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Abstract— Current robotic systems are unable to achieve
safe operation and mapping in confined spaces using intrinsic
sensory data only. Recent advancement in sensory technologies
in terms of miniaturization and affordability has allowed the
creation of a new multi-modal sensory robot skin that can
potentially achieve mapping and allow safe operation. Such
robot skins may also benefit users in cases of telemanipulation,
which is often hindered by limited situational awareness. In
this paper, we focus on identifying the potential benefits of
such robots within the context of collaborative manufacturing
in confined spaces and present an experimental testing of a 4
degree-of-freedom test platform with multiple sensing disks. We
demonstrate the use of the sensing skin for bracing against the
environment and for avoiding collision with a human and/or
the environment using proximity sensing. We also show physical
human-robot interaction using Hall-effect contact sensors. We
believe such robots with intrinsic distributed sensing along
their entire length can enable a variety of applications in
manufacturing and search and rescue domains.

Index Terms— Robot perception, Collaborative robots, Con-
tinuum robots, Bracing, Mapping.

I. INTRODUCTION

Many industrial tasks, such as aircraft maintenance and
repair, require workers to exert sustained forces in un-
ergonomic, confined postures. This type of activity can
undermine the long term health of industrial workers, putting
them at risk of developing conditions such as work re-
lated musculoskeletal disorders (WMSD) [1]. WMSDs are a
widespread problem affecting the quality of life of industrial
workers. In 2013, WMSD accounted for 33% of all injury
and illness cases reported to the U.S. Bureau of Labor
Statistics [2].

Automation can alleviate worker effort for simple tasks,
but many cases are too complex to be completely automated.
This has motivated a push to develop collaborative robots
which are capable of exerting the necessary forces to com-
plete a task while being guided by a human operator [3–5].
In scenarios where the task requires entry into a confined
space, the alternative of using telemanipulated robots (ex-
situ collaboration) seems attractive, but limitations of user
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Fig. 1: ISCR concept drawing: 1 revolute joints 2 rigid links
3 sensor disk 4 continuum segment

situational awareness due to sensory masking render this
option possible only for structured environments where exact
knowledge of the constrained workspace is available to the
high-level controller.

To address these limitations, our ongoing research efforts
focus on two aspects: 1) the creation of in-situ collaborative
robots (ISCRs) to allow operators to guide these robots via
physical interaction in confined spaces, 2) the exploration
of intelligent robots with sensory awareness for ex-situ
collaboration within semi structured environments. ISCRs
will have to co-exist safely with a human operator in a
confined space, therefore, the need for safety at the levels
of sensing and actuation must be addressed. Such robots
should be designed with minimal actuation torques needed
to achieve the tasks to ensure passive safety measures (i.e.
reduced risk to the operator even in the case of catastrophic
control failure). Their sensing should allow them to predict
collisions with unknown objects and humans and should
ideally help the high-level controller use mapping capabilities
for safeguarding against collision and to adjust pre-planned
operations to match the actual geometry of the unstructured
environment.

ISCRs designed to operate in deep confined spaces (e.g.
airplane wings) have two conflicting demands: the long
reach requires very strong actuators, which are contrary to
user safety requirements. This conflict may be resolved in
two ways: design of robots with intrinsic static-balancing
capabilities [6] and/or endowing these robots with kinematic
redundancy, sensing and control algorithms to allow bracing
against the environment [7].

Using these task specifications, we are designing a new
generation of ISCRs that can achieve safe bracing, mapping
and physical human robot interaction. Figure 1 shows a
concept of an ISCR with a statically-balanced articulated
base robot and a combination of revolute joints and con-
tinuum segments. We chose the continuum robots [8] at the
distal end of the robot since they are suited for navigating
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Fig. 2: (a) 4-DOF Robot: 1 HEBI Robotics™ X8-16 actu-
ator, 2 HEBI Robotics™ X5-9 actuator, and 3 sensor disk
units. (b) Exploded view of a sensing disk unit: 4 sensor
mounting half-disk, 5 QWIIC I2C connectors, 6 Hall-effect
sensors, 7 silicone sleeve with embedded magnets, 8 core
mounting disk, 9 multiplexer, 10 custom PCB, and 11 time-
of-flight sensors.

confined spaces and their inherent compliance and low mass
can further improve passive safety for physical human-robot
interaction (pHRI).

