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Abstract—A PC-based orthopedic rehabilitation system was de-
veloped for use at home, while allowing remote monitoring from
the clinic. The home rehabilitation station has a Pentium II PC
with graphics accelerator, a Polhemus tracker, and a multipurpose
haptic control interface. This novel interface is used to sample a pa-
tient’s hand positions and to provide resistive forces using the Rut-
gers Master II (RMII) glove. A library of virtual rehabilitation rou-
tines was developed using WorldToolKit software. At the present
time, it consists of three physical therapy exercises (DigiKey, ball,
and power putty) and two functional rehabilitation exercises (peg
board and ball game). These virtual reality exercises allow auto-
matic and transparent patient data collection into an Oracle data-
base. A remote Pentium II PC is connected with the home-based PC
over the Internet and an additional video conferencing connection.
The remote computer is running an Oracle server to maintain the
patient database, monitor progress, and change the exercise level
of difficulty. This allows for patient progress monitoring and re-
peat evaluations over time. The telerehabilitation system is in clin-
ical trails at Stanford Medical School (CA), with progress being
monitored from Rutgers University (NJ). Other haptic interfaces
currently under development include devices for elbow and knee
rehabilitation connected to the same system.

Index Terms—Client-server system, haptic feedback, orthopedic
rehabilitation, telerehabilitation, virtual reality.

I. INTRODUCTION

T HE RESEARCH planning report of the National Center
for Medical Rehabilitation Research indicates that in 1993

there were approximately 40 million disabled Americans [14].
This staggering number includes people with restricted mo-
bility, with reduced sensorial capacity, or with communication
and intellectual deficits. The aging of the American population,
coupled with the negative impact age has on disabilities
(including recurrence of previously controlled conditions) has
increased the number of disabled in recent years. Societal cost
has similarly increased to $300 billion, according to a report of
the Institute of Medicine [2]. The above cost does not account
for the psychological impact on the disabled, their family,
and the environment. While the number of patients needing
rehabilitation (including long-term therapy) has increased, the
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resources available to them have unfortunately diminished, in
part due to restrictions in managed healthcare agreements.

The reduction in the covered duration of therapy thus has a
negative impact on the patient’s condition and on the recovery
process.Thedurationof therehabilitationtherapy is important,as
is timelinessof treatment. Indeed,assessmentand therapyhave to
occur early on, or else the same therapy duration will have dimin-
ished results. Timeliness and duration of rehabilitative therapy
are problematic for those in remote rural locations or living in
depressed urban areas. In such instances, generally there are no
clinics in the vicinity of the patient’s home. Avoiding travel to the
clinic altogether would mean that adequate therapeutic interven-
tion can be done at home, after an initial assessment at the clinic.
However, therapists may not be able to travel to the patient’s re-
mote home or may be unwilling to do so.

The leading cause of activity limitations for Americans is or-
thopedic impairments. Such patients typically follow a regimen
of combined clinic and home rehabilitation exercises. Home ex-
ercises are done on simple mechanical systems that are loaned
to the patient or constructed for them. Since these mechanical
devices are not networked, there is no way a therapist can either
monitor a patient’s progress or change exercise difficulty levels
remotely. There is also no way to verify that the patient has ac-
tually done the prescribed home rehabilitation exercises. There-
fore, there is a need for a home telerehabilitation system that
will record data from a patient’s rehabilitation routines and will
allow the therapist to remotely monitor the patient’s progress.

Historically, computer-based biomechanical evaluation
tools were first used for monitoring the rehabilitation process.
Greenleaf Medical developed “Eval” and “Orca” systems for
orthopedicevaluation [9], [8].Thesystemsoffereasydatacollec-
tion and storage and tools for analyzing the patient information
stored in the database. Other companies (Lafayette Instrument
Company1 and Electronic Healthcare Systems Inc.2) are offering
software for patient monitoring and evaluation. Data is stored
in custom databases and patient reports can be displayed. The
systems described above were designed to be used in the clinic
so that they do not include either a networking or a rehabilitation
component. No forces are applied to the patient by these devices.

