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Training to Use Motor Prosthetic Systems
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Abstract—Research on control of human movement and devel-
opment of tools for restoration and rehabilitation of movement
after spinal cord injury and amputation can benefit greatly from
software tools for creating precisely timed animation sequences of
human movement. Despite their ability to create sophisticated ani-
mation and high quality rendering, existing animation software are
not adapted for application to neural prostheses and rehabilitation
of human movement. We have developed a software tool known as
MSMS (MusculoSkeletal Modeling Software) that can be used to
develop models of human or prosthetic limbs and the objects with
which they interact and to animate their movement using motion
data from a variety of offline and online sources. The motion data
can be read from a motion file containing synthesized motion data
or recordings from a motion capture system. Alternatively, mo-
tion data can be streamed online from a real-time motion capture
system, a physics-based simulation program, or any program that
can produce real-time motion data. Further, animation sequences
of daily life activities can be constructed using the intuitive user
interface of Microsoft’s PowerPoint software. The latter allows ex-
pert and nonexpert users alike to assemble primitive movements
into a complex motion sequence with precise timing by simply ar-
ranging the order of the slides and editing their properties in Pow-
erPoint. The resulting motion sequence can be played back in an
open-loop manner for demonstration and training or in closed-loop
virtual reality environments where the timing and speed of anima-
tion depends on user inputs. These versatile animation utilities can
be used in any application that requires precisely timed animations
but they are particularly suited for research and rehabilitation of
movement disorders. MSMS’s modeling and animation tools are
routinely used in a number of research laboratories around the
country to study the control of movement and to develop and test
neural prostheses for patients with paralysis or amputations.

Index Terms—Modeling, motor neural prostheses, real-time an-
imation, virtual rehabilitation.

I. INTRODUCTION

H UMAN movement and its control are being studied in
many laboratories and in many disciplines. When injuries

or diseases cause movement disorders such as paralysis, ampu-
tation or stroke, normal movement must be restored by the use of
prostheses or physical therapy and rehabilitation, often in com-
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bination. The sheer complexity of the neuromuscular system
makes it inefficient to design and apply effective treatments by
building and testing physical systems incrementally. Developers
in many fields increasingly turn to mathematical models, com-
puter simulations and virtual reality displays to estimate the
functionality and usability of hypothetical designs.

Reanimating paralyzed limbs, for example, requires elec-
tronic devices that can precisely control the activation of
paralyzed muscles to move the limb in a useful manner [1]–[3].
Similarly, prosthetic limbs with multiple degrees-of-freedom
(DOF) must be controlled by voluntary commands of the
amputee patient [4], [5]. Further, the patients must be trained
in controlled and safe environments to generate the voluntary
commands to control effectively the movement of their para-
lyzed or prosthetic limbs. Modeling and simulation in virtual
reality environments is one of the techniques that have been
proposed to optimize the design of neural prostheses, fit them
to the patients, and train the patients to operate their prostheses
effectively. Similar techniques can be used to treat patients
with neurological disorders to regain their normal function and
to study the neural control of movement. These applications,
however, rely heavily on the availability of software tools that
can help the users build sophisticated models of biological
and prosthetic limbs and to animate them in interactive virtual
reality environments that depict motor tasks.

Currently, because of their size, the movie and video game
industries are the main driving forces behind the development
of new computer animation software. The vast array of propri-
etary and commercial software tools (e.g., Maya from Autodesk
Inc.) developed for these industries focus mainly on creating
the illusion of reality using a variety of sophisticated techniques
[6]–[8] that are mostly unsuitable for neural prostheses and re-
habilitation applications. The main purpose of these software
tools is to synthesize motion trajectories between key frames or
process prerecorded motion data from real characters by tech-
niques such as blending, retargeting, and synchronization to
create realistic looking motions for the virtual characters. Com-
putationally intensive rendering is done offline to produce the
final high quality animations with realistic appearance but the
models need not be physiologically realistic and the simula-
tions do not provide insights into the kinetics of their move-
ments and interactions. These tools are not designed to deal with
the real-time requirements of neural prosthetic applications, and
they don’t interface with commonly used hardware for capturing
the movement and neural command inputs from patients. There-
fore, biomedical researchers and developers have used commer-
cial software specifically developed for virtual rehabilitation or
visualization libraries that have been customized to specific ap-
plication by adding additional routines and models, or they had
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to spend a great deal of time and effort to develop their own
computer animation tools.

