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Abstract—This paper describes the design and implementation
of the controls and power plant for a robotic arm for physical
human-robot interaction on a cyber-physical wheelchair system.
There are almost 50 million people in the US who have some
degree of disability, and more than 6.5 million of them experience
problems with self-care. The aim of this research is to develop a
system to control a modular cable-driven arm which will allow
locked-in individuals, who are unable to interact with the physical
world through movement and speech, to perform activities of
daily living (ADL). We present the design of a compact power
plant for the 5DOF arm. Modeling and control is implemented
through the use of MATLAB and Robot Operating System.

Index Terms—Human-in-the-Loop, Cyber Physical Systems,
Physical Human Robot Interaction

I. INTRODUCTION

Cyber-physical systems research is finding applications in
a wide spectrum of domains ranging from healthcare to trans-
portation to energy. Reliability, safety, security and usability
remain to be highest priorities in the design and imple-
mentation of CPS in which computation and communication
components are tightly integrated with the dynamics of the
physical components. As the CPS community continues to
develop the foundations of this very challenging field, it is
becoming apparent that another key component in many cyber-
physical systems is the human factor [1]. For example, a recent
NIST workshop report [2] identifies networked, cooperating,
human-interactive CPS as a foundational research direction. As
a result, human-in-the-loop cyber-physical systems (HiLCPS)
emerge as a new multidisciplinary research frontier [3].

A. Human-in-the-Loop Cyber Physical Systems

Figure 1 introduces an example HiLCPS where human
cognitive activity is measured through body and brain sensors;
the intent is inferred through analysis on an embedded system;
then human intent is translated into high-level robot control
commands; robot performs the task under uncertain aim in the
physical environment, where the effects are then observed by
the human as an input for new decisions – closing the loop.
Examples of HiLCPS, range from Brain Computer Interface
(BCI) controlled robots (e.g. wheelchair) [4], to transportation
systems.

This paper presents a the design of a wheelchair-mountable
modular robotic arm for physical human-robot interaction
within the framework of a BCI-enabled HiLCPS for persons
who are functionally locked-in due to a variety of neurological
or physical conditions. Locked-in syndrome is a rare but
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Fig. 1. A human-in-the-loop cyber-physical system.

devastating condition in which an individual has full cognitive
abilities but all voluntary muscles of the body are paralyzed.
As a result, the individual is incapable of interacting with
the physical world through movement and speech, making
independent activities of daily living difficult. As of now, there
is no commercially available product that could provide these
individuals with control over their mobility and manipulation
of surrounding objects.

In the past two decades, robotics has found applications
as an assistive technology in areas ranging from autism to
eldercare to stroke rehabilitation [5], [6]. Most of the initial
effort has been on developing robotic technologies for intelli-
gent wheelchairs, assistive robotic arm, intelligent prosthetics
and robot assisted therapy [7], [8] . With the decreasing cost of
robot components (such as sensors and actuators) and advances
in artificial intelligence, the field in terms of the technology
is quite mature. However, there is still a tremendous need to
take the systems developed in the research labs and turn them
into practical applications on the field [5].

One essential application area is the development of intel-
ligent wheelchairs and safe robotic arms to assist physically
locked-in persons [9], [10], [11], [12], [13]. The current state-
of-the-art in the field demonstrates wheelchair-arm systems
capable of obstacle avoidance, simultaneous localization and
mapping, path planning and motion control with a shared
autonomy framework. Among the important research questions
for implementing a shared control of an intelligent system are:
“Who takes the control of the system, human or machine, and
when?”, “Under what circumstances, a decision is overridden
by the humanor by the machine?”, and “How does the human-
in-the-loop CPS decide on the level of autonomy in an adaptive
way?”. Early efforts in the development of smart wheelchairs
tackle the issue by providing the user with an external switch



or button to trigger a change in the mode of operation [9],
[13]. Another approach is to implement the mode change
automatically where the shared control switches from human
control to machine control and vice versa [14], [15].

