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Abstract—This article describes the design, validation, and
application of a dynamic biomechanical model that assesses and
monitors trajectory, position, orientation, force, and torque gen-
erated by upper-limb (UL) movement during robot-assisted
therapy. The model consists of two links that represent the
upper arm and forearm, with 5 degrees of freedom (DOF) for
the shoulder and elbow joints. The model is a useful tool for
enhancing the functionality of poststroke robot-assisted UL
therapy. The individualized inertial segment parameters were
based on anthropometric measurements. The model performed
inverse dynamic analysis of UL movements to calculate reac-
tion forces and moments acting about the 3-DOF shoulder and
2-DOF elbow joints. Real-time fused biofeedback of a 6-DOF
force sensor and three-dimensional (3-D) pose sensors sup-
ported the model validation and application. The force sensor
was mounted between the robot manipulator and the subject’s
wrist, while the 3-D pose sensors were fixed at specific posi-
tions on the subject’s UL segments. The model input and output
parameters were stored in the subject’s database, which is part
of the rehabilitation information system. We assigned 20 non-
disabled subjects three different therapy exercises to test and
validate the biomechanical model. We found that when the bio-
mechanical model is taught an exercise, it can accurately predict
a subject’s actual UL joint angles and torques and confirm that
the exercise is isolating the desired movement.

Key words: biomechanical model, inverse dynamics, kinemat-
ics, limb impairment, motion analysis, rehabilitation, robot-
assisted therapy, stroke, therapeutic robot, upper limb.

INTRODUCTION

Stroke is a leading cause of disability, particularly in
older adults, and robot-assisted therapy techniques have
important potential benefits. Stroke can cause both motor
and sensory deficits that affect one or more limbs.
Increasing evidence shows that active repetitive move-
ment practice can have a profound effect on recovery of
impaired motor function after stroke or brain injury [1–4].
However, long and intensive treatment is required. This
treatment is costly and a major burden on the healthcare
system and, as such, may result in inadequate duration of
rehabilitation programs. One major issue is the need for a
human attendant or caregiver to work with these patients.
That repetitive, labor-intensive processes are easily and
precisely handled by robots is widely accepted [5].

Abbreviations: 3-D = three-dimensional, ADL = activities of
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During the 1990s, interest in rehabilitation robotics
applications grew [6]. The first comprehensive work on
robots in physiotherapy was done at the Rehabilitation
Institute of Michigan, Detroit, Michigan, and employed a
robotic arm [7]. The robot was programmed to perform
five movement patterns, each consisting of eight points.
Austin et al. developed another model for upper-limb
(UL) rehabilitation using flexion/extension of the elbow
in a horizontal plane [8]; however, the system controller
was too position dependent. In a pilot study, Cozens used
the principle of a robot-assisted, active single UL exercise
[9]. The Massachusetts Institute of Technology (MIT)
developed the MIT-Manus, which is a planar manipulator
with 3 degrees of freedom (DOF) that was used in a series
of clinical trials [10]. The clinical trial of the MIT-Manus
for poststroke UL therapy found that manipulation of the
impaired limb influenced recovery [11]. The Mirror
Image Motion Enabler incorporated an industrial robot
manipulator that applied forces to the paretic limb
through a customized forearm splint [12]. The Assisted
Rehabilitation and Measurement Guide, built by the
Rehabilitation Institute of Chicago, Chicago, Illinois, has
3 controlled DOF and was designed to provide assistive
therapy to patients with chronic hemiparesis [13].

Monitoring and assessing body kinematics, forces,
and moments about the UL joints could improve the
quality of robotic therapy. This monitoring and assess-
ment could be achieved by a system that provides quanti-
tative real-time feedback during the therapy process,
followed by a mathematical assessment of the subject’s
recovery; such a system is currently unavailable.

The study of UL movement and motion analysis has
attracted the attention of researchers and become an
important tool in biomechanical modeling and clinical
research. The UL is composed of three serial joints, the
shoulder, the elbow, and the wrist. The connection of
these joints by the upper arm and forearm allows a wide
range of motion (ROM). Consequently, mechanical anal-
ysis of the UL requires information about the kinematics,
forces, and moments generated at all three joints. While
dynamic analysis of a rigid body presents no theoretical
problem, the analysis of the UL is a complex task because
of its anatomical features. Researchers looking for the
best model to simulate UL mechanical properties have
used various techniques and analytic methods. Technical
and theoretical constraints make measurements of three-
dimensional (3-D) UL motion and forces difficult to col-
lect and interpret. Modeling the wrist and elbow can be

simplified with the use of two 1-DOF joints. The shoulder
is a complex joint because it has two separate articula-
tions, scapulothoracic and glenohumeral; a simple nonin-
vasive way of locating the scapula is not available [14].
Since the early 1950s, several investigators have modeled
the complex UL using various discrete masses, linear
springs, and viscous dampers [15]. Previous mathemati-
cal analysis included the following assumptions: bones
and tissues were considered rigid bodies, with their center
of gravity fixed at a point, and joints were considered fric-
tionless [16–18].

