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Abstract— Conventional robotic rehabilitation devices for
upper extremity are bulky, heavy or lack the ability to provide
joint level rehabilitation. Some designs address these issues by
replacing rigid links of the exoskeletons with light weight cables.
However these designs are controlled in position mode instead of
force control which is desirable for rehabilitation. In this paper,
a 5 degree-of-freedom cable-driven upper arm exoskeleton, with
control of force, is proposed. In this design, attachment points
of cables on the arm are adjustable. The attachment points are
optimized to achieve large workspace to perform activities of
daily living. Simulation results of force field control for training
and rehabilitation of the arm are presented. Experiments have
been performed on a dummy robotic arm in the upper arm
exoskeleton.

I. INTRODUCTION

Studies have shown that highly repetitive task-oriented
movement training [1] positively affects the recovery of
neuromuscular functions of the arm and in the activities of
daily living(ADLs) [2]. Robotic rehabilitation has become
increasingly popular due to its cost effectiveness and capa-
bility of controlled training.

Current robotic rehabilitation devices for the upper ex-
tremity can be classified into end-effector interacting devices
and exoskeletal devices. Devices of the first category include
MIT-Manus [3] and MIME [4]. These add small mass and
inertia to the patient’s limb during motion. However, these
devices lack joint level rehabilitation capability as the inter-
action with human is at the end-effector. On the other hand,
the exoskeletal devices, such as Armin [5], MGA [6] and
MAHI [7], have rigid links attached to the human arm and
motors at exoskeletal joints. This makes joint level control
possible, however, introduces large mass to the human arm.
This changes the dynamics of human arm which results
in changes in motion. Some designs, such as [8-9], have
attempted to reduce the mass and inertia by placing the
motors away from the joints using cables and pulleys to
actuate the joints. However, rigid links are used in these
designs but these only partially reduce the mass. Also, the
requirement for the exoskeletons to precisely align the joints
with human joints brings in additional complexity.

Yang et al. designed a 7 degree-of-freedom (DOF) cable-
driven exoskeleton wearable by the human arm [10]. Instead
of using rigid links, this design adopted several light-weight
cuffs attached to the human arm. Cables attached to these
cuffs are used to actuate the exoskeleton. Such a design
provides control of the full arm, has low mass, and does
not require careful joint alignment due to the absence of
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Fig. 1. A user performs training task with the exoskeleton. Force field is
provided to assist the user.

rigid links. A 4-DOF cable-driven upper arm exoskeleton
was developed at University of Delaware [13-14]. The goal
of the design was to control the tensions with the cable
system, which is necessary for rehabilitation [13]. However,
the design was limited to position control due to the motor
amplifier.

This paper presents a 5-DOF cable-driven upper arm
exoskeleton, developed in the Mechanical System Laboratory
at University of Delaware. This design differs from existing
designs in that it aims to achieve force control. The motors
run in torque mode and a load cell is connected in series with
each cable to measure and control the cable tension. Force
field control, which has been shown successful [14], was
implemented on the exoskeleton. Fig. 1 shows a sketch of a
user performing a training task with the exoskeleton. A force
field is provided to assist the user performing ADLs. Detailed
exoskeleton design, electronics, workspace optimization, the
force field control architecture and simulation results are pre-
sented. Experiments were carried with five healthy subjects.
Results show that the force field controller is able to keep
the subjects closer to the nominal path.

II. SYSTEM DESIGN AND MODEL
A. Exoskeleton Design

The sketch of the cable-driven upper arm exoskeleton and
the coordinate frames are shown in Fig. 2. The exoskeleton
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Fig. 2. Left: CAD model of the upper arm exoskeleton and coordinate
frames. Right: Photograph of the exoskeleton prototype.

has the ability to control 5 degrees-of-freedom, three at the
shoulder, one DOF elbow flexion and extension, and one
DOF forearm pronation and supination. The DH Parameters
of the exoskeleton are shown in Table I. Please note that link
1 has a fictitious joint which rotates the base frame to align
it in a convenient direction.

