitive control over the arm. Bendy ARM is used as a prototyping platform to demonstrate
potential applications of continuum robotics in assistive technology through user testing.

2 Materials and Methods
Bendy ARM consists primarily of a flexible backbone mounted on a wooden base. The backbone
is divided into two sections. The first (proximal) section, closest to the base, is made of a 0.95
cm diameter piece of low density polyethylene (LDPE), segmented by six 3D-printed acrylonitrile
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butadiene styrene (ABS) disks (11.43 cm diameter) each spaced 7.62 cm apart (see Figure 1). Four
tendons made of 50 pound test braided fishing line control each section, terminating at the last
disk in the section (the disk furthest from the base of the arm). These tendons are separated by
90◦ and driven by 1.8◦ NEMA 23 stepper motors with a torque rating of 125 oz.-in. These motors
decrease or increase the effective length of the tendons by coiling or uncoiling them around spools.

Figure 1: Bendy ARM robot. The four stepper motors on the upper platform of the wooden base
drive the distal section. The four stepper motors on the lower platform (only one can be seen in
the image) drive the proximal section. The two sets of stepper motors are rotationally offset 45◦
from each other. All relevant files associated with the physical construction and code are available
online, DOI: 10.17605/OSF.IO/EZFKN.

The second (distal) section consists of a 0.95 cm diameter piece of LDPE, segmented by four
3D-printed polylactic acid (PLA) disks (7.62 cm diameter) each spaced 7.62 cm apart. It is joined
to the proximal section by a metal coupler. The tendons of the distal section also run though the
disks of the proximal section, such that each disk in the proximal section has eight tendons running
through it, whereas each disk in the distal section has four tendons running through it.

In order to produce a continuous bending motion, the tendons of the robot are actuated in pairs.
Any two tendons separated by 180◦ are driven in lockstep, such that when one tendon shortens,
the other lengthens by the same amount. This lockstep actuation produces a bending motion with
approximately constant curvature along the plane defined by the pair of tendons. Each stage has
two pairs of tendons, offset from each other by 90◦. Simultaneously actuating both pairs of tendons
by different amounts effectively allows the robot to reach any radial position. Adding the motion
of the second stage further increases the range of motion of the robot and greatly increases the
number of accessible positions. The result is an eight DOF robot with a maximum reach that
is roughly defined by a sphere of radius equal to the length of the two concatenated backbone
segments. The proximal section is 41.28 cm long and the distal section is 29.21 cm long, yielding a
total length, or workspace radius, of approximately 70 cm. However, many of the locations within
this sphere are inaccessible due to self-intersection or impractically tight curvature requirements.

The stepper motors are driven by DRV8825 high-current stepper-motor drivers. The eight
DRV8825s are controlled by an Arduino Mega, which also handles inputs from the control panel
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and the eight limit switches seen in Figure 2. The arm is powered by a 12V 30A DC switching power
supply. All of these components are low-cost and accessible, which drives the total component cost
of Bendy ARM below $550. Although this robot is only a prototyping platform and many of
the components are not suitable for commercial use, the production cost of a commercial model
would still be relatively low (compared to existing assistive robots). This cost reduction could
help increase access to assistive robots and potentially improve quality of life for people of modest
incomes living with disabilities.

It is worth noting that the two backbone sections of the arm are mechanically coupled; ad-
justing the tendon lengths in one section inherently affects the position of the other. This type of
motion is particularly obvious when adjusting the distal segment and leaving the proximal segment
stationary. When the distal segment tendons are actuated, their load is transferred to the entire
backbone of the robot, intrinsically changing the position of the proximal segment. The mechanical
coupling of the robot can also be observed if the proximal segment is actuated while the distal
segment is kept stationary. As the bottom segment moves under the top stage, the static top stage
tendons pull back against this motion, causing the top segment to curl in the opposite direction.
As such, the top stage curls relative to the bottom stage naturally to maintain a constant global
orientation. The mechanical coupling of the robot is a drawback because it makes control less
intuitive and control schemes more difficult to implement.