Robotic manipulators are being developed to assist locked-
in individuals, and others who need assistance, in performing
daily tasks. One example is the Jaco Arm from Kinova. The
Jaco Arm is a 7-DOF manipulator designed to be installed
on wheelchairs to help users with daily manipulation tasks.
While the arm is well suited for this purpose, its cost can be
prohibitive for users. Due to its high cost, many medical assis-
tance programs will not cover the cost of a Jaco Arm. Thus,
there is a need for an inexpensive, safe, and robust robotic
manipulator that is capable of performing daily manipulation
tasks.

II. SYSTEM DESIGN

A. Specifications

The goal of this project was to develop a cost-effective
yet capable, modular robotic arm for use in a human-in-the-
loop cyber physical system. The arm can be mounted on a
semi-autonomous wheelchair and is capable of assisting the
user in activities of daily living. To eliminate development
costs, commercially available robotic manipulators can be
used. The igus robolink (Figure 2) is a cable-driven robotic
arm consisting of modular joints connected via aluminum
tubes. Because each joint is driven by a motor from outside
the arm, many identical joints can be used in series. This
reduces the cost of the arm because the number of unique parts
and joints is reduced. A 5-DOF arm design can potentially
meet the workspace and manipulability requirements as the
two additional degrees of freedom provided by the wheelchair
platform allow the arm to perform higher degree of freedom
tasks.

Several specifications for the system were developed:
• The link lengths of the arm will closely resemble the link

lengths of a human arm.
• The system should be able to be mounted on any electric

wheelchair.
• The arm must be able to reach the floor when mounted

on a wheelchair.
• The system must be capable of lifting a 1 kilogram

payload.
• The arm joints must be capable of moving at 1 radian per

second.
• Maintenance during the lifetime of the arm must be

minimized.
• The system must cost less than $5000

B. Wheelchair

A semi-autonomous wheelchair is developed in conjunction
with the arm. Wheelchair Add-on Modules (WAMs) [16] are
developed as platform-independent sensor banks that can be
mounted on any powered wheelchair. These modules facilitate
development and application of semi-autonomous functional-
ities such as wall-following and door-crossing. By using the

Fig. 2. An igus robolink arm.

WAMs, a team of three developers can convert similar powered
wheelchairs into a semi-autonomous mobility platform in less
than ninety minutes. Figure 3 shows a wheelchair outfitted with
the WAMs [16].

Fig. 3. The cyber physical systems wheelchair.

C. Arm

The manipulator arm selected for the CPS wheelchair is
a commercially available manipulator from Igus, Inc. called
the robolink (Figure 2). The robolink is a cable driven serial
manipulator with five degrees of freedom. The joints are driven
via cables that are routed through the arm allowing the motors
to be housed within the wheelchair. Removing the motors from
the arm reduces weight and increases user safety.

The robolink configuration presented here consists of five
revolute joints. The base joint (joint0) is a swivel joint and
rotates about its z-axis which is oriented along the first link
of the arm. The next joint is a compound joint combining a
rotation about a z-axis perpendicular to the first link of the arm
(joint1), a rotating joint, and a rotation about a z-axis along
the second link of the arm (joint2). The final joint is similar
to the previous joint and contains joint3 and joint4. Table I
shows the DH-table of the configuration of the arm as chosen
for its implementation on the CPS wheelchair.



TABLE I
TABLE II-B: THE DENAVIT HARTENBERG TABLE FOR THE ARM.

i αi−1 ai−1 di θi
1 0 0 0 π

2
+ q0

2 0 −π
2

l1 0
3 0 π

2
0 q1

4 0 −π
2

l2 q2
5 0 π

2
0 q3

6 0 0 l3 q4

Each joint contains a magnetic incremental encoder and a
hall effect sensor. The encoders have a resolution of 0.073
degrees per tick for swivel joints and 0.078 degrees per tick
for rotating joints. The hall effect sensor is used to home the
joints to their zero position. Cables for the encoder and hall
effect sensor are routed through each joint, out the base of the
arm, and terminate in standard DB-15 connectors.