TABLE I
DH PARAMETERS FOR ARM EXOSKELETON
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The exoskeleton consists of three cuffs - the shoulder cuff,
the upper arm cuff and the forearm cuff. Seven cables are
routed through these cuffs to drive the exoskeleton. Four
of the seven cables terminate on the upper arm cuff. These
control the shoulder motion. The remaining cables are routed
through the upper arm cuff and terminate on the forearm.
These control the motion of the two DOFs in the elbow and
the forearm. Since the cable attachment positions play a vital
role in the workspace of the exoskeleton [11], they are made
adjustable. On the shoulder cuff, both radial and angular
positions of cable attachment points are adjustable. For upper
arm and forearm cuffs only angular positions are adjustable.
Two extension bars are attached to the upper arm cuff to
route the cables from the upper arm cuff to the forearm cuff.
These prevent potential cable collision with the elbow during
motion.

B. Electronics and System Detail

A photograph of the exoskeleton prototype is shown in
Fig. 2. The exoskeleton is mounted on a robotic arm for
laboratory testing. The robotic arm has an encoder on each

joint to measure the joint angle. Seven Kollmorgan Goldline
XT AC motors are used to drive the exoskeleton. They are
placed on an aluminum frame as shown in Fig. 3. The
motors are powered by Kollmorgan ServoStar CD amplifiers
in torque mode. Customized cable reels (Fig. 3) are designed
to 1) prevent the cable from wrapping upon itself and
avoid jerky motion. 2) allow estimation of cable lengths
for calculating the joint angles of a human subject during
motion. Nylon-coated pre-stretched steel cables are used that
provide high durability and low axial vibration. A rubber
piece is placed under the cable reel to hold the cable and
prevent it from uncoiling from the reel. The motors are
direct drive with rated continuous torque of 2.7Nm. The
cable reel has a diameter of 2.85 inches. The maximum
continuous cable tension is around 75N. Between each cable
and its termination point on the cuff, a load cell(Transducer
Techniques MLP-50) is connected. It measures the cable
tension on the cuff and is later used in controlling the tension.
The load cell signals are amplified by TMO-1 load cell
conditioners. A National Instrument PXI data acquisition and
real-time control system is used for interface electronics and
control of the exoskeleton.

Motors mounted on aluminum frame

A.r v

Rubber
Sheet

/ |
i Exoskeleton
on dummy arm

Fig. 3.
and the customized cable reel.

A photograph of the arm exoskeleton mounted on a robotic arm

C. Dynamic Model

The dynamic equations of motion for the 5-DOF upper
arm exoskeleton are derived using Lagrangian method in
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Maple. The generalized coordinates qi, g2, and g3 rep-
resent shoulder flexion/extension, abduction/adduction and
inward/outward medial rotation respectively. g4 denotes the
elbow flexion/extension. g5 denotes the forearm prona-
tion/supination. The equations of motion have the following
form:

D(q)i+Clg.d)i+g(a) =) T (1)

where ¢ = (ql,qg,q3,q4,q5)T are the generalized coor-
dinates, D (q) is the 5 x 5 inertia matrix, C (¢, ¢) is the
vector of coriolis and centripetal terms, g (¢) is the vector
of gravity terms, J(g) is a 7 x 5 Jacobian matrix relating
cable tensions to joint moments, and T (t) is the vector of
cable tensions. The dynamic equations are fairly non-linear
and complex, hence, only qualitative form of the dynamic
equation is described in this paper.