Prototype systems that do provide forces for manual therapy
have been developed by Hogan at MIT [10], Luecke at Iowa
State University [12], Takeda and Tsutsul at Nagasaki Institute
Applied Science [24], and, more recently, Rovetta at the Milano
Politechnic Institute [22]. All of these prototypes have certain
advantages versus the clinical practice. For example, the MIT

1[Online]. Available: http://www.licmef.com/assessme1.htm
2[Online]. Available: http://dm3host.com/websites2/ehs/charttrad.html
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system showed faster upper limb motor rehabilitation for stroke
patients who exercised with a robot. The Iowa State system
allowed independent force control for each finger, while the
Nagasaki system was extremely light and powerful through the
use of pneumatic “muscle” actuators. The Milano Politechnic
system is portable (uses a laptop) and is intended for patients that
need neuromotor rehabilitation (such as those with Parkinson’s
disease). However, all the systems cited above also have draw-
backs, due mainly to their complexity (for example, the use of
robot manipulators), making them difficult for use at home. In the
case of the Milano Politechnic system, forces to only one finger
are measured, and only one virtual finger is shown. Furthermore,
there is no networking component in either of these systems, so
that at-home monitored rehabilitation is not possible.

A virtual-reality(VR)-based system for hand rehabilitation
wasalsodevelopedbyBurdeaandcolleagues [5], [6].Thesystem
differs from the other prototypes mentioned above as it includes
a diagnosis module (with standard diagnosis instruments), a
rehabilitation module using VR simulations, and the Rutgers
Master I haptic glove [3]. Proof of concept trials done with a
small group of patients were promising, especially in regard to
the subjective evaluation of the system by the patients. Problems
remained due to the DataGlove technology used at the time for
hand readings,aswell as theslowgraphicsworkstationused(Sun
10-Zx). This system, like the ones before, was not networked, as
it was intended for clinic rather than at-home use.

An example of a system for computer-based patient moni-
toring and remote evaluation is the “electric house call” (EHC)
[18] developed by researchers at the Georgia Institute of Tech-
nology in collaboration with the Medical College of Georgia
and the Eisenhower Army Medical Center. Six at-home patient
measurements were demonstrated, with data stored at the clinic
using a client/server database architecture. In the area of home
rehabilitation, Ward and Bullinger recently patented a system
where a remote clinician can monitor and set the range of motion
of body joints through a “dual-plane joint monitor” [26]. There
is no VR component to their proposed system and no forces are
measured or applied by the patented apparatus.

This paper describes another client/server telemedicine
application in orthopedic rehabilitation. This telerehabilitation
system contains a PC workstation, a novel multipurpose haptic
control interface, the Rutgers Master II (RMII) force feedback
glove, a microphone array for hands-free voice input, and
videoconferencing hardware. The system is in clinical trials
at Stanford Medical School (client site), with rehabilitation
progress being monitored from Rutgers University (server site).
Section II describes the telerehabilitation system hardware.
Section III presents the VR rehabilitation library of exercises.
The deformation and haptic rendering models are detailed
in Section IV. Section V describes the patient database, the
client/server architecture, and the network system setup.
Concluding remarks are given in Section VI.

II. TELEREHABILITATION SYSTEM HARDWARE

The prototype of the home orthopedic rehabilitation system
is shown in Fig. 1(a) [20]. It consists of a Powerdigm Pentium
II PC equipped with an InsideTrack 3-D tracker [19], a FireGL

(a)

(b)

Fig. 1. Telerehabilitation workstation. (a) Experimental prototype. (b) The
RMII connected to the MHCI [20].

4000 graphics accelerator, a custom microphone array, and a
net camera. The Pentium PC is connected to a novel multipur-
pose haptic control interface (MHCI) which can drive several
rehabilitation haptic interfaces (for the hand, elbow, and knee).
The MHCI is a redesigned version of the RM-II Smart Con-
troller Interface, with a new haptic control loop, an upgraded
imbedded PC, and multiplexing capabilities. It can switch be-
tween the hand, elbow, and knee haptic devices seamlessly, as
required by the VR exercise routine to be executed. The system
is self-configurable, depending on the patient’s needs, without
any hardware changes (connect, disconnect, etc.).