D. Drive Module

A custom drive module was developed to drive the joints
of the arm. The drive module houses the five motors for the
arm, six motor controllers, and all of the conectors needed to
communicate with the computer and arm.

Fig. 4. The drive module for the WPI Robolink

The activity of daily living (ADL) that the arm will most
commonly perform is the mainpulation of common household
objects. Through this use case, the arm must be capable of
lifting a 1kg weight as well as moving each joint at 1 radian per
second. In order to accomplish these requirements, Maxon EC-
45 Flat 50 Watt motors were selected. Each motor is capable of
producing 82.7mNm of torque and has a maximum rotational
speed of 3000rpm. Each motor is attached to a planetary
gearbox with a 318:1 reduction resulting in a maximum output
torque of 6Nm and a maximum speed of 1 radians per second.
The maximum torque is limited by the torque that the planetary
gearbox is cabaple of transmitting. Attached to the motors are
512cpr quadrature encoders resulting in a resolution of .002
degrees per tick after the planetary gearbox.

To control the motors, EPOS2 36/2 controllers were se-
lected. The controllers were chosen for their small form factor
and modularity. Each EPOS2 36/2 consists of the controller
and a motherboard that breaks controller IO out to standard
connectors. The motherboard design allows for both power
and communication to be chained from controller to controller,

reducing the number of cables in the drive module, increasing
ease of assembly, and increasing modularity. Analog and
digital IO are supported on the controller, and can be used
in the future to further increase the drive module’s capability.
The controller motherboards have an auxiliary port that can be
used, through the addition of breakout boards, for an additional
encoder, communication, or additional IO. Encoder breakout
boards were selected to take advantage of the encoders in the
joints of the robolink. The controllers support absolute and
relative position control as well as velocity control.

The drive module was designed to be as reconfigurable
as possible. The module’s dual plate design allows it to be
mounted to the wheelchair in almost any direction. A two
inch square hole pattern was machined into the module’s
plates to allow for easy mounting of additional devices or
sensors. The module’s top plate is removable with four screws,
increasing ease of repair and replacement of components. The
arm mount fits into a slot in each plate, allowing the arm to be
removed from the module without the removal of additional
hardware. Each motor is face mounted to a bracket that can
be easily bolted into the drive module using two screws.
Similarly, the motor controllers plug into motherboards that
are fixed to the drive module using standoffs and screws.
The motor controllers implement the CAN communication
protocol, allowing the controllers to be daisy-chained. Adding
and removing controllers does not change the number of
communication ports needed on the drive module, increasing
modularity and reconfigurability.

E. Software Design
Control software for the arm was developed using ROS and

written in Python and C++. Figure 5 shows a basic diagram
of the software architecture.

Fig. 5. A diagram of the control software for the arm.

Four ROS nodes were created to control the arm. The two
highest level nodes are XboxControl and PoseControl.



XboxControl subscribes to a joy topic and controls the
velocity of each joint directly based on the values for each
controller axis. Each controller axis is represented as a value
scaled from -1 to 1. Each controller axis value is multiplied by
the maximum motor velocity, scaling it linearly. Motor veloci-
ties are assembled and published via the RobolinkControl
message. In order to increase user safety, a ”dead man” switch
was implemented that requires the user to hold a button down
while controlling the arm.

The RobolinkControl message is a custom ROS mes-
sage used to dictate the mode in which the robolink is
controlled. The message consists of eight fields. The first field,
control_mode defines which desired method of control is tu
be used. control_mode can be one of five different modes:
joint velocity control allows direct control of each joint’s
velocity in RPM, joint absolute position control allows direct
control of each joint’s absolute position in encoder ticks, joint
relative position allow direct control of each joint’s relative
position, pose control allows control of the gripper’s cartesian
position, and twist control allows control of the gripper’s
cartesian velocity. The next five fields are used to define joint
setpoints for direct control. The seventh and eighth fields are
standard pose and twist messages respectively.