D. Optimal cable tension planner

Due to the fact that cables can only pull but not push,
the cable tensions must be kept positive for a cable-driven
system to remain under control. Mathematically, the problem
can be expressed as

AT =, )

where A = J (¢)", Eq. (1), 7 is computed from the left hand
side of Eq. (1) and is function of ¢(t), ¢(t), and ¢(t). Eq.
(2) is under-determined since the number of cables is greater
than the number of DOFs. The solution of Eq. (2) can be
written as

T=T+N(A)m 3)

where T is the minimum norm solution of Eq. (2) which is
given by

T = AT(4AT) 7 (4)

N(A) is a 7 x 2 null space matrix of A and m is a 2 x 1
vector of arbitrary values, assuming A is full rank. On using
constraints T € [Tinin, Tmax], the equivalent condition is

{ N(A) Toin — T }

-N (A) :| " Z |: _Tmax+T (5)

An optimal set of cable tensions can be found using the
following linear programming problem

min ) (T + N (A)ym),

i (6)
st Tomin < T+ N (A)m < Thax-

This objective minimizes the sum of all cable tensions such
that each cable tension falls within the tension limits T ;0
and Ty,ax. Optimization problem is formulated as a linear
programming problem due to computational efficiency. One
could also use other objective functions motivated by phys-
ical needs, e.g., maximize the safety indices for transmitted
joint force and moment [13]. However, a nonlinear objective
function would make the computation more intense.

TABLE II
TARGET JOINT RANGE OF MOTION FOR OPTIMIZATION

Joint Range
q1 (—25°,80°)
Shoulder | g2 | (—140°,25°)
g3 | (=80°,70°)
Elbow q4 (—150°,0°)
Forearm | g5 (—90°,90°)

III. WORKSPACE OPTIMIZATION FOR ADLS

The cable-driven upper arm exoskeleton is aimed at help-
ing patients regain their ability to perform Activities of Daily
Living. It would be desirable that the workspace allowed by
the exoskeleton includes the workspace of the human hand to
carry out most ADLs. However, this is difficult to accomplish
due to unilateral actuation of cables.

The static workspace of the exoskeleton is a set of
points in the Cartesian space where the arm can be held
in equilibrium under gravity with cables in tension. Previous
work has shown that a large static workspace increases the
chance of satisfying cable tension constraints during dynamic
motion [13]. Hence, the workspace must be optimized to
ensure motion over a large workspace. In this work, the
target range of motion of the joints is listed in Table II
which covers 99% of ADLs [8]. We optimized the static
workspace in this target space by proper selection of the
cable attachment points on the three cuffs. For a given
choice of cable attachment points, the target workspace of
the exoskeleton was discretized. The static workspace was
computed by counting the total number of feasible points at
which the arm is able to stay in equilibrium under gravity
(¢,G = 0). The cable attachment points were varied until
an optimal solution was obtained. In the static workspace
optimization, the following constraint on cable tensions were
used: Tiyin = 1N and T,,x = 75N. The target workspace
was discretized into 7776 configurations. The number of
feasible configurations increased from 3136(40.3%) before
optimization to 6749(86.8%) after optimization.

IV. CONTROLLER
A. Control Architecture

A two-level control architecture was implemented for the
cable-driven upper arm exoskeleton; 1) a high-level force
field controller [14] and 2) a low level cable tension con-
troller. The force field controller planned the cable tensions to
create a tunnel-like force field around the hand. The low level
tension controller takes the cable tension commands from the
force field controller and follows it to compensate for friction
and other drive train losses. The control architecture is shown
in Fig. 4

B. Cable Tension Controller

The goal of the low level cable tension controller is to
make the cable tensions follow a reference command by
adjusting the torque outputs of the motors. The controller
is comprised of two parts: 1) Friction and reference feed-
forward and 2) Closed-loop PI control with in-line load cell.
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Fig. 4. Control system block diagram.

Since large AC motors are used, they introduce significant
friction. The friction for each motor was estimated using the
model described in Section IV-B.1. Given the reference cable
tension, the required motor torque command were estimated
using experimentally determined motor torque constants.
These were fed-forward to the motor to produce the reference
cable tensions. However, both the motor friction model and
the motor torque constant have errors. Also, there are other
unmodeled drive train losses, such as friction between cables
and routing rings. These errors are compensated with the
closed-loop PI controller. A load cell was connected along
each cable close to its termination point to provide feedback
for the controller. The PI controller can be implemented
without friction and reference feed-forward, however having
these in the loop allows faster response of the PI loop.