Figure 2: Slack-eliminating mechanism for Bendy ARM.

2.1 Control Schemes
Bendy ARM is teleoperated via a user interface connected directly to the robot (see Figure 3). The
control panel consists of two joysticks and three switches. The user is able to operate the robot
using one of three control schemes: Dual-Joystick, Single-Joystick Segmented, and Single-Joystick
Compensative. Each of these control schemes are open-loop, making use of direct user observation
and manipulation for course correction. This helps compensate for the effects of payload and
other positional errors without the use of a more sophisticated, computationally intensive control
algorithm.

In the Dual-Joystick control scheme (henceforth referred to as Dual control), the left joystick
controls the proximal section and the right joystick controls the distal section. The inputs on
the x and y axes of the joysticks are directly mapped to the x and y actuator pairs of each
segment. When either joystick is pushed in any direction, the corresponding section will bend in
that direction, relative to the position of its base. No attempt at decoupling the two segments is
made in this scheme, so adjusting the distal section affects the position of the proximal section,
and vice versa. The speed at which the section moves is proportional to the magnitude of the
joystick’s displacement.

In the Single-Joystick Segmented control scheme (henceforth referred to as Segmented control),
only the right joystick is used. One advantage of this control scheme is that it allows for users
with use of only one hand to operate the robot. The user can select between three different control
modes using the ‘Mode’ switch. In Mode 1, pushing the joystick in any direction will bend both
sections simultaneously in that direction such that the whole arm moves as a single unit. This
whole-arm movement is useful for gross positioning of the arm. It can also be achieved in Dual-
Joystick mode by pushing both joysticks in the same direction at the same time. In Mode 2, the
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Figure 3: User interface for Bendy ARM.

joystick controls only the distal section. In Mode 3, the joystick controls only the proximal section.
Again, no attempt is made at decoupling the sections.

In the Single-Joystick Compensative control scheme (henceforth referred to as Compensative
control), again, only the right joystick is used, with two different control modes available via the
‘Mode’ switch. Mode 1 is the same as in Segmented control, allowing for whole-arm movement.
In Mode 2, the joystick controls the proximal and distal sections. When the joystick is moved in
any direction, the distal section will move at a given speed in the corresponding direction, while
the proximal section moves at half of that speed in the opposite direction. The opposing motion
of the proximal section is meant to compensate for the mechanical coupling of the two sections.
Although it does not yield perfect compensation, it does enable the distal section to be moved
nearly independently of the proximal. This is useful when attempting fine resolution positioning
with the distal end of the arm, since the user can control the distal section without having to
consciously compensate for the displacement of the proximal section.

Clicking down on the right joystick (or either joystick in Dual control) causes the robot to return
to its ‘home’ position, i.e., pointing straight upwards (the robot is shown in its home position in
Figure 1). This mechanism will henceforth be referred to as the re-centering protocol. During
regular operation, the micro-controller keeps track of the robot’s position by counting the number
of steps sent to each stepper motor. When the re-centering protocol is executed, each stepper
motor is driven back to its starting position (which means that the robot must be started in its
home position for the re-centering protocol to work properly). The limit switches attached to the
robot’s second disk (see Figure 2) serve the purpose of removing any slack that has developed
in the tendons during operation. They are mounted such that the switch is depressed (closed)
only when the tendon is taut. After the re-centering protocol is executed, if any of the switches
are open, the motor controlling the corresponding tendon will coil that tendon until the switch is
closed.

2.2 User Testing
User testing of continuum robots is largely unexplored; however, a few studies have investigated
how people interface with and use these arms. Csencsits et al. [29] describe various methods for
user control of the OctArm and Air-Octor continuum manipulators which were implemented and
qualitatively tested. Gomer et al. [14] describe a virtual reality environment that was used to
evaluate operator skill with a continuum arm; users were asked to grasp an object in the virtual
space using the robot. While this study demonstrated some degree of skill acquisition in operators,
the tests were performed purely in a virtual space and the primary goal of the study was to validate
the virtual environment as a testing and training platform. Finally, McMahan et al. [10] describe
field tests of the user-operated OctArm continuum manipulator, demonstrating the ability of the
manipulator to stack and unstack cones, grasp spheres, and grasp objects submerged in water.
While these studies all involve user testing, they are generally qualitative in their assessments, and
focus more on the robots than on the humans operating them.