PoseControl is used to execute cartesian position and
velocity control of the end effector. PoseControl publishes
a pose in the arm’s gripper frame to the RobolinkControl
topic. Publishing a pose in the gripper frame increases the
modularity of the code by allowing higher level controllers to
dictate the pose of the gripper without needing to calculate the
transfomations between the gripper and the controller’s base
frame.

The RobolinkDriver node is responsible for all for-
ward and inverse kinematics of the arm. The node subscribes
to the RobolinkControl topic and controls the arm in
the mode defined in the message. Directly controlling the
arm joints is accomplished by building and publishing a
GroupEPOSControl message with the specified setpoints.
Cartesian control of the gripper is accomplished via a PID
controller. Figure 6 shows the flow of the pose controller. The
desired pose is transformed to the frame of the arm base and
cartesian tip error is calculated. Tip error is then passed to the
PID controller and the resulting tip velocities are translated
into joint velocities via the pseudo inverse of the jacobian.
Because of the limited joint angles and degrees of freedom
of the robolink, orientation is ignored in the pose controller.
This is accomplished by only using the top half of the jacobian
during translation.

In order to keep the jacobian as up to date as pos-
sible. The Robolink Driver node subscribes to the
Group_Motor_Info topic. Every time a message is re-
cieved on this topic, joint angles are updated, transforma-
tions are recalculated, and the jacobian is updated. The
RobolinkDriver node also publishes a RobolinkInfo
message containing the current pose of the arm, current joint
positions, and current joint velocities.

At the lowest level, EPOSManager initializes and

Fig. 6. Flow of pose control for the robolink.

communicates with the individual EPOS controllers. The
GroupEPOSControl message is used to control the
motors. The GroupEPOSControl message is a list of
EPOSControl messages, each of which contain the CAN
node of the motor to be controlled, the control mode for
the motor, and the motor’s setpoint. EPOSManager also
collects the reported information from each controller (motor
position, motor velocity, motor current, and any status codes),
creates a list of MotorInfo messages and publishes it to the
GroupMotorInfo topic.

The Linux library for the EPOS controllers does not
support a watchdog timer. To remedy this, a higher level
watchdog timer was implemented that stops all joint motion
if a RobolinkControl message is not received for three
seconds. A low level monitor was implemented to prevent
damage to the robolink in the event of a command causing the
joint to travel beyond its limits. If a joint is at its minimum
or maximum value, the monitor will set joint velocities in that
direction to zero regardless of the control signal received.

III. RESULTS

The final system can be seen in Figure 7. The drive module
is fits within a 12in x 12in x 4in box and houses all motors,
controllers, and connectors for the robolink. A final end-
effector was not chosen for the robolink as future work will
be done regarding passive end-effectors.

Figures 8 and 9 show plots of joint angles and velocities
as pose control is used to move the end effector in a .2 meter
long straight line. Open loop control was implemented using
forward kinematics to estimate gripper position and the inverse
jacobian to generate tip velocities toward a goal position. The
arm’s initial configuration was folded and the straight line it
followed caused the arm to straighten out. This is reflected
in Figure 8 as joints 1 and 3 can be seen trending toward
zero and the arm’s zero state is fully straight. As the arm
straightened, joint velocities needed to increase because the
vector produced by joint movement was getting smaller. This
is reflected in Figure 9. Small inconsistencies can be seen in
the joint velocities as the continuously updated jacobian adjusts
to follow the trajectory.



Fig. 7. The WPI Robolink system.

Fig. 8. Joint Angles as tip follows a .2 meter long straight line.

IV. CONCLUSION

There is a need for inexpensive semi-autonomous systems
to assist those who cannot perform activities of daily living.
An modular robotic arm was developed for use with a human-
in-the-loop cyber physical system. Choosing a commercially
available cable driven arm reduced costs and allowed for
the development of a modular drive module. The module

Fig. 9. Joint Velocities as tip follows a .2 meter long straight line.

is controlled by an external computer and utilizes the ROS
framework. Control of the arm can be accomplished by both
direct control of the joints and by cartesian pose control of
the end effector. Cartesian control is capable of following a
trajectory using open loop control.
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