A natural application for virtual environments has been the
training of amputee patients to operate their myoelectric pros-
theses, which tends to be difficult, time consuming, and stressful
to patients. For example, Eriksson et al. [9] used an animated
hand to investigate the feasibility of electromyogram (EMG)
control of a prosthetic hand with multiple DOF. The animated
hand represented a prosthesis with the desired mechanical DOF
that did not exist in reality. In a study by Sebelius et al. [10], the
movement of a multi-fingered prosthetic hand that was not avail-
able at the time was represented by the animation of a human
hand in a virtual environment. Such virtual simulations enabled
the investigators to test the viability of novel prosthetic concepts
and refine them before they were actually manufactured, thereby
significantly reducing the costs associated with building phys-
ical prototypes that may turn out to be invalid. A similar ap-
proach was used by Soares et al. [11], in which the animated
arm consisted of skinned meshes of the human arm with a re-
alistic appearance and was used to visualize the postures of a
prosthetic arm corresponding to the patient’s EMG commands.
Discrepancies between the virtual human arm and the prosthetic
arm it depicts may hinder the developer’s ability to test the vi-
ability of the prosthetic arm designs and may also reduce the
effectiveness of the virtual training and its transfer to the real
world. Further, the animations in this study were limited to ren-
dering the selected static postures and therefore did not have to
support continuous animations of the arm in real time. Dupont
and Morin [12] developed a system to train and assess the my-
oelectric control of upper limb prostheses by child amputee pa-
tients. The training system used simple computer visualizations
of the hand posture. Evaluation of the training system by fifteen
nonamputee adult volunteers showed that all subjects improved
at myoelectric control and that they improved more in the early
stages of training than in later stages. The animations in this
study were found to be effective in training the operation of the
hand opening and closing but training to operate newer hands
with multiple DOF requires more realistic animations that can
mimic the appearance and behavior of the prosthesis and can
respond to the users’ commands in a timely manner. Nishikawa
et al. [13], demonstrated the efficacy of real-time training in vir-
tual environments where they used primitive animations of the
prosthetic hand in place of the real prosthesis. But the trained
motions were the desired postures the patients must achieve and
did not include dynamic movements or interactions with objects
in the task environment. In a training system developed by Kut-
tuva et al. [14] the pressure between the socket and the stump in
lower arm amputees was used as the command signal to operate
a virtual hand performing pick and place or pegboard exercises.
The training tasks in this study were similar to their physical
rehabilitation counterparts in clinical environments and there-
fore provided a more realistic environment for development and
testing of next generation prosthetic limbs and prosthetic control
systems. Virtual training of patients to operate their myoelectric
prostheses has unique advantages, especially in early stages of
recovery from amputation when the stump may not be able to
bear the load of the real prosthesis. To optimize the outcomes,
the training of the patients must start as soon after the ampu-

tation as possible [15], so it would be advantageous to begin
training with a virtual arm whose appearance and behavior are
as close as possible to the real prosthesis that will be fitted later.