Optical systems with high resolution in space and time
have been used to record 3-D kinematics of the UL [19]. A
sensing garment that detects UL postures and movements
has also been developed [20]. Analyses of UL movements
are generally performed by measuring kinematic variables
of the links and joints with accelerometers, electrogonio-
meters, or cameras [21–22]. Several experimental
approaches have been developed to measure joint moments.
Joint moments can be measured by torque transducers dur-
ing isometric tasks or by torque motors during dynamics
tasks [19,23]. All of these experimental approaches for
measuring kinematics, forces, and moments restrict natural
movement, require certain calibration and extra mounting
fixtures, and can be invasive. Consequently, 3-D biome-
chanical models of the whole [16] or partial [24–27] UL
have been developed. These models have used optimization
methods to compute muscle forces and limb postures.
Nieminen et al. used a 3-D model to predict maximum
shoulder strength [27]. Raikova used mathematical analysis
and the Denavit-Hartenberg (D-H) method to calculate
position, muscle forces, and joint reactions for the UL [16].
Khalili and Zomlefer developed an approach to estimate the
body segment parameters in a 2-D system for rehabilitation
robotics [28]. Inverse dynamics can be used to calculate the
UL reaction forces and moments at a joint. Kinematics rep-
resent the movement of the link-segment model, while
inverse dynamics derive the kinetics responsible for that
movement.

This article describes the design, validation, and
application of a dynamic biomechanical model for moni-
toring and assessing a subject’s UL trajectory, position,
and orientation during robot-assisted therapy. The model
also computes the 5-DOF joint reaction forces and torques
generated when the therapeutic robot manipulates the UL.
Simultaneous monitoring of real-time fused biofeedback
with a 6-DOF force sensor and 3-D pose sensors validates
the therapeutic task. Determining the 3-D mechanical
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properties of the UL during functional movement is also
possible. This biomechanical model has been developed
in conjunction with a novel pilot version of a therapeutic
robot. We studied a group of 20 nondisabled subjects to
validate the model. Subjects participated in three robot-
assisted passive therapy exercises: elbow, shoulder, and
combined (elbow-shoulder). The model results and per-
formance were analyzed.

METHODS

Biomechanical Model Development
We present a noninvasive, flexible, and reliable

method to assess and monitor biomechanical quantities by
inverse dynamics and supported biosensors. This method
can improve the quality and sensitivity of clinical analysis
in poststroke robot-assisted therapy. The first therapeutic
robot prototype we developed employed electromyogra-
phy (EMG) measurements as biofeedback for assessing
recovery over time [29]. However, after implementing the
surface electrode EMG, we found that capturing the same
muscles in subsequent training sessions was difficult. We
could overcome this difficulty using needle or fine-wire
electrodes; however, physiotherapists are not qualified to
perform such procedures and they would drastically
increase cost and time requirements. Therefore, we inves-
tigated improving the model-assessment accuracy by inte-
grating two different biofeedback measurements, force
and position. In the current system, we used a 6-DOF
force sensor to measure the force and moment around
three separate axes: x, y, and z. The force sensor was
mounted between the robot manipulator and the subject’s
wrist. The system was equipped with 3-D pose sensors
that were fixed at specific positions on the subject’s upper
arm and forearm. Real-time fused biofeedback of the
force sensor and 3-D pose sensors was recorded by the
system, and kinematics, posture, and motion functionality
measures of the therapeutic robot were calculated. This
biomechanical model determined orientation, position,
angular and linear velocities, and the amount of force and
moment about the UL joints.

Our approach used inverse dynamics theory, an itera-
tive Newton-Euler dynamics algorithm [30], and biofeed-
back collected from the force and 3-D pose sensors to
calculate actual UL postures, velocities, forces, and joint
torques.

The biomechanical model we developed has the fol-
lowing capabilities:
  • It completely implements UL kinematic and kinetic

models.
  • It was developed based on the anthropometry of the

target population.
  • It monitors and stores data for each modeled DOF:

position; orientation; linear and angular velocity; and
acceleration, force, and torque.

  • It maintains a subject database for every session of
the exercise.

  • It compares the exercise trajectory and related parame-
ters taught to it by the therapist with the “Teach and
Repeat” model with the actual trajectory, velocity, and
forces achieved by the subject.