This lack of quantified user testing presents as a noticeable gap in the literature, since assistive
robotics requires a direct interaction between humans and robots [30]. Therefore, one aim of this
study was to obtain and analyze quantitative data on user testing with our robot. Specifically, we
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wanted to determine which control scheme allows for the most effective and intuitive control of
Bendy ARM, as well as how quickly users can learn to effectively operate the robot. In order to
address these goals, two rounds of user testing were carried out. Prior to the conduct of any user
testing, this project was reviewed by the UW-Stout Institutional Review Board and was determined
to be exempt under Category #1 of the Federal Exempt Guidelines. The specific procedures used
for each round of user testing are described below.

2.2.1 Round One

In Round One of testing, 14 able-bodied users – eight males and six females between 16 and 58
years old – were introduced to three different control schemes and asked to complete a given task
three separate times, using each control scheme once. The majority of the users had never been
introduced to the prototype, or continuum arms in general, so the task was designed to be simple.
The setup consisted of a metal nut placed straight out from the left side of the robot’s wooden
base, and a cup secured at a position off the back right foot of the base (see Figures 4a and 4b).
The task itself entailed simply retrieving the nut using the electromagnet attached to the end of
the manipulator (see Figure 1) and dropping it into the cup on the other side of the robot’s base.

(a) Photograph of setup. (b) Diagram of setup (not to scale).

Figure 4: Configuration used in Round One of user testing.

The experimental procedure began by introducing the three control schemes one at a time,
starting with a demonstration, and followed by allowing a one-minute practice period using the
specific control scheme. The order in which the control schemes were introduced and used in trials
was systematically varied for each user. After introducing all three control schemes, the task was
revealed and explained. Data collection then began with the timed trials. The user was asked to
complete the task described above three times, once with each control scheme. The order of the
control schemes used for the three trials was the same as the order in which they were introduced.
The time required to complete each trial was recorded, beginning on a start command from the
proctor and ending when the electromagnet was switched off to drop the nut into the target cup.
The user was allowed to execute the re-centering protocol and ‘start over’ if desired, but the timer
did not stop until they completed the task (the same was true for all tests conducted for this
study). Notes were also taken on the user’s performance as a means of qualitative analysis.

After completing the final trial, the user was debriefed and given a short survey. The survey
asked them to rank the three control schemes based on intuitiveness. It also asked for the user’s
age as well as an indication of how much joystick experience they had, such as regularly playing
video games, as there is some evidence that this experience positively influences robot control
performance [31]. These questions served as a control for confounding variables introduced by
each user. Additionally, subjects were asked to provide general feedback on their experience with
the robot, which was taken into consideration when evaluating their results. A copy of the survey
questions can be found in Appendix A.
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2.2.2 Round Two

The second round of user testing entailed multiple trials of two different tasks to evaluate how user
performance improved over time. All three of the subjects involved in Round Two of testing had
already participated in Round One. The Compensative control scheme – determined by Round
One of user testing to be the most effective (discussed further in the following section) – was used
for all trials. Testing took place over a span of three days. On the first two days, both tasks
were completed three times each day for a total of six trials of each task. On the third day, each
user performed the first task an additional six times. The specifications of the two tasks – the
peg-in-hole task and the drawer task – are detailed below.

The peg-in-hole task was designed to test the user’s ability to fine-tune the position of the robot’s
end-effector. Two pegboards were used for this task, each with a 2x4 grid of 5/16” diameter holes.
They were placed symmetrically on the left and right sides of the robot (see Figure 5). The task
itself consisted of using the robot and attached electromagnet to move 1/4” metal bolts from one
hole to another. First, the user was required to move a bolt from one hole to a different hole on
the same board. Then, they moved a second bolt from a hole on the first board to a hole on the
second board. The starting and target holes were systematically varied for every trial to ensure
that each trial was different but had the same level of difficulty. Introducing variation in each trial
was important for ensuring that any measured improvements in task performance were the result
of increased proficiency in controlling the robot, rather than memorizing a systematic strategy for
accomplishing one invariant task.