Movement rehabilitation and training is another important
area of application for virtual reality technologies. Piron et al.
[16] used virtual rehabilitations, mimicking clinical rehabilita-
tion tasks, to train stroke patients. The distinguishing feature
of this study was the use of enhanced feedback such as the si-
multaneous plots of therapist’s and patient’s hand trajectories
in 3-D space, which resulted in improved learning. These types
of enhanced feedback are unique to virtual rehabilitation and
could not be provided in conventional rehabilitation. A number
of other studies have also shown that virtual training of stroke
patients improves their function both in virtual and in real world
tasks [17], [18]. Zhang et al. [19], [20] developed a virtual re-
ality environment for telerehabilitation of stroke patients where
the patient mimicked the desired movements made by primitive
avatars. The avatars could animate simple reaching movements
using data stored in motion files. The avatars had simple ap-
pearance, however, and could not be used to animate forearm
and hand movements or interactions with the environment that
are essential for the virtual task realism and patient motiva-
tion [21]. Further, the animation software was not general-pur-
pose and therefore could not be easily adapted for other appli-
cations. Holden et al. [22] developed a virtual training system
that used animations mimicking real rehabilitation tasks to help
with motor training of stroke patients. Their motivation was
to offer a home-based training system to patients who are in-
creasingly getting less rehabilitation and are leaving the hos-
pitals with lower functional levels. They clearly showed that
the virtual training of stroke patients transferred to real world
tasks. Virtual training is not limited to those with movement
disability. Baek et al. [23] rescaled and retargeted the move-
ment of an athletic trainer to match the body size of the trainee.
The retargeted teacher movement was then animated along with
the movements of the trainee’s own movement. The superim-
posed animation provided immediate knowledge of results that
allowed the trainee to learn to follow the teacher movement.

Another emerging area for the application of virtual environ-
ments in movement science is the study of motor control and
learning in the central nervous system. In various studies (e.g.,
[24]–[26]), human or nonhuman primates have been placed in
virtual environments where they could generate neural signals
from different areas of their brain to drive an animated cursor
(usually in the form of a sphere on a 2-D or 3-D computer
display) to target positions. These test bed environments are
helping researchers understand how the brain controls the move-
ment of the hand in space and how these cortical neural signals
may be used as a direct source of command to operate mecha-
tronic prostheses for amputees and functional electrical stim-
ulation to reanimate paralyzed limbs. As the field progresses,
more sophisticated test beds including virtual models of the ac-
tual limb and rehabilitation tasks are becoming essential for fur-
ther development [27]. Studies with nonhuman primates require
extensive training with apparatus and tasks that scale gradually
in complexity. Building multiple physical devices that can with-
stand abuse is time-consuming. Getting animals to generalize
from their prior experience with physical objects to virtual en-
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Fig. 1. Sources of motion data and types of animations in MSMS. The movement of a virtual model and physical characteristics of objects in MSMS can be
animated by data from variety of offline and online sources. Complex and precisely timed animations of activities of daily living can be assembled from library of
primitive movements in PowerPoint.

vironments depends on the verisimilitude of both the dynamics
and the appearance of the simulation.

The studies above clearly demonstrate the need for a gen-
eral-purpose software tool that can help researchers and devel-
opers in different areas of movement science to build models
of limbs and tasks rapidly and to animate them in real-time for
interactive virtual reality environments. We have developed a
software tool known as MSMS that provides extensive modeling
and animation capabilities specifically designed to facilitate re-
habilitation and restoration of movement to patients with a va-
riety of movement disorders. It allows building virtual reality
environments where human or nonhuman subjects can learn to
produce voluntary commands such as EMG or cortical neural
activity to control the movement of a virtual limb and its in-
teractions with the objects in the environment. In this paper,
we are focusing on MSMS’s unique animation capabilities and
their potential to facilitate development and application of ther-
apies by means of model systems and virtual environments.
The reason for this focus is that most neural prosthesis and
rehabilitation applications use animation-only simulations (see
above). Nevertheless, MSMS has the tools to create realistic
physics-based simulations of the limb and its interactions with
external objects that are described elsewhere [28].