Modeling Assumption
When modeling UL movement, we must consider the

limitations of patients who require poststroke rehabilita-
tion. Modeling of the shoulder (socket joint) can be overly
complex with respect to the simple motions that patients
must relearn to be able to perform activities of daily living
(ADL). The goal of this model was to acquire and monitor
information about ROM and joint strength and determine a
patient’s ability to accomplish basic ADL. We did not
need to model the limb exactly, and therefore, the calcu-
lated DOF of the limb were reduced. The number of DOF
of an articulated body is the number of joint angles neces-
sary to specify the state of the structure, which is a series of
rigid links connected at joints. The model was also based
on the following assumptions: the joints of the UL are fric-
tionless pin-joints, the UL segments are rigid with mass
concentrated at their centers of mass (COMs), and air fric-
tion is insignificant. The effect of these assumptions was
minimal on the model output, because the main focus of
the system was comparison of a subject’s progress relative
to a previous exercise performance. All performance anal-
ysis of the different exercises was based on the same
assumptions.

Kinematics Model
A good algorithm for solving the rehabilitation kine-

matics problem must be both fast and interactive. It should
also be able to find a sensible solution that makes the UL
posture acceptable. Usually, the kinematics function is
highly nonlinear and rapidly becomes more and more
complex as the number of links increases. Thus, the inver-
sion of the function could become impossible to perform
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analytically. Consequently, we proposed to model the
whole UL as seven 1-DOF revolute joints. The kinematics
model of the UL was created to properly propagate joint
and limb dynamics in the algorithm. The revolute joints
modeled the shoulder, elbow, and wrist, which are con-
nected by two links that represent the upper arm and fore-
arm. The model represented the shoulder as a 3-DOF
spherical joint (the glenohumeral joint) and the elbow as a
2-DOF joint (Figure 1). The wrist was not included in the
model because it was considered a fixed joint and the point
at which all forces and moments were read for the robotic
therapy system. The wrist represented the rigid contact
point between the robot manipulator, the force sensor, and
the subject’s arm. We were not concerned with the devel-
opment of a complex biomechanical model of the UL, but
rather with work-space analysis and interactive posturing
applications that could enhance robot-assisted therapy.

The 5-DOF model of the UL is shown in Figure 2 and
consists of 7 frames or joint DOF. The base of the model,
frame 0, is the center of the shoulder joint. Frames 1–6 cor-
respond to the modeled joint DOF of the UL joints.
Frames 1–3 represent the 3-DOF of the shoulder. Frame 1

allows flexion/extension of the upper arm, frame 2 abduc-
tion/adduction of the upper arm, and frame 3 the internal/
external rotation. Frames 4–5 represent the 2-DOF of the
elbow; frame 4 allows flexion/extension and frame 5
pronation/supination of the forearm. These designations
are detailed in Table 1 and can be used to model static or
dynamic functions of the UL in any direction.

Figure 1.
Kinematics diagram of proposed biomechanical model showing frame
designation for joints’ modeled degrees of freedom.

Figure 2.
Local coordinate systems defined for upper-limb model. Numbers refer
to joints’ modeled degrees of freedom.
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Once the UL model was created, we extracted the
modified D-H parameters [31]. We developed subsequent
transformation matrices from the D-H table to reference
each frame of the model to the next frame (Table 2).
These parameters are defined as part of Equation 2. The
matrices were used for velocity, acceleration, and force
propagation equations within the Newton-Euler algorithm.

After the model’s segment and link structure was cre-
ated, we needed to define the known frame of the local
coordinate system for each respective joints’ DOF to enable
the parametric description of its state. Such description was
fully achieved with a transfer matrix that related the joint
DOF relative frame to its reference frame (frame 0). Each
frame had its own origin and 3-D axes (x, y, and z). The
rotation was assumed to be about the z-axis of each frame,  

where Rz = rotational matrix about the z-axis, θ = angle
of rotation about the z-axis, cos = cosine, and sin = sine.

Seven local coordinate systems were defined for
frames i = 0, 1, 2,…6 (Figure 2), and the (4 × 4) homoge-
neous transformation matrix that described the rotations
and translations for aligning frame i to frame i–1 was  

where i–1
iT was the transformation matrix that converted

the coordinates in frame i to those in frame i–1, θi was
the rotation angle for joint DOF i, di was the distance
between xi–1 and xi along the zi axis, and αi–1 was the
rotation angle between the z-axis of joint DOF i–1 and
joint DOF i [30]. The distance from zi–1 to zi along the xi
axis was ai–1, which is a model dependent parameter and
for our model was always zero, because all the z-axes
were coincident or perpendicular (Figures 1–2). Detailed
information about the modified D-H parameters can be
found in Craig [30]. The model calculated joint veloci-
ties, acceleration, and forces, which were required to
determine joint torques on the links when dynamics of
the system were investigated.

Position and Orientation
The direct kinematics problem consisted of finding

the position and orientation of the upper arm and forearm
with respect to a fixed-reference coordinate system. The
model must track and measure the position and orienta-
tion of the UL segments and joint angles in real time as
the therapy exercise is performed. The inverse kinematics
problem involved determining the joint variables given
the position and the orientation of the UL segment with
respect to the reference coordinate system. The model
calculated the Cartesian arm position and orientation
taught to it by the therapist and correlated them with the
feedback from the 3-D pose sensors mounted on the sub-
ject’s UL as therapy exercise was performed.