Currently the system is used with the RM-II haptic glove
while the elbow and knee units are under development. As
shown in Fig. 1(b), the RM-II glove is an exoskeletal structure
that provides forces at the patient’s fingertips and contains
its own noncontact position sensors [7]. Thus, the system is
simplified (no need for a separate sensing glove) and light
(about 100 g). The feedback actuators have glass/graphite
structures with very low static friction. The combination of
high, sustained feedback forces (16 N at each fingertip) and
low friction provides high dynamic range (300). This makes the
RM-II capable of high sensitivity and resolution in the feedback
forces it can produce. The pistons have protective metallic
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Fig. 2. The multipurpose haptic control interface.

caps at the top to prevent overextending patients’ fingers. The
patient–RM-II device interaction benefits from air compliance
which augments patient’s safety. Additional safety features are
included in the software exercises, allowing patients to shut off
the system in case of emergency. The InsideTrak measures the
patient’s wrist position 60 times/s, while the RM-II provides
187 finger position updates/s.

The internal view of the prototype multipurpose haptic con-
trol interface is shown in Fig. 2. It consists of high-bandwidth
pneumatic valves, a pneumatic multiplexer, an embedded Pen-
tium board, several other electronic boards, and a power supply.
The pneumatic valves were carefully selected for their response
time and air flow in order to maximize the haptic device band-
width. The solenoid valves operate at a frequency of 500 Hz
with a flow of 200 Nl/min and an opening (or closing) response
time of less than 2 ms. The MHCI pressure regulator was built
with two of these fast valves, one each for exhaust and intake.
The embedded Pentium (100 MHz) controls the valves using
pulsewidth modulation (PWM) based on feedback from pres-
sure sensors installed on the valve output pipes. Experimental
results showed that the resulting closed-loop control assures a
precise and stable output pressure control with a mechanical
feedback bandwidth of 10–20 Hz [17]. This is approximately
four times larger than the corresponding bandwidth of the
off-the-shelf Buzmatics controller used in the previous RM-II
electronics interfaces. Additionally, the real-time software
running on the embedded Pentium reads and filters data from
the RM-II sensors through an analog demultiplexer and A/D
board and transforms it into the patient’s joint angles. The
transformation needs user calibration data transferred during
the initial calibration stage of the rehabilitation routines.

The communication between the MHCI and the host is
through a standard RS232 serial port, which brings total hard-
ware independence (the system was tested on a SGI Infinite
Reality, on a Sun Ultra 60, and on several Pentium PC’s). Data
sent to the host contain joint angles, measured forces, or device
state, while received data from the host include commands or
forces to be displayed to the patient. At a rate of 57 500 bit/s,

the RS232 line can transmit up to 187 RM-II position data
sets/s or 166 data sets that contain both position and finger
force readings every second.

A microphone array [11] provides hands-free voice input by
focusing on the patient’s head siting approximately 3 ft in front
of the monitor. Additionally, a net color camera connected to the
PC parallel port is used for teleconferencing with the clinic. It
can provide up to 15 fps QCIF images when running on a local
machine.

III. T HE VIRTUAL REALITY EXERCISELIBRARY

The high-level software used by the telerehabilitation system
has three components: the VR exercises routines, the database
of patients’ files, and the networking component. The rehabil-
itation exercises were developed using the commercial World-
ToolKit graphics library [23], with a simple virtual environment
in order to keep the patient focused. All exercises contain a
high-resolution virtual hand from Viewpoint DataLabs [25] and
several objects (DigiKey, peg board, rubber ball, power putty)
created with AutoCAD [1] or WTK Modeler.

Several hand gestures allow patients to interact with the vir-
tual objects: whole-hand grasping, two-finger grasping (lateral
pinch), selecting (pointing), and releasing. Contact detection be-
tween hand segments and the objects triggers a grasping gesture.
Objects stay “attached” to the virtual hand until a release ges-
ture is executed by the patient. The “select” gesture is executed
with the index finger touching a virtual object. This gesture is
used only at the beginning of each exercise to interactively set
the rehabilitation routine level of difficulty and object stiffness.