(a) Photograph of setup. (b) Diagram of setup (not to scale).

Figure 5: Configuration used in Round Two of user testing for the Peg-in-hole task.

The drawer task was more challenging but more closely simulated an activity of daily living
(ADL) for which this type of robot could potentially be used. For this task, the user was asked to
open a drawer, remove a metal nut from inside, drop the nut into a cup on the opposite side of the
robot, pick up a second nut, place the second nut back in the drawer, and finally close the drawer.
A metal washer was affixed to the plastic drawer so it could be opened using the electromagnet
attached to the end of the robot.

There are four different configurations for the drawer task that maintain an equal level of
difficulty across trials (see Figure 6). Two of these configurations are situated off the back right
foot of the robot’s base, and the other two are arranged symmetrically off the back left foot of the
base. For the two different configurations on each side, the set of drawers faces either towards the
user or towards the center of the testing area.

3 Results
Table 1 shows the results from Round One of user testing. On average, users were able to complete
the given task most quickly using Compensative control, followed by Dual control and then Seg-
mented control. The standard deviations for these data are relatively large, as users demonstrated
a wide range of skill levels when using the robot. Data also showed that age and joystick experience
did not correlate with completion time.

Figure 7 shows a histogram of completion times for each control scheme. It can be seen that
users were able to complete the task in under 90 seconds using Compensative control in all but one
case, where a user took 240.6 seconds to complete the task. In contrast, a non-trivial number of
users required more than 90 seconds to complete the task for both Dual and Segmented control (4
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(a) Photograph of setup. (b) Diagram of setup (not to scale).

Figure 6: Configuration used in Round Two of user testing for the Drawer task. One of four
possible configurations for this task is shown.

Table 1: Results from Round One of User Testing for n = 14 users. The ‘Average Intuition
Ranking’ column represents an average of all of the intuition rankings provided for each control
scheme, where a ranking of ‘1’ indicated that it was the most intuitive of the 3 control schemes
and a ranking of ‘3’ indicated that it was the least intuitive.

Control Scheme Average
Completion
Time (s)

Standard
Deviation (s)

Average
Intuition
Ranking

Single-Joystick Compensative 63.0 54.6 1.86

Dual-Joystick 72.8 42.6 1.93

Single-Joystick Segmented 96.2 55.6 2.21

and 5 users, respectively). This histogram provides support for the claim that subjects were most
effective using Compensative control, despite large standard deviations in the data.

Examining the average intuition rankings from Table 1, it can be seen that users rated Com-
pensative control as most intuitive, followed by Dual control and then Segmented control. This
result further supports Compensative control as the superior of the three control schemes.

Based on observations made during the trials, as well as qualitative feedback from the users,
it is suspected that Compensative control imposes the lowest cognitive load of the three control
schemes, since its second mode automatically compensates for the arm’s mechanical coupling,
allowing the user to commit more mental energy to other nuances of the task. However, it should
be noted that the automation of a control process means that the user has less control over how
the robot moves. In this case, that tradeoff was beneficial; however, shifting too much control from
the user to the control system could potentially decrease the overall functionality of the system.
This statement leads to a fundamental question of whether this manipulator is better suited for
autonomous control or teleoperation; an attempt to determine an answer to this question does not
fall within the scope of this paper, but it is certainly worth examining in future research.

Table 2 shows the results from Round Two of user testing. It can be seen that for both the
peg-in-hole and the drawer tasks, all three users were able to complete the task more quickly,
on average, in the last session than the first session. In most cases, these improvements were
considerable, with some nearing fifty percent. This result indicates that users consistently are
able to substantially increase their proficiency using Bendy ARM with a relatively low amount of
practice (the total amount of time spent using the robot between the first and last sessions was
less than one hour per user). The significance of this test is that it demonstrates the potential
of a continuum manipulator to be effectively used in completing ADLs without requiring a large
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Figure 7: Histogram from Round One of user testing.

amount of training.