II. BUILDING BLOCKS OF MSMS ANIMATIONS

Customized animations in MSMS are comprised of virtual
models and motion data from offline or online sources (Fig. 1).
The virtual models of a specific limb and the task environment
can be built using interactive graphical tools in MSMS or im-
ported from other software. Both the data for animation of the
limb and objects and the physical appearance of objects such
as their color and size can be read in from a file or streamed
from live sources. The latter is essential for building interactive
virtual reality applications where the subject interacts with the
virtual model in real time.

A. Virtual Model

MSMS provides tools to build 3-D models of humans, ani-
mals, prosthetic limbs, and objects in the task environment. The
segments and joints in these models must be designed to ac-
commodate all the movements and interactions required by the
specific application. The models can be assembled using MSMS

Fig. 2. MSMS’s graphical tools can be used to interactively build sophisticated
models of human, animal, and prosthetic limbs, and rehabilitation tasks. The
user’s library of limb and task models can be quickly combined in MSMS to
build complete virtual representations of neural prostheses and rehabilitation
tasks.

library of components or imported from other popular modeling
environments. For example models of musculoskeletal systems
and prosthetic limbs can be imported from OpenSim (SimTK.
org) and SolidWorks (SolidWorks Corp.), respectively. Once a
library of limb and task models are constructed, the user can
quickly combine any limb with any task to build new virtual
worlds. This feature is particularly useful for neural prostheses
and rehabilitation applications where a patient may try a number
of prosthetic limb designs to find the best match and may be re-
quired to train in different task environments to master the oper-
ation of the prosthesis. Fig. 2 shows sample virtual models con-
structed in MSMS and their combination to build virtual worlds.
MSMS’s support for user lights, user cameras, customized tex-
tures, sound playback, and 2-D and 3-D stereoscopic displays
enable the design of virtual environments with the desired level
of sophistication and realism.

The models built in MSMS are saved in standard XML (eX-
tensible Markup Language) file format. The use of XML format
facilitates model parsing and validation using standard program-
ming tools and the development of translators to import/export
MSMS models to other formats used by other modeling soft-
ware. More importantly, MSMS virtual models in their entirety
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or individual parts (limb or task models) can be shared readily
with other users.

B. Sources of Motion Data

Depending on the application, the motion data for animation
can be obtained from one of three sources: motion capture sys-
tems, motion synthesis, and physics-based simulations. The mo-
tion data obtained from these sources can be stored in a motion
file for later use or streamed directly to MSMS via user data-
gram protocol (UDP; see below) for real-time animations of the
virtual model (Fig. 1).

Motion Capture Systems: Measuring the movement of a
human subject is the preferred method for producing realistic
animations. Both optical and electromagnetic motion capture
systems can be used for this purpose. The recorded motion
data is usually in the form of 3-D coordinates of the markers
(in optical systems) or 6-DOF translations and rotations of
the segments (in electromagnetic systems). These motion data
must be transformed to the joint coordinates by deriving the
angular position of each DOF.

Motion Synthesis: As an alternative to capturing the human
movements, the motion data can be synthesized artificially.
The synthesizer programs can use well known characteristics
of human movement to create animation data. For example,
smooth trajectories with bell-shaped tangential velocity curves
can be computed between two postures. This approach is lim-
ited to producing stereotypical point to point movements and
cannot be used for more complex or pathological movements
that can only be captured from human subjects. MSMS facili-
tates the synthesis of the motion data between two postures by
allowing the user to position the model in various postures (e.g.,
the initial and final postures of a point-to-point movement)
and to export the corresponding motion files. The synthesizer
program can then use these posture files as inputs and inter-
polate the desired number of data frames between them. The
synthesized motion data can then be stored in MSMS motion
file or streamed directly to MSMS via UDP.

Physics-Based Simulation of Movement: Another method for
generating realistic motion data is physics-based simulation of
the virtual models. The virtual models in MSMS can be au-
tomatically converted into a Simulink model that can be used
to simulate the physics-based movement of the virtual model.
When executed, the physics-based models in Simulink can pre-
dict the realistic movement of the virtual model in response to
control inputs and external forces. The predicted motion data
can be stored in motion files for later use or streamed to MSMS
via UDP in real-time. The latter allows the user to view the sim-
ulated movement as an animation in real-time.