The rehabilitation routines are broadly classified into two
categories: physical therapy (PT) and functional rehabilitation.
PT exercises use force feedback to improve the patient’s motor
skills (exercise muscles and joints). Functional rehabilitation is
donetoregain lostskills (suchasthoseneededinactivitiesofdaily
living or job-related skills). Functional rehabilitation exercises,
therefore, have much greater diversity and their output depends
oneachexercisedesign.Theessential featureof theseexercises is
the patient’s interactivity with the VE. Each therapy exercise has
several levels of difficulty corresponding to the maximum force
thatcanbeapplied, the timeallowed,andotherparameters.

The first PT exercise models a rubber ball squeezing routine,
as illustrated in Fig. 3(a). The ball stiffness is color-coded and
can be selected by the patient at the beginning of the exercise.
Ball dynamics simulate gravity and Newtonian laws. Once it is
grasped, the ball deforms in contact with the virtual hand while
force feedback is displayed to the patient and recorded in the
database. The exercise terminates when either the patient presses
an exit key or the allowed time was exhausted. The second PT
exercise implements a virtual version of the DigiKey [15], which
is an individual finger exerciser, illustrated in Fig. 3(b), [5]. The
modelwasmodified to include the thumb insteadof thepinkydue
to the RM-II kinematics configuration. The DigiKey maximum
force levels were color-coded to match the commercially avail-
able set. After grasping the selected DigiKey, contact detection
is checked between fingers and the corresponding cylinder ends;
while in contact, the virtual cylinders are driven by the patient’s
finger movements. Forces proportional to the displacement of
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(a)

(b)

Fig. 3. Virtual PT exercises: (a) rubber ball squeezing and (b) DigiKey model
(adapted from [5]).

the DigiKey cylinders are fed back to the patient and stored
transparently and simultaneously in the database.

The third PT exercise is a molding of virtual “power putty,”
as illustrated in Fig. 4(a) and (b). The patient selects either an
ellipsoid or sphere unmolded putty shape, each with three se-
lectable hardness levels. The ellipsoidal premolded putty is used
for full grip, fingers only, thumb press only, or wrist rotation ex-
ercises. The spherical premolded putty is used for finger pinch,
where the putty is squeezed between the thumb and fingers. A
“reshape” button allows the patient to reset the putty to its pre-
molded shape before repeating the exercise.

The first functional rehabilitation exercise is a peg board in-
sertion task, illustrated in Fig. 5(a) [5]. The simulation uses a
virtual peg board with nine holes and a corresponding number of
pegs. The exercise has three levels of difficulty: “novice,” “inter-
mediate,” and “expert,” each with a different clearance between
the peg and hole (smallest for the “expert” level). The amount of
time allowed to complete the exercise is set by the therapist. Vi-
sual and auditory cues increase the simulation realism and help
the patient overcome visual distortions. Pegs are grasped with a
lateral pinch gesture and change color when in a correct inser-
tion position. Exercise results are stored in the form of number

(a)

(b)

Fig. 4. Virtual power putty molding PT exercise. (a) Putty selection. (b) Full
grip. [21] © IEEE.

of holes filled, time spent to perform the exercise, and number
of errors made (missed hole or an attempt to put two pegs in
one hole). The second functional rehabilitation exercise is the
ball game shown in Fig. 5(b). The patient has to throw the ball
so that it hits the target wall above a marked area. When the ball
bounces back, the patient has to catch it after at most one bounce
off the ground. The ball speed parameter (“fast” or “slow” ball)
is selected at the beginning of the exercise. Any correct catch
increases the patient “catch” counter, while a miss will increase
the “miss” counter. The ball deforms when caught by the patient
and loses energy while bouncing. This exercise is useful to train
feedforward ballistic-type movements and hand–eye coordina-
tion. Throwing and catching movements help improve accuracy
and speed control.