(a) Peg-in-hole task. The bolded vertical line marks
the end of the second session of testing (b) Drawer task.

Figure 8: Results from Round Two of user testing.

Figure 8 shows results from Round Two of user testing on a trial-by-trial basis. Note that
Figure 8a, depicts a significant drop in average completion time between the first six trials and the
last six trials. Additionally, there is much less trial-to-trial variation in the last six trials than the
first six trials. These trends may suggest that users spend a certain amount of time learning how
to complete a task before they achieve proficiency, at which point they are able to complete the
task relatively quickly on a consistent basis.

In contrast to the segmented improvement trend depicted in Figure 8a, a more steady downward
trend in completion time is seen in Figure 8b. We expect that this disparity is a result of the
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Table 2: Results from Round Two of user testing

(a) Peg-in-hole task. Each session consisted of three consecutive trials, with the exception of the third
session, which consisted of six consecutive trials. The percent improvement is from Session One to Session
Three.

User No. Average
Completion
Time (s) -
Session One

Average
Completion
Time (s) -
Session Two

Average
Completion
Time (s) -

Session Three

Percent
Improvement

1 115.18 121.79 58.84 48.91

2 121.79 112.57 66.02 42.96

3 170.65 149.66 120.40 29.45

(b) Drawer task. Each session consisted of three consecutive trials.

User No. Average
Completion
Time (s) -
Session One

Average
Completion
Time (s) -
Session Two

Percent
Improvement

1 235.14 168.18 28.47

2 234.57 214.89 8.39

3 435.57 288.30 33.81

dissimilarity of the two tasks. The peg-in-hole task (Figure 9a) was a relatively simple task,
involving a pick-and-place movement similar to the one used in Round One of user testing, in
which all of the subjects of Round Two had previously participated. Therefore, users were able to
achieve a basic level of familiarity with the task relatively quickly (after one trial), at which point
they required practice before they could learn to accomplish the task proficiently. In contrast, the
drawer task was a novel task which was relatively complicated, requiring users to manipulate the
arm into a specific shape in order to open the drawer (see Figure 9b). As a result, users gained a
considerable amount of insight on how to best complete the task with each trial, allowing them to
improve consistently. We suspect that, with additional trials, completion time would continue to
decrease before leveling out, similarly to what was observed with the peg-in-hole task. An expanded
study with a larger sample size would allow for a deeper investigation of these preliminary results.

3.1 Additional Applications
Several other user-based tests for Bendy ARM were proposed which provide insight into the type
of tasks that a simple continuum robot may be able to accomplish. The first of these tests was
designed to imitate the ADL of bathing, and involved using an eraser attached to the end of the
robot to clean a whiteboard. The motions involved in performing this task closely resemble the
motions required to scrub a part of the body, such as the back. The advantage of this task is that
it provides an objective performance measure (percentage of whiteboard erased). We tested this
task with the current prototype and found that it was exceedingly difficult due to the challenge
of maneuvering the end effector along the surface of a plane using the current control schemes.
A more sophisticated control scheme could potentially be developed to make this type of motion
more efficient and intuitive.

Another application that was considered was turning a light switch on and off. Several trials
revealed that turning off the lights was a trivial task while turning them back on proved to be very
difficult. This disparity in difficulty was largely due to the different arm configurations required
to perform each subtask, and shows that just because one aspect of a task is simple does not
guarantee that other aspects will be.

Another proposed application involved hanging a set of keys on a hook mounted to the wall
and then removing them from the hook. Even with the robot in its current development state,
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(a) (b)

Figure 9: (a) The simple configuration required for the peg-in-hole task and (b) the complex
configuration required for accomplishing the drawer task.

this task was fairly easy to accomplish.