C. MSMS Motion File

MSMS uses an ASCII text file format to store the motion
data for animation of the articulations in the virtual model. The
MSMS motion file is comprised of a header row listing the
names of the DOF in the model. In the header row, one has to
list only the joints that must be animated and omit the others
whose posture does not change. The header row is followed by
any number of time-stamped data rows containing the motion
data for the joints listed in the header row (Fig. 3). The data

Fig. 3. MSMS motion file format. Header row listing the names of the DOF
for each joint is followed by the motion data in time-stamped rows.

in each data row consists of the time and positions of the DOF
listed in the header row at that time frame. For large models
with many joints, building the header row is time consuming
and prone to errors. MSMS has a utility that can automatically
create a template motion file with the correct header row. The
template motion file can then be edited manually in a text editor
or spreadsheet or automatically by other programs.

D. MSMS Real-Time Animation Protocol

The motion data for animation of MSMS models can be sent
using UDP protocol over a local network. This allows the an-
imation data to be sent from a program running on the same
PC or other networked PCs thereby enabling the user to dis-
tribute the computations of complex virtual reality systems to
multiple PCs. We chose the UDP over TCP protocol because it
did not have the computational overhead associated with data
checking such as handshaking, message acknowledgement, re-
transmission, or timeout. These checks on the data increase the
reliability of the data transmissions but they also introduce trans-
mission delays, making them inappropriate for real-time anima-
tions. The potential for loss of data in MSMS applications can
be minimized by running them on a dedicated local network that
connects PCs in short distances and carries only animation data
for MSMS (see below).

To streamline the sending of animation data to MSMS, we
have developed a protocol called “Feature Commands” that can
be used by any program to send animation data to MSMS via
UDP. A packet of animation data representing an animation
frame must have the following format:

where ID is the unique identifier of an MSMS object such as
a joint or segment, F is the specific feature of the object that
must be modified such as its position, color, or size, and V is the
new value of the feature. This simple protocol allows the users
to animate the motion of a joint, modify the physical attributes
of objects such as their color, size, and visibility, draw arbitrary
trajectories in the VR scene, display text, or play sound at appro-
priate times during the animation. With the “Feature Command”
protocol, the user must only send the data for those features that
are to be animated, which minimizes the size of the packets to
be sent via UDP. The forming of the packets for large models
could be difficult and time consuming, although it has to be done
only once. When a MSMS model is exported to Simulink, the
packet for animation of all of its joints is created automatically.
If other programs such as C are used to generate the “Feature
Commands” for animation, they have to create their own packets
following the guidelines in MSMS’s user guide.
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Fig. 4. Building an animation sequence with precise timing and order in Pow-
erPoint. The order of the slides in PowerPoint presentation specifies the order
in which primitive movements are animated. The PAUSE slide represents wait
time between two primitive movements. For each slide representing a primi-
tive movement or pause, “Automatically After” parameter is used to specify its
duration.

III. BUILDING ANIMATION SEQUENCES IN POWERPOINT

MSMS allows nonexpert users such as clinicians to build
complex animations of the activities of daily living (ADL) in the
familiar and easy to use environment of PowerPoint software.
The process involves creating a library of motion files repre-
senting primitive movements (preferably by experts) and then
arranging the order and properties of the images corresponding
to the primitive movements in PowerPoint (by expert or nonex-
pert users) in any order to build customized animations of com-
plex movements (Fig. 1).