IV. DEFORMATION AND HAPTIC RENDERINGMODELS

Virtual objects which correspond to real rehabilitation devices
deform when grasped by the patient, as described above. The
deformation model uses the displacement vector of the mesh
points (see [4] for a review of physical deformation methods).
The method is simple, can be executed in real time, and fits well
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(a)

(b)

Fig. 5. Functional rehabilitation exercises. (a) Peg board (adapted from [5]).
(b) Ball game. [21] © IEEE.

with the haptic rendering approach described below. The model
allows for both elastic as well as plastic deformations. The elastic
deformation model uses a nondeformed reference object, while
the plastic deformation model updates the reference object after
each simulation frame. The elastic deformation is modeled as
a superposition of a global and a local deformation. The global
deformation model uses a morphing technique. The position,
normal, and color of all object vertices are interpolated linearly
between a normal state (corresponding to an opened hand) and
a maximum deformation state (corresponding to fully closed
hand). The interpolation parameteris the normalized mean of
finger joint angles

(1)

The local deformation model is controlled by a mesh of
points placed on the surface of the fingertip. Contact distances
are calculated between these points and the closest vertices of
the intersecting object surface within a certain radius of influ-
ence. The radius of influence is typically the size of the largest
dimension of the fingertip bounding box. The penetration dis-
tance relative to the reference object is weighted with a second

degree polynomial

where

(2)

and is the unity step function (deformations are calculated
only for positive penetration distances). The deformations from
different points of the haptic interaction mesh are not summed up
buta maximumvalue is calculated toobtainvertex displacement.

The haptic control loop in the MHCI runs at a much higher rate
(500 Hz) than the graphics refresh rate (currently set at 20 fps in
this application). Two models were used to implement the haptic
control loop. In the first case used for DigiKey, peg board, and
ball game exercises, thehaptic rendering loop runs entirelyon the
MHCI, and the host PC only commands the beginning and the
end of haptic feedback. Haptic interaction parameters (spring,
friction, and dumping constants intervals where the model
applies) are transmitted by the host when the force feedback loop
is activated. Forces are calculated locally on the MHCI using
Hooke’s deformation law. More complex deformation models
canbe implementedusing dumpingand frictionparameters. This
local modelworks well for grasping objects withasimple shape.

In the second case for ball and power putty exercises, the
haptic rendering model resides entirely on the PC workstation.
Here the PC host calculates and sends 20 force targets per
second (synchronized with the graphics loop) to be displayed
by the MHCI to patient fingers. The forces are based on the
displacement vector calculated for the deformation model. The
force vector is determined by the formula

(3)

V. THE CLINICAL DATABASE AND CLIENT/SERVER

ARCHITECTURE

Patient data is stored during the therapeutic exercises and or-
ganized in several tables: patient table (personal data), index
table (exercise index, type and date), and exercise tables. The
database Graphical User Interface (GUI) was designed using
Oracle Forms, Reports, and Graphics [16]. The patient entry
form provides the graphical interface to inpur data, query, up-
date, browse, or delete records. The exercise form displays a
listing of sessions of specified type performed by the patient.

“Rawdata”corresponding to the forcesexertedby thepatient’s
fingers are displayed when pressing the “show” button. Fig.
6(a) is a sample graph for the thumb forces during a DigiKey
exercise [20]. Finger forces “raw data” is, however, of little use
to the clinician. These data are therefore processed in order to
extract meaningful information for patient remote assessment.
The finger force mean, standard deviation, and effort (force
integral) for each session are computed and displayed. A time
history of these parameters over several rehabilitation sessions is
subsequently created, as shown in Fig. 6(b). The graph shows a
target (goal) parameter, which is set by the therapist. The patient
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(a)

(b)

Fig. 6. Clinical database. (a) Graph containing “raw data” for a given session.
(b) Apatient’s progress history versus the set goal [20].

has to achieve this goal over a specified number of sessions,
if the rehabilitation therapy is effective when implemented at
home. This goal can be remotely modified by the clinician after
assessing patient progress in order to fine tune the treatment to a
particular patient’s speed of recovery.