When investigating which sensors to use and where
to mount them on the subject’s UL, we must allow the
patient full flexibility, while being accurate and safe. We
acquired 3-D pose sensors and mounted them to a cus-
tom-made fixture and arm strip that attached to a sub-
ject’s UL. The model needed to track UL position and
orientation accurately and in real time.

Table 1.
Frame or joint degrees of freedom representations for upper-limb model.
Frame Location Functionality

0 Shoulder
Center

Base of model coordinate system.

1 Shoulder Flexion/extension upper arm.
2 Shoulder Abduction/adduction upper arm.
3 Shoulder Internal/external rotation upper arm.
4 Elbow Flexion/extension forearm.
5 Elbow Pronation/supination wrist and forearm.
6 Wrist Wrist location.

Table 2.
Denavit-Hartenberg table configuration for upper-limb model. ai–1 was
distance from zi–1 to zi along xi axis; it is a model dependent parameter
and is always zero, because all z-axes were coincident or perpendicular.

Frame i i–1 di θi

1 0 0 θ1

2 –1.57 0 θ2

3 1.57 Upper-arm length θ3

4 –1.57 0 θ4

5 1.57 Forearm length θ5
6 0 0 0

θi = rotation angle for frame i.
di was distance between xi–1 and xi along zi axis.
i–1 was rotation angle between z-axis of joint degree of freedom (DOF) i–1
and joint DOF i.

Rz θ( )
θ( ) θ( ) 0sin–cos
θ( ) θ( ) 0cossin

0 0 1
= , 1( )

Ti 1–
i

θicos θisin– 0 ai 1–

θi αi 1–cossin θi αi 1–coscos αsin i 1–– αi 1–sin di–

θi αi 1–sinsin θi αsin i 1–cos αcos i 1– αi 1– dcos i

0 0 0 1

= , (2)
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Two 3-D pose sensors were used to track the UL
(Figure 3); one located at the interface between the robot
and the subject’s wrist and the other attached to the upper
arm centered over the elbow joint. Each sensor was capa-
ble of measuring its location (x, y, and z) in space as well
as its orientation (azimuth, elevation, and roll) with
respect to a stationary base point. These data were used
as the five joint angles of the UL model.

Masses and Forces
Calculating the reaction forces and moments at the UL

joints required modeling of the upper arm and forearm.
Several parameters were required for the calculations,
such as the limb’s length and the subject’s body weight
and height; these data formed the model’s input parame-
ters. Other parameters such as COM, segment weight,
and radius of gyration were calculated based on the ratios
of anthropometric data [32–33] and tables available in

the literature. This will allow us to easily modify the
model to accommodate the largest and smallest UL of the
target population. We calculated the moments of inertia
for UL segments using standard mathematical equations
for homogeneous bodies [30]. In our model, the variation
between an individual’s actual dimensions and those cal-
culated from anthropometric data did not have a negative
effect on the therapy evaluation because an individual’s
improvement was measured by comparing current with
previous performance and both calculations contained
the same model parameters. Any change in the model
output was caused by a change in the individual’s perfor-
mance, since the values relating to the physical dimen-
sions were kept constant.

The model can estimate the joint torques required for
a person to move the limb unassisted. However, in reha-
bilitative therapy, the patient’s motions are assisted and
resisted in an attempt to improve motor function, includ-
ing ROM and strength. To measure the improvement of
the patient, we needed to measure the forces resulting
from the system.

During the therapy exercise, the biomechanical
model sensed the forces and torques at the human-robot
interface through the 6-DOF force transducer attached to
the subject’s wrist. This provided the net effect of the
forces in the system; those applied by the subject and
those generated by the robotic manipulator. The model
used the inverse dynamics and an iterative Newton-Euler
algorithm computation to calculate the reaction forces at
the UL joints and record them as biofeedback in real
time. Physiotherapists could then update the therapy
regime according to this feedback. Therefore, this system
could enhance a subject’s comfort and improve the pro-
ductivity, quality, and safety of the therapy.

Equations 3–7 calculated iteratively outward from
the base of the manipulator, or in this case the subject’s
shoulder, to acquire the velocity and acceleration of each
frame as explained in Craig [30] 

Figure 3.
Three-dimensional pose sensors attached to subject’s wrist and elbow.
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where ω and  were the angular velocity and acceleration
vectors respectively,  and  were the linear velocity and
acceleration vectors, respectively, R was the rotation
matrix (Equation 1), θ was the angular displacement,
P was the position vector of the frame, PC was the position
vector of the link COM, and  was the acceleration vec-
tor of the link COM.