1) Motor Friction Compensation: To estimate motor fric-
tion, the following model was used.

f{ fsp-sign(v) +kop-v v>0 N
T S sign () +kyn v v <0

where f is the friction, f,p, fsn and kyp, kyp are parameters
to be determined, and v is the motor shaft velocity. The
relationship between f and v was measure by running a
motor at different velocities and recording its motor currents.
The corresponding friction was determined using torque
constant of the motor. The parameters in the model were
chosen to fit the data. A typical plot of f and v is shown
in Fig. 5. This friction model gives only an estimate of the
friction. This model was used with the PI controller.

Friction(N-m)
o

0180 5| 50 100

0 0
Shaft Velocity(RPM)

Fig. 5. Motor shaft friction curve as a function of shaft velocity. In this
case, the fitted model is: f = 0.075 4 0.0032 - v for v > 0 and f =
—0.075 4 0.0055 - v for v < 0.

C. Force Field Controller

During training, a subject will be asked to follow a pre-
planned nominal path using the hand, i.e., move a ball from
one point to another following a prescribed path. Due to
the existence of infeasible configurations, not all paths are
admissible. A feasible path can be generated by varying the
shape of the path through optimization [13]. The force field
controller creates a tunnel-like force field around the nominal
path to provide assistance to a subject [14]. Fig. 1 shows the
typical shape of the three dimensional force tunnel. If the
hand of the subject lies in the tunnel, the force field applies
a tangential force F} on the hand to keep the hand moving
along the nominal path. If the hand moves out of the tunnel,
a normal force F), is applied to help the subject move back
into the tunnel. A damping force Fj is always applied to
reduce oscillations. The total force applied to the hand is
given by

F=F+F,+F,. )

Let P be the current position of the hand in the inertial
frame and N be the closest point to P on the nominal path
(See Fig.1). The direction of the normal force is defined by 7
which is the normal vector from P to N. The direction of the
tangential force is defined by the normal vector ¢ tangential
to the nominal path at N. The three force components Fj,
F,,, and Fy are defined as following

—_ 4\
oo [R(-F)E d<ne
0, d> D,
1
F, = " o Ns(@-Dn)’ (10)
Fy = —Kg-v, (11

where Ky, K, K4 are gains for corresponding force com-
ponents, d is the distance from P to N, Dy is the radius of
the tangential force tunnel. D,, is the radius of the normal
force tunnel. Ns determines the slope of the normal force
tunnel, and v is the velocity of the hand.

The required joint torques 7,, to generate the force field
is given by

Tw=4J. (@) F (12)

where J! is the Jacobian matrix of the hand. The required
cable tensions are found by solving

JQ)T=70+9(0), (13)

using the algorithm proposed in Section II-D. The gravity
vector g(q) is added to compensate for the gravity of the
exoskeleton.

D. Simulation

In the simulation, a straight line nominal path of the
hand was created to simulate an Activity of Daily Living.
To simulate the abnormal hand movement pattern, a hand
motion trajectory was prescribed to follow a reference path
outside the tunnel. A PD controller controlled the arm to
follow the trajectory. Then the force field controller was
implemented to assist the arm motion. The simulation results
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TABLE III
SUMMARY: 5 SESSIONS FOR EACH TASK

Session | Force Field Gain | Gravity compensation
1 K, =0.5N Yes
2 K, =2.0N Yes
3 n = 3.5N Yes
4 K, =0N Yes
5 K, =0N No

are shown in Fig. 6. Parameters used for the force field
controller are: K; = 0.001, K4 = 0.1, Kn = 50, D,, =
0.01m. The force field controller was able to keep the hand
closer to the nominal path.

---Nominal Path
-0.45 -~ Path w/o Force Field
——Path w/ Force Field
N : Actual Path

-0.55 Deviation area
-0.65~ _
-0.18 e e 02 £Y
0.08 T 0.1 Nominal Path
0020 vy
%,
Fig. 6. Left: Simulation results of the force field controller. Right: The

deviation area is formed by normal lines between the actual path and
nominal path.