To guarantee the safety of the operator, a host of technical
challenges need to be addressed. One such challenge is
providing additional sensing modalities to allow the robot
to better anticipate and detect contact with the environment
and with its operator. Most literature on contact detection
with continuum robots focuses on applied wrench estimation
using either measured loads on the actuation lines [9],
measuring the deflection from an equilibrium position [10],
using fiber Bragg gratings [11], or via kinematics based
methods [12].

In [13], we proposed a sensor array for use in a contin-
uum robot, where multiple sensing modalities are embedded
within the spacer disks of the continuum robot. These sensor
disks are being developed for eventual use in the continuum
ISCR shown in Fig. 1. In addition to allowing for contact de-
tection and localization, these sensor disks are equipped with
time-of-flight (ToF) sensors to sense surrounding objects,
anticipate contact with the robot, and map its environment.

In this paper, we discuss preliminary exploration of use
of this sensor disk for pHRI. We describe a four degree-of-
freedom robot with series-elastic joints and three sensor disks
as shown in Fig. 2. We then give a description of the design
of the sensor disk and provide four experimental proof-of-
concept demonstrations of the potential use of the sensor
disk for physical human-robot interaction.

II. HARDWARE DESIGN AND FABRICATION

A. Robot Architecture

The experimental platform used in this paper is illustrated
in Fig. 2. A 4 DOF serial robot was fabricated using four
series elastic actuators as joints. The first and fourth joints
were constructed using HEBI Robotics™ X5-9 actuators, and
the other two joints used HEBI Robotics™ X8-16 actua-
tors. The links of the robot include two aluminum hollow
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Fig. 3: Section view of the Hall-effect sensing components:
a skin-like silicone rubber layer 1 with embedded magnets
2 is casted directly onto a half disk of the SDU 3 , on which
a Hall-effect sensor 4 is mounted.
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Fig. 4: 1 Mold components assembled onto 3D-printed half-
disk, 2 custom fixture used to suspend the magnets at
desired height and radial position, 3 mold with extrusions to
maintain 9 mm ×7 mm windows for time-of-flight sensors,
4 half-disk on which the sensors are mounted, 5 side covers
to clamp and seal the mold-disk assembly, 6 cylindrical
magnet, and 7 prototype of silicone sleeve casted directly
onto a 3D-printed SDU half disk.

tubes (length 12 in., diameter 1.25 in.) and two connecting
brackets. Three sensing disk units (SDUs) are mounted on
the distal link, with communication wiring passed through
the tubes to the base of the robot. Although we show an
embodiment with three disks, we note that in the experiments
below, we used only the sensory information from a single
distal sensing disk. The HEBI actuators are controlled using
the HEBI MATLAB™ API, and the robot was powered with
24V.

B. Sensor Array Design

The SDU includes two main sensing modalities: a) time-
of-flight sensing for mapping and proximity sensing, and b)
Hall-effect sensing for contact detection and localization. An
exploded view of a SDU is shown in Fig. 2b. Each disk
consists of 8 time-of-flight sensors (VL6180X - ST Micro-
electronics) and 8 triaxis hall effect sensors (MLX90393,
Melexis), mounted on the circumference of two 3D printed
half-disks which have 9 mm × 7 mm windows to allow for



Fig. 5: The robot is shown (a) approaching the surface using its time-of-flight sensors, (b) making contact with surface, and
(c) rolling along the surface.

ToF sensing. I2C communication is used for data acquisition
from all the sensors on all three disks. Multiplexers (two per
disk) are used to by-pass the challenge of non-unique I2C
sensor addresses. Custom PCBs were designed to streamline
the wiring within and between each sensor disk.

For the purpose of the proposed experiment, we aim
to detect objects in close proximity to the robot, thus the
VL6180X ToF sensors (range 0 − 100 mm) were selected.
Previous characterization experiments in [13] showed that
the detection cone of these sensors ranges from ±11.9◦ for
glossy surfaces and ±16.5◦ for matte surfaces.

Hall-effect sensing is implemented in each SDU for the
purpose of contact detection and localization. As shown in
Fig. 3, a 5 mm skin-like silicone rubber layer with embedded
magnets was casted directly onto each half disk of the SDU.
The embedded magnets were positioned to ensure radial
alignment with the Hall-effect sensors. At rest, each magnet
is 5 mm away from its corresponding hall effect sensor.
When the sensor disk is subjected to an external load, the
silicone deflects, resulting in motion of the magnets relative
to the Hall-effect sensor. This motion is perceived as a
change in the magnetic field detected by these sensors [14].