Equations 8–9 calculated the force (F) and torque
(N) about the COM of each link [30] by 

where m = mass of the link and I = inertia tensor of the
link. Equations 10–11 calculated iteratively inward from
the robot manipulator or, in this case, the subject’s wrist.
This ensured that the force and torque of each joint DOF
included those that followed it [30]: 

where fi was the force exerted on joint DOF i by joint
DOF i–1, and ni was the torque exerted on joint DOF i by
joint DOF i–1.

By comparing the subject’s requirements with the
actual forces recorded by the system, we can determine
how much motion is the result of the subject’s abilities
and to what degree the robot is assisting the motion.

The objective is to isolate the forces at each of the
modeled joints. This allows for a quantitative measure of
the performance at each joint of the UL (whether active
or passive) that can be compared with subsequent repeti-
tions and sessions of each exercise, which would allow a
subject’s performance to be compared with another sub-
ject’s progress as well as his or her own progress.

Implementation of Biomechanical Upper-Limb Model
The mathematical model was implemented in a

Microsoft Excel 2003 spreadsheet (Microsoft, Corp, Red-
wood, California), which allowed all stages of the forward
and inverse kinematics as well as the dynamics model to
be visible to the user. The first phase of the Newton-Euler
algorithm calculated the angular and linear velocities and
accelerations for each frame in an outward fashion from
frame 0 to 6. The second phase of the Newton-Euler algo-

rithm was implemented by iterative calculation of the
forces and moments for each frame in a backward fashion.
The inputs to this phase were the kinematics data (joint
angles, velocities, and accelerations), which were obtained
by the kinematics model explained in the “Kinematics
Model” section (p. 45). Additional inputs to the model
were the external force measured by the force sensor and
the exercise trajectory data measured by the 3-D pose sen-
sors. We estimated parameters such as mass, length,
COM, and moments of inertia of the subject’s UL using
the anthropometric data tables integrated in the model.

The input parameters (length of upper arm and fore-
arm, body weight, and sex) required by the model were
entered through a graphical user interface (Figure 4).
Based on these inputs, parameters such as COM and values
of the angle moved by each frame during the UL movement
were calculated. The UL segment’s position, trajectory, and
orientation were measured by the 3-D pose sensors and
recorded through the robot-computer interface. Forces and
torques at frame 6 were measured by the force sensor and
recorded through the robot-computer interface. The outputs
of the model were the reaction forces and torques acting on
the UL at the elbow and shoulder joints.

We can conclude that the biomechanical model has
the following benefits:
  1. It provides real-time feedback during the therapy pro-

cess.
  2. It monitors, records, fuses, and stores the force sensor

and 3-D pose sensor outputs.
  3. It provides quantitative information not currently

available to therapists (ROM, force profile, move-
ment efficiency, and velocity).

  4. It is a noninvasive method that does not restrict
movement, and it is easily mounted on the limb.
Moreover, after performing a clinical trial, we expect

that the model will improve therapy quality and reduce
necessary therapy time. However, this conclusion requires
further experimental data to be verified.

Experimental Setup
To test its validity, we used the model in conjunction

with a pilot version of a therapeutic robotic developed pre-
viously. The system consists of a CRS-255 robotic manipu-
lator (CRS Plus, Burlington, Ontario, Canada) capable of 5-
DOF movement, a 6-DOF force transducer (JR3, Inc,
Woodland, California) sampled at 100 Hz, and 3-D pose
sensors capable of measuring location and orientation

ω·

υ υ·

υ· C
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(Patriot™, Polhemus, Colchester, Vermont) sampled at
60 Hz. A personal computer (PC) was used as the main
controller, and all the sensor outputs were linked to the PC
through a universal serial bus data acquisition card. With
the 3-D pose sensors attached to the subject’s UL at the
wrist and elbow joints, the therapist can maneuver the UL
through an exercise while the system tracks and learns the
movement in 3-D space. The robot can then assist the sub-
ject’s movement through the specific exercises developed
by the therapist. This unique “Teach and Repeat” function
allows therapists to teach the therapeutic robot an exercise
in a manner that is natural to their training. The robotic sys-
tem can learn any therapy exercise (trajectory, velocity, and
orientation) offline, within the subject’s work space. The
therapist can move the UL through the recommended exer-
cise and the system can capture and automatically record
the exercise information. The robot has a precision of ±0.05
mm; with preprogrammed exercises, the movement path of
the robot will be essentially identical. Any difference
between the robot’s location and the subject’s wrist is
related to a slight offset based on the width of the subject’s
UL and its orientation due to the free joints that attach the
wrist to the force sensor. The PC interface program has an

OpenGL graphic window (SGI, Sunnyvale, California)
(Figure 5) that allows the therapist to view a virtual model
of the subject’s UL and the recorded exercise trajectory.

Reviewing the recorded exercise while the robot
manipulator is offline adds an extra layer of safety for
both the subject and the robot system. The upper left of
Figure 5 shows the simulation model of the UL, while
the lower left shows the therapy exercise. The right of
Figure 5 shows the other features of the “Teach and
Repeat” learning model. A diagram of the experimental
setup is shown in Figure 6.