The above database is stored at the server side (clinic), as
illustrated in Fig. 7 [20]. The therapist has remote access to
the patient’s exercise routines without having to travel to the
patient’s home. After looking at the graphs, the therapist can
also judge whether the routine was performed in a satisfactory
fashion or not. A client server networking component has a menu
style GUI developed on a WinNT platform. The database update
module written using ProC transfers data from VR rehabilitation
exercises into theclinicdatabase.Theasynchronous transferuses
aTCP/IPconnectionand transfers local files storedsubsequent to
each exercise routine. The data file transferred contains exercise
type, patient ID, execution time, and exercise raw data.

Fig. 7. Telerehabilitation system software architecture [20].

The client site (the patient’s home) is running the real-time
VR exercises previously described. While wearing the reha-
bilitation haptic devices, the patient controls the system using
voice commands. The speech interface uses a Microsoft speech
recognition engine [13], with a small grammar implemented
for our application. Care has to be taken when programming
all software components to share a single processor machine.
The VR exercises thus run with higher priority to allow a max-
imum graphics frame rate. Videoconferencing tools installed at
the server and client sites use CuSeeMe videoconferencing soft-
ware [27]. The graphical interface thus allows a patient to start
VR exercises and open a video channel for consultation with
the therapist; it also includes documentation in the form of help
and mpeg tutorial movies for correct execution of the rehabil-
itation routines. During several teleconferencing system trials,
we obtained uneven performances, in some cases with only 2–3
frames/s. Internet2 became available for the project in late 1999
and allowed about 10 frames/s.

The quality of network services is very important for the
system reliability and performance. Several parameters affect
the network services: data file size, time to transfer, and failure
rate. The amount of data collected from the exercise depends
on its type and duration. For physical therapy exercises, we are
recording forces applied by the patient at a sampling rate of five
reads/s. For a 1-min exercise, that means about 10 kbit of data.
Functional rehabilitation exercises need only tens of bytes to be
transferred to the database. Transfer time and failure rates need
to be measured experimentally. A recovering procedure was de-
signed to prevent patient data loss. Failures are recorded in a
log and transfer is reinitiated for each failure. The client server
communication was tested in a LAN before the actual start of
clinical trials. The average time for data transfer and failure rate
were measured in an experiment with 1000 database updates
over the LAN. It took an average of 2.01 s for a DigiKey exer-
cise to be stored in the remote database. There were no failures
over these 1000 database updates. Networking data collected so
far from the experiment involving Stanford University and Rut-
gers University sites showed an average transfer time of 30 s for
the DigiKey exercise and 4 s for PegBoard.

VI. CONCLUSION AND FUTURE RESEARCH

A PC-based telerehabilitation system using virtual reality and
force feedback interfaceswasdevelopedforhomeuse.Thehaptic
hardware used to apply forces on the patient’s body includes a
novel multipurpose haptic control interface and the RM-II glove.
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A library of VR exercises was modeled after standard rehabili-
tation routines. This simulation library contains both physical
therapy and functional rehabilitation routines. Data collected
during the exercises is stored remotely at the server site (clinic)
using the Internet. Here the therapist can analyze it, evaluate
the patient’s progress, and modify VR exercise parameters or
rehabilitation goals over the network. Remote consultation is
supported using a videoconferencing system.

Developing new haptic devices for rehabilitation is an on-
going research effort in our laboratory. Elbow, knee, and ankle
interfaces are currently being designed and built for control by
the same multipurpose haptic control interface hardware. Elbow
and knee units are one-degree-of-freedom systems using sym-
metrically mounted pneumatic actuators to oppose flexion ex-
tension motion. The Rutgers ankle interface uses a Stewart plat-
form with six double acting pneumatic actuators. Clinical trials
with the telerehabilitation system described here are underway
at Stanford Medical School.

The system is currently being extended to include several
client sites (patient homes with rehabilitation workstations) and
a central server clinic. This configuration, called multiplexed
telerehabilitation, should allow the testing of the full potential of
telerehabilitation technology. Additional issues of patient iden-
tification, data security, and remote consultation multiplexing
have to be addressed. A new web-based distributed architecture
for the multiplexed telerehabilitation system is under develop-
ment. This innovative design assumes fast speed networks (In-
ternet2) and takes advantage of newly developed Internet tech-
nologies (Java3D) to create a distributed system (database, mul-
timedia, VR exercises) which resides entirely on the web.
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