The library of the primitive movements contain pairs of mo-
tion and image files representing specific movements such as
elbow flexion, hand closing, etc. For example, the elbow flexion
movement from full extension to 90 flexion must be repre-
sented by a MSMS motion file containing the motion data and
an image file of the same name depicting the same movement.
The motion files for primitive movements can be created using
any method such as capturing the movement of a human subject
performing the movement, motion synthesis, or physics-based
simulations, as described above. The images depicting the prim-
itive movements can be obtained by photography, drawing, or
screen capture of the virtual model in MSMS window. The li-
brary also needs an additional image file named pause that can
be used to represent pauses between the primitive movements.

Once the library of primitive movements is created, the mo-
tions in the library can be sequenced in any order in PowerPoint.
The user has to create a new PowerPoint presentation and in-
sert images (one image per slide) corresponding to the primitive
movements or pauses (Fig. 4). The user can change the order of
the slides to change the order of the animations. To repeat one
motion more than once, the user can copy and paste the primi-
tive movement’s corresponding slide as many times as desired.
Further, the user can edit the animation properties of slides to

change the total animation time of each primitive motion and the
length of pause between two primitive movements. To change
the duration, the user simply modifies the value of “Automati-
cally After” parameter in PowerPoint’s animation menu (Fig. 4).
MSMS uses this value to scale the timing of the primitive mo-
tion data so that the same motion animates slower or faster de-
pending on the duration specified by the user and the duration
of the original primitive motion. This allows the user to easily
create new animation of ADL with the desired sequence, speed,
and timing. The PowerPoint presentation file must then be saved
in XML format (one of the save options in PowerPoint).

The PowerPoint presentation file in XML format is then
parsed by MSMS to obtain the sequence and timing infor-
mation and create a combined motion file that represents the
whole sequence. The image names in the slides are used to find
the corresponding primitive motion file, scale the timing of
the motion data if necessary, and copy them to the combined
motion file. The scaling simply calculates a new time step
between the consecutive frames of motion data by dividing the
animation time specified in the slide by the number of data
frames in the primitive motion file. To represent a pause in the
animation, the last frame of data from the preceding primitive
motion file is repeated for the duration of the pause specified
in the slide. The combined motion file has a format similar
to the primitive motion files in the library and can be directly
loaded and animated in MSMS. When parsing the PowerPoint
file, MSMS also creates a sequence file. The sequence file
has the same number of rows as the motion file. A row in the
sequence file corresponds to a row in the motion file, specifying
its type (animation or pause), and in the case of animation,
the name of the primitive movement to which it belongs. The
information in the sequence file is not required for loading and
animation of the motion file but it is essential for interactive
rehabilitation applications in which other patient data such as
EMG of the muscles or movement of the patient’s limbs must
be recorded and synchronized with the animation data. For a
specific application of this feature see Zeher et al. [29] and
example applications of MSMS animations below.

IV. REAL-TIME AND NONREAL-TIME APPLICATIONS

In nonreal-time applications, usually there are no interac-
tions between MSMS animations and the outside world (subject
and measurement devices) or there are interactions but slow
response times and delays can be tolerated. For example, an
engineer simulating the control of prosthetic limbs in Simulink
does not have to animate the resulting movement in real-time.
The resulting motion data can be stored in a motion file and
animated later at a desired speed to evaluate the performance of
the prosthetic control system. Alternatively, the resulting move-
ment can be sent to MSMS via UDP for online animations. This
allows the engineer to see the resulting movement while the
movement is simulated. The animation will then run at the same
speed as the physics-based simulation, which may be slower
or faster than real-time depending on the complexity of the
simulations and the available processing power. Nonreal-time
animations can also be used in inspection of the motion data
captured from human subjects, animation of correct motion
patterns for demonstration or training, replay of motion data
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Fig. 5. Minimal setup for real-time applications composed of two PCs. The
real-time simulation PC uses Mathwork’s xPC Target real-time kernel to
manage the interactions with the subject and external measurement devices,
run the simulation code and application logic, and broadcast the motion data
via UDP. The visualization PC runs MSMS under Windows or Linux operating
systems to intercept the motion data sent from the real-time PC and use it to
animate the virtual model as fast as possible. The motion data