3.2 Limitations and Future Research
Bendy ARM is a prototype, not a final product, and therefore exhibits a number of limitations that
need to be addressed. One of the robot’s major limitations is the material used for its backbone –
LDPE. While this material’s flexibility allowed for a large range of motion, repeated deformation
over time fatigued the material to the point that the arm tended to remain slightly bent in the
direction it was last extended after re-centering. Other, more suitable backbone materials may be
better suited for long-term use.

The mechanical coupling of the robot’s two segments is another issue which needs to be ad-
dressed. Although this issue was partially remedied through the Compensated control scheme, it
still had a somewhat detrimental effect upon the user’s ability to control the robot, and would
require a more robust solution before the robot could be fully effective. One possibility is to route
the four tendons that actuate the distal segment of the manipulator through Bowden cables such
that they bypass the routing disks of the proximal segment. Thus reducing the influence of these
tendons on the motion of the proximal segment.

Finally, the robot has a relatively small payload capacity (less than 0.5 kg). In practice, this
limits the tasks that can be performed by the device. However, tasks such as small object retrieval
or button pressing are within the devices capabilities. A video showing the device performing
some example manipulation tasks is available online. 1 Increasing the payload capacity may
be achievable through the use of non-hobbyist-grade materials, but limited payload capacity is a
general problem for continuum manipulators due to their non-rigid structures, and a solution to
this issue would have a large impact on increasing the capability of these types of robots. Relatedly,
fitting the manipulator with a capable gripper would improve performance. A variety of suitable
soft grippers which could be integrated with a continuum manipulator have been described in the
literature [23, 32–38].

Beyond the limitations of the robot itself, the user testing performed in this research should
also be expanded upon with a larger, more diverse user sample, particularly for Round Two testing.
The most obvious discrepancy with is that there were no end users (people with disabilities who
have loss of upper limb function) involved in the testing. To allow for these users to test the
robot, the control panel would need to be updated in order to accommodate their disabilities,
most likely on a case-by-case basis. Additionally, it would be useful to compare the performance
of the Bendy ARM with that of a commercially available rigid-link arm. If user testing could show
that a continuum arm can perform just as well or better than a traditional rigid-link arm, a strong
case would be made for their use as assistive robots.

1Video showing manipulation tasks, https://youtu.be/W6tjoNSmKyE
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4 Conclusion
Bendy ARM is a tendon-driven continuum manipulator which has the potential to be used as
an assistive robot, aiding people living with disabilities in the independent completion of ADLs.
Continuum manipulators may be better suited to assistive technology than other commercially
available robots such as MANUS Arm and JACO Arm due to their inherent safety and relatively
low cost. User testing has shown that Bendy ARM can be used to perform multiple tasks (pick-and-
place, peg-in-hole, opening and closing drawers) with minimal training. Additionally, this research
has yielded quantitative evidence suggesting that users demonstrate significant improvement in
using Bendy ARM in a relatively short amount of time. Future research involving continuum
manipulators should include user testing with subjects from the target population, as well as
statistical comparisons between these manipulators and commercially availably WMRMs, which
could be accomplished by having subjects perform the same task using each robot. The findings of
this research indicate that there is a strong possibility that continuum manipulators can be applied
successfully to the field of assistive technology in the future.
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A User Survey

Post-Test Survey 

 

What is your age? ______ 

 

Which control schemes did you find to be most intuitive (i.e. which was 

easiest to use)? Please rank the control schemes in order of intuitiveness, 

with 1 being the most intuitive and 3 being the least intuitive. 

 

 ______  Dual-Joystick Control 

 

 ______  Single-Joystick Segmented Control 

 

 ______  Single-Joystick Compensative Control 

 

How much experience do you have playing video games with a joystick-

based controller (Xbox, PlayStation, etc.)? Also note any other expertise 

you may have using joystick-based controls. Please indicate the number of 

years of experience as well as an average amount of time spent per week 

engaging in the activity. 

 

 

 

 

 

What did you like about using the robot? What did you dislike? What 

changes would you make? 
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