We assigned 20 nondisabled subjects (Table 3)
three different treatment exercises to test and validate
the biomechanical model. Experimental subjects had
the following characteristics:
  • Age: range 19 to 58 yr.
  • Sex: 5 females and 15 males.
  • Height: range 1.58 to 1.86 m.
  • Weight: range 49 to 89 kg.

We taught the robot three exercises using the “Teach
and Repeat” learning feature. One exercise isolated flexion/
extension of the elbow joint, another isolated the 3-DOF of

Figure 4.
Registration form for quantitative assessment tool. Graphical user interface for entering input parameters.
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the shoulder, and the third combined the motion of the
shoulder and the elbow. A custom-made splint was used to
attach the subject’s wrist to the force sensor that was
mounted directly to the robot. The experimental protocol
was approved by the University of Guelph Research Ethics
Board.

Procedures and Exercises
Each subject went through a session of the three dif-

ferent exercises with each exercise pattern repeated 4
times and then 12 times in passive mode. A rest period of
10 min was allowed between each exercise. In passive
mode, the subjects were instructed to relax and let the

Figure 5.
“Teach and Repeat” module graphical user interface.
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robot move the UL. The subject’s wrist velocity was held
constant at 5.5 cm/s. During the exercise, we recorded
data pertaining to force and position for the subject’s UL
using a force sensor and 3-D pose sensors and a data
acquisition system.

Elbow Exercise. This exercise generated reaction
forces and moments at the elbow joint.
  • Step I: The subject’s UL was at his or her side with

the elbow bent to 90°.
  • Step II: The robot moved in a trajectory such that

elbow flexion increased.
  • Step III: The robot moved back to the original posi-

tion by extending the elbow again.
Figure 7 illustrates the UL movement during the

elbow exercise.  

Shoulder Exercise. This exercise generated reaction
forces and moments at the shoulder joint.
  • Step I: The subject’s UL was fully extended forward

and to the right of the shoulder.
  • Step II: The robot moved along a trajectory that

resembles a “V.” This moved the subject’s hand
down to waist level and directly centered in front.
The robot then moved the UL up and to the left to
complete the “V.” The UL was at full extension
through out the entire exercise.

  • Step III: The robot then moved back along the same
trajectory, returning the subject’s UL back to its start
position.
Figure 8 illustrates the UL movement during the

shoulder exercise.

Combined Exercise. The combined exercise involved
efforts both at the elbow and the shoulder.
  • Step I: The subject’s UL was initially situated at his

or her side with the elbow bent to 90°.

Table 3.
Subject data for evaluation of model.

Variable Mean ± SD
Age (yr) 31.1 ± 10.0
Body Weight (kg) 67.4 ± 11.1
Upper-Arm Length (m) 0.30 ± 0.05
Forearm Length (m) 0.39 ± 0.04
Upper-Arm Mass (kg) 1.89 ± 0.30
Forearm Mass (kg) 1.48 ± 0.24

SD = standard deviation.

Figure 6.
Flow diagram of experimental setup. CRS-255A robotic manipulator
(CRS Plus, Burlington, Ontario, Canada) capable of 5-DOF movement.
JR3 6-DOF force sensor (JR3 Inc, Woodland, California). 3-D = three-
dimensional, DOF = degrees of freedom, UL = upper limb.

Figure 7.
Elbow exercise that generates forces and moments at elbow joint. 1 =
steps I and III, 2 = step II.
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  • Step II: The robot moved in a trajectory such that the
subject’s hand moved across the front of his or her
body and ended in near full extension of the UL, with
the subject’s hand located close to his or her opposite
shoulder.

  • Step III: The robot then moved back along the same
trajectory, returning the subject’s UL to its starting
position.
Figure 9 illustrates the UL movement during the

combined exercise.

EXPERIMENTAL RESULTS

The results are based on the experimental investiga-
tion on 20 nondisabled subjects that we conducted to eval-
uate the model’s performance. Figure 10 shows the
experimental and model-assessed results of an elbow
exercise on one subject. The left-hand column presents the
5-DOF joint angles of the UL, detailed in Figure 2, as
recorded by the 3-D pose sensors. The right column pre-
sents the model-assessed torque on the UL joints caused
by the motion during the elbow exercise and derived from
the transformation of the force-sensor data. We can see
from the plots that movement was isolated to joint DOF 4
(flexion/extension of the forearm), as was the intention of
the exercise. These data show that the largest angle

(movement) occurred about the z-axis of joint DOF 4. The
torque on the joint DOF was propagated from the robot-
limb contact point backward using the biomechanical
model. The torque on joint DOF 1, which ran relatively
parallel to joint DOF 4 in this exercise, was the largest
because it needed to compensate for the reaction of the
torque on joint DOF 4 and the weight of the UL. The
torque and movement on the other joints were minimal
and relatively constant as they rotated perpendicular to the
axis of rotation in this experiment. The elbow exercise
was designed to isolate the flexion/extension of the fore-
arm at the elbow joint. That it did so is obvious from the
results generated by the experimental test of the model in
Figure 10; therefore, the model was responsive to the
actual elbow exercise.