E. Experiment

Five healthy subjects evaluated the exoskeleton. Subjects
operated the exoskeleton with two external cables connected
to the top of the exoskeleton (Fig.7). For each task, two
rubber bars are clamped on a retort stand at different lo-
cations. The subjects were asked to move the end-effector
to from one rubber bar to the other. The straight line
connecting the two tips was used as the nominal path for
the force field controller. Each subject carried out 2 different
tasks (Fig. 7). Each task included 5 sessions with different
controller parameters listed in Table III. The other force field
controller parameters are the same for all trials: D,, = 0.007,
Ny, = 700, K4 = 0, K; = 0. The gains for the cable
tension controllers were K, = 10 and K; = 0.01. The first
three sessions featured weak to strong normal forces. In the
fourth session, the force field was turned off leaving only
gravity balancing. The last session had no force assistance.
In each session, the subject performed the same task 6 times.
Before the evaluation, the subjects were instructed with the
following guidelines:

« Move the end-effector from one rubber bar to the other

o Move the hand at moderate speed (around 15¢m/s).

o Perform the task twice before each session to get

familiar with the setup.
The performance of each trial was measured by computing
the deviation area of the actual path of the end-effector
from the nominal path[18]. This is illustrated in Fig. 6.
The deviation area was computed for each session and then
averaged over trials. The experimental results for task 1 of
Subject 2 are shown in Fig. 8.

External
Cables

Fig. 7. Left: A subject operating the exoskeleton with two cables. Right:
Two tasks used in the experiment. Task 1: Path length = 0.24m. Task 2:
Path length = 0.26m

TABLE IV
PAIRED T-TEST RESULTS FOR TWO TASKS

05N vs.G  NAvs. G 2N vs. 3.5N  3.5N vs. NA

Task 1 - —32.96% - —30.91%
p=0.0411 p=0.0516

Task 2 - - - —22.85%
p = 0.0442

Note: 0.5N: K,, = 0.5N, Session 1. 2N: K,, = 2.0N, Session 2. 3.5N:
K, = 3.5N, Session 3. G: Gravity balancing only, Session 4. NA: No
Assist, Session 5.

For each task, the results were statistically analyzed using
paired t-test to compare the results between sessions. The
threshold for p value was selected to be 6% for all tests.

Results of the paired t-test are shown in Table IV. If the
t-test result is shown with a (-), it means that the mean of
the two sets of data are similar. Otherwise, the percentage
decrease data isshown in the table with the p value. The
following observations were obtained from the statistical
tests:

o Gravity only session and K, = 0.5NN session had
similar performance. It was possibly due to the fact that
the normal force is weak.

e The sessions K,, = 2.0N and K,, = 3.5N had no
significant difference in their means resulting in similar
performance.

e For sessions K, = 3.5NN, the mean deviation area
among subjects reduced by 22.85%-30.91% when com-
pared with the No Assistance’ sessions. This indicated
that with the force field controller, the subjects were
able to move the arm closer to the nominal path.

V. CONCLUSION AND FUTURE WORK

A 5-DOF cable-driven upper arm exoskeleton targeting
patient training was designed and built. The system is capable
of controlling cable tensions with the aid of in-line load
cells. Its static workspace was optimized to achieve large
a range of motion for Activities of Daily Living. Force field
control architecture was proposed for this system. Simulation
has shown that the force field controller performs well in
assisting the hand motion along a nominal path. Experiments
were carried out by health subjects to validate the design.
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Fig. 8.
references(red) during session 1.

Results show that the force field controller is able to increase
the performance of healthy subjects in the tasks presented.

Currently, additional experiments are planned to evaluate
the performance of the controller when tangential force and
damping force are employed. The interface between the
exoskeleton and human is under development. Experiments
with human subjects wearing the exoskeleton is planned in
the near future.
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