In addition to housing the magnets, the silicone also
serves as a protection layer against harsh contact against the
environment and humans. Thus, a shore 2A silicone elas-
tomer (Dragon Skin Fx Pro, Reynolds Advanced Materials)
was selected because it is soft enough to enable detectable
displacement of the embedded magnets, yet hard enough to
withstand contacts with the environment. Fig. 4 shows the
mold used to cast the silicone skin directly onto the disk, and
with embedded magnets. Silicone glue (Sil Poxy, Reynolds
Advanced Materials) was used to reinforce the adhesion
between the 3D printed disks and the silicone layer.

III. EXPERIMENTAL RESULTS

In [13] we demonstrated feasibility of contact detection
using the Hall-effect sensors and we showed the feasibility
of actively mapping the environment using ToF sensors. In
this experiment, we explored the feasibility of bracing using
ToF sensors alone. If successful, this demonstrates that our
design has fail-safe capabilities in case either one of the Hall-
effect or ToF sensors fails. Since, in our previous work, we
demonstrated mapping of the environment, we assumed some
a-priori knowledge of the environment surface normal when
defining the task of bracing.

We carried out four proof-of-concept demonstrations of
the potential benefits of this manipulator architecture. The

Fig. 6: Torques on the revolute actuators under a bracing
point contact, which shows a reduction in the required
torques for this trajectory.

first shows a simple bracing experiment, which reduces
the required actuator torques and can allow for collecting
geometric data about the bracing surface. The second shows
the robot avoiding contact with a human and the environment
using its ToF sensors. The third demonstration shows a
combination of the last two tasks of bracing while rolling
on a surface and evading a user’s hand. Finally, we show
simple physical interaction with the robot using the Hall-
effect sensors.

A. Bracing Using ToF Sensors

In our first demonstration, the robot is mounted on a table
and started at a predefined configuration roughly 200 mm
above the table. The robot was then commanded to move
downward with an end-effector speed as follows:

‖v‖ =
{

de

dmax
(vmax − vmin) + vmin de < dmax

vmax de ≥ dmax
(1)

where ‖v‖ is the norm of the velocity vector, de is the
estimated distance to the surface, and dmax is the maximum
distance that the sensor can detect. The distance de was
determined using a moving average filter on the two ToF
sensors that were oriented most normal to the table surface.
Equation 1 reduces the velocity as the robot approaches the
surface, allowing for a more precise bracing contact. We
assumed contact was made with the surface once the moving
average first returned a value below a minimal threshold of
1.5 mm. Once contact was detected in this way, we rolled
the sensing disk back and forth along a circular arc on the
surface of the table while recording the joint torque values.

We repeated this experiment, except the circular rolling
motion was initiated when the estimated distance was 20
mm, causing the robot to roll in free space without bracing.



Fig. 7: The robot is shown (a) approaching the surface using its ToF sensors (and subsequently establishing a bracing
contact), (b) rolling along the surface to avoid contact with a human, and (c) reversing direction of roll to avoid collision.

Fig. 8: Video snapshot of the robot using its time-of-
flight sensors to avoid contact with both a human and the
environment.

Figure 6 shows the joint torques when the robot was bracing.
We note that just before Sample 500, the torques are signifi-
cantly reduced due to the bracing contact. In free space, the
joint torques stay roughly constant throughout the motion.
Joint torques for this specific experiment were reduced by
approximately 45% for Joint 2 (from 11 Nm to 6 Nm) and
by approximately 70% for Joint 3 (from 1.6 Nm to 0.47
Nm). Joints 2 and 4 are roll joints that do not experience
significant gravity loading in the direction of torque. We note
that the compliance of the series elastic actuators allowed the
manipulator to utilize bracing without us putting effort into
calibrating the robot or environment model.

B. Interaction using Time-of-Flight Sensors
We also implemented a simple demonstration of how the

manipulator might use the ToF sensors to avoid contact
with the environment and/or a human worker. The measured
ranges from the ToF sensors di were used to generate a set
of velocity commands pointing towards the center of the disk
and having a magnitude that increases with proximity to
the center of the disk. These vectors are combined into a
resultant end-effector velocity defined as the following:

ve = α

8∑
i=1

(
1+sgn(dmax−di)

2

)
︸ ︷︷ ︸

ai

(di − dmax)
0Rsi

si n̂ (2)

where α is a scalar gain to scale the resulting velocity vector,
0Rsi is the rotation from ith sensor frame to the world (frame
{0}), sgn(·) is the sign function and si n̂ is the outward-
pointing radial vector normal to the ith range sensor. The
scalar ai is 0 if di > dmax and 1 otherwise.