The results from the shoulder exercise are shown in
Figure 11. The shoulder exercise involved all the joints
except joint DOF 5, which represented pronation/supina-
tion of the wrist and forearm. We can conclude that the
maximum displacement and torque occurred at joint
DOF 1. Again, these results confirm that when the bio-
mechanical model is taught an exercise, it can accurately
predict a subject’s actual UL joint angles and torques.

Figure 8.
Shoulder exercise that generates forces and moments at shoulder joint.
1 = step I, 2 = step II, 3 = step III.

Figure 9.
Combined exercise that involves forces at both elbow and shoulder
joints. 1 = step I, 2 = step II, 3 = step III.



54

JRRD, Volume 44, Number 1, 2007
The results from the combined shoulder and elbow
exercise are illustrated in Figure 12. A comparison
between the exercise trajectory and the modeled joints’

displacement and torque confirmed the nature of the com-
bined exercise and that the model was capable of accom-
modating such a complicated 3-D therapy exercise.

Figure 10.
Elbow exercise results for (a)–(e) measured angle for modeled joint degrees of freedom (DOF) 1–5, respectively, and (f)–(j) modeled torque for
modeled joint DOF 1–5, respectively. Joint DOF designations are as follows: 1 represents shoulder flexion/extension, 2 represents shoulder abduction/
adduction, 3 represents shoulder internal/external rotation, 4 represents elbow flexion/extension, and 5 represents elbow pronation/supination.
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We can conclude from Figures 10–12 that the com-
bined exercise was the most complicated exercise. There-
fore, it generated more torque and involved more DOF.
Analysis of the shoulder-exercise data indicated that the

cross-body motion of the UL, with the change in eleva-
tion, generated a high reaction force from gravity when
the UL was fully extended and parallel to the ground. The
subject’s UL was kept straight throughout the shoulder

Figure 11.
Shoulder exercise results for (a)–(e) measured angle for modeled joint degrees of freedom (DOF) 1–5, respectively, and (f)–(j) modeled torque for
modeled joint DOF 1–5, respectively. Joint DOF designations are as follows: 1 represents shoulder flexion/extension, 2 represents shoulder abduction/
adduction, 3 represents shoulder internal/external rotation, 4 represents elbow flexion/extension, and 5 represents elbow pronation/supination.
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Figure 12.
Combined exercise results for (a)–(e) measured angle for modeled joint degrees of freedom (DOF) 1–5, respectively, and (f)–(j) modeled torque
for modeled joint DOF 1–5, respectively. Joint DOF designations are as follows: 1 represents shoulder flexion/extension, 2 represents shoulder
abduction/adduction, 3 represents shoulder internal/external rotation, 4 represents elbow flexion/extension, and 5 represents elbow pronation/
supination.
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exercise, which indeed strained the elbow and shoulder
articulation at joint DOF 4, 2, and 1 as can be clearly seen
from the experimental data of the model performance.
The data presented in these figures have been used to
experimentally verify the force and torque at the UL’s
joints generated by the therapy exercise. 

The precision of the exercises was found to be near
exact when subjects were removed from the system and
then reattached. This process involved removing the 3-D
pose sensors from the subject’s UL and disconnecting the
subject from the custom splint attached to the force sen-
sor. Figure 13 shows the recorded 3-D trajectory for the
same elbow exercise performed by the same subject in
different sessions (1 and 2) at different times. The maxi-
mum difference between the wrist locations in the two
sessions was only 5 mm and the average difference only
1 mm. This level of precision is extremely useful when
isolating the differences in joint torque from one session
to another, because it ensures that the change is not
related to a difference in the exercise. This result proves
the repeatability in teaching, learning, sensing, and task
performance of the integrated systems and indicates the
capability of the model to recreate the same trajectory of
the UL at different times. The only variable affecting the

output is the difference in subject performance from ses-
sion to session. Figure 13 shows x, y, and z coordinates
of the wrist in two separate exercises sessions.

After multiple repetitions, subjects tended to learn
the exercise and their resistance to the robotic movement
reduced. This trend in the force data showed a decrease in
force along all axes over time (Figure 14). This force
feedback may provide some understanding of the sub-
ject’s recovery (normality of movement for passive mode
therapy) and could be used as a measure of the exercise
regime’s effectiveness. This measurement could be
achieved if a correlation could be found between the
force feedback before training, during training, and at the
end of the training program.

The velocity profiles of four subjects (during shoul-
der exercise) are presented in Figure 15. We can con-
clude that the exercise velocity profiles recorded by the
model were similar when the wrist was moved at a rela-
tively constant speed during each repetition of the exer-
cise and stopped between each repetition.