The end-effector velocity vector ve becomes the robot’s
task, and the joint velocities are given by:

q̇ = J+ve (3)

where J+ is the minimum-norm pseudo-inverse of the
robot’s translational Jacobian and q̇ are the joint velocities.

We note that this particular implementation considered only
a scenario of interacting with disks along the last link of the
robot. Also, note that joint four did not affect the position of
the end-effector and thus a normal inverse could have been
used as well in this scenario.

Snapshots of a video showing a human interacting with
the robot are provided in Fig. 5. The robot is moved in
all directions using the ToF sensors, and at the end, the
human guides the robot down towards the table, at which
point the robot keeps an equal distance between the table
and the human’s hand.

C. Combined Interaction and Bracing using ToF Sensors

We also demonstrated combined bracing and collision
avoidance using the ToF sensors. Video snapshots of this
experiment are shown in Fig. 7. The robot starts in free
space approximately 20 cm above the table, then establishes
a bracing point using the same strategy described in Section
III-A. Then, we use a scheme similar to what is described
in Section III-B, except ve is projected along a direction
tangent to the circle on which the disks travels and in the
plane of the assumed table surface. Rotation of the disk
is coordinated with the velocity to avoid violating the no-
slip rolling kinematic constraint between the disk and the
table surface. We also ignore data from ToF sensors that
point directly towards the table. Ignoring the data from these
sensors helped to prevent unintended motion of the disk
when no human contact was being detected, since in this
simple interaction scheme, ToF sensors pointing directly at
the surface can cause small motions to be induced due to
different ToF sensor range values/sensor noise. As shown in
Fig. 7, the robot is able to roll along the table surface while
avoiding contact with a human.

D. Physical Interaction using Hall-effect Sensors

We also demonstrated simple physical interaction with
the robot using the eight Hall-effect sensors on the distal
sensor disk. In this demonstration, the time-of-flight sensors
were not used, but as in Section III-B, the Hall-effect sensor
data was used to generate a set of vectors pointing towards
the center of the disk and having a magnitude directly
proportional to the measured change in the magnetic field.
These vectors were combined into a resultant end-effector
velocity defined as:

ve = −β
8∑

i=1

|bi − bavg,i| 0Rsi
si n̂ (4)



Fig. 9: Video snapshot of the robot using its Hall-effect
sensors to respond to physical interaction from a user.

where β is a user-defined scalar gain, and for the ith Hall-
effect sensor, bi is the current sensor measurement and bavg,i
is a 200-sample moving average of the sensor measurements.
The moving average allows for changes in magnetic field
to be detected without offline calibration. Similar to above,
0Rsi is the rotation from the ith sensor frame to the world
frame, and si n̂ is the outward-pointing radial vector normal
to the ith Hall-effect sensor.

The multimedia extension shows a user physically moving
the robot in free space using several of the Hall-effect
sensors. A snapshot of this video is shown in Fig. 9.

IV. CURRENT LIMITATIONS

One limitation of our current system is limited speed of
communication for the I2C sensors. In all of the experiments
presented, we have used only a single disk and are collecting
data from the microcontroller via UDP communication to a
MATLAB host. With this setup, we have been successfully
acquiring time-of-flight proximity data at approximately 30
Hz, and Hall-effect sensor data at approximately 36 Hz. Ini-
tial tests with all three disks on a single I2C bus have shown
communication speeds dropping to roughly 18 Hz. We are
currently investigating ways to improve the communication
speed.

Another limitation is cross-talk between different time-
of-flight sensors. In preliminary mapping experiments using
all three sensing disks, we have observed an increase in
noise due to interference between the sensors that seems to
significantly degrade the accuracy of the mapping. Future
work will investigate ways to mitigate these effects.

V. CONCLUSION

In this paper, we have presented an experimental platform
for evaluating a multi-modal sensing disk unit that has
potential applications in human-robot interaction for confined
spaces. Experimental results showed the use of the disk for
bracing against the environment and for collision avoidance
using sensory data from the skin. Future work includes
further integration of the sensing disk into a highly-redundant
continuum manipulator and investigating redundancy resolu-
tion techniques that leverage these sensing modalities.

VI. MULTIMEDIA EXTENSION

A video showing the experimental results of this paper can
be viewed here: https://youtu.be/5X9QuTiORJk
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