A comparison between the trajectory of the shoulder
exercise taught to the robot by the therapist and the trajec-
tory achieved by three subjects with the help of the thera-
peutic robot is presented in Figure 16. The three subjects’

Figure 13.
Repeatability test of system for learned exercise. Recorded 3-dimensional trajectory (x, y, and z coordinates) for same elbow exercise performed
by same subject in different sessions at different times. 1 = session 1, 2 = session 2.
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weight and dimensions are presented in Table 4. Only
three subjects’ trajectory data are presented because the
other subjects’ trajectories simply overlapped and cluttered
the figure, without adding any further information. The
exercises were consistent between different subjects; the

largest deviation was only 4.5 cm. This deviation was due
to the method of connecting the subject to the robot during
the preliminary trials, in which the patient was attached to
the robot at the end of the hand and measurements were
taken at the wrist. A portion of this difference was due to

Figure 14.
Subject progress through shoulder therapy exercise; force trends at wrist over multiple repetitions. Fx = force along x-axis, Fy = force along
y-axis, Fz = force along z-axis.

Figure 15.
Velocity changes over time for 4 subjects’ wrists over course of 4 repetitions of shoulder exercise. Wrist velocity along z-axis for (a) subject A,
(b) subject B, (c) subject C, and (d) subject D.
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variation in hand size from one subject to another. This
difference allowed the subject’s wrist to move freely,
which caused fluctuations in the output. The data pre-
sented show that the robotic system has the adaptability,
repeatability, and reproducibility capabilities for perform-
ing the same exercise for different subjects at different
times. The data also confirm the accommodation of the
system with the extent of intersubject variability. Future
research is needed to verify the monitoring capability of
the model when it is used for postroke UL therapy over an
extended period of time.

DISCUSSION AND CONCLUSIONS

A dynamic biomechanical 3-D model was developed
for assessing and monitoring the trajectory, position, ori-
entation, force, and torque generated by UL movement
during robot-assisted therapy. The model could be a use-
ful tool for enhancing the functionality of poststroke
robot-assisted UL therapy. The data from the model
could help the therapist quantify the actual resistance
force at each joint and the quality of the exercise trajec-
tory achieved by the subject. A decrease in resistance
force in the passive mode and/or a reduction in trajectory
deviation in the active mode indicated that subject perfor-
mance improved. Therefore, the clinician could move to
implement an exercise of greater difficulty. On the other
hand, if such a result was not recorded, the clinician
could change the exercise or reduce its difficulty. The
model may also help the clinician identify the muscle
group used by the subject to perform a task by identifying
the orientation of the limb and subsequent torque magni-
tudes at the joints. This capability could indicate whether
a weak muscle improved or the subject was depending
more on a stronger muscle to complete the exercise.

The individualized segment inertial parameters and
masses, which are difficult to measure for each patient,
were based on anthropometric data. The model simulta-
neously monitored real-time biofeedback measured by a
6-DOF force sensor and 3-D pose sensors. The model

also computed the 5-DOF joint reaction forces and
torques generated by the UL when the therapeutic robot
manipulated it in a therapy exercise. We analyzed the
basic ADL that the poststroke patient would need to per-
form independently and concluded that 3-DOF for the
shoulder and 2-DOF for the elbow joint were the major
DOF necessary for these activities.

That the position of the robot and the position
reported by the 3-D pose sensors were similar was veri-
fied by setting the 3-D pose sensors in stationary positions
within the robot’s work space and recording a single-point
exercise. When the exercise was performed, the robot
moved to the location of the 3-D pose sensors in all tests.
The sensors were not mounted directly to the robot
because close proximity of the sensors to the metal of the
robot would have negative effects on the sensor readings.
Having shown that the robot reached the location of the
sensor using the data collected from the sensor to create
the location, we believe that the only offset from robot
location to sensor location was because of the orientation
of the patient’s limb. The measured precision of the robot
as it traveled a preprogrammed trajectory was ±0.05 mm.

The system’s performance was evaluated based on
the investigation conducted with 20 nondisabled human
subjects. The model’s results confirmed the nature of the

Figure 16.
Comparison of exercise taught to robot and location along z-axis of
subject’s wrist during course of exercise for 3 subjects (A, B, and C).

Table 4.
Data of three subjects (A, B, and C) presented in Figure 16.
Subject Sex/Age (yr) Forearm Length (cm) Upper-Arm Length (cm) Height (cm) Weight (kg)

A Male/24 38 26 178 82
B Female/24 33 28 168 61
C Male/44 42 29 175 88
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three therapy exercises (elbow, shoulder, and combined)
in the experimental protocol. Results also showed good
repeatability of the exercises when subjects were
removed from the system and reattached to perform the
same exercise at a different time. The robotic system’s
adaptability, repeatability, and reproducibility capabili-
ties have been verified for the same exercise for the same
subject or different subjects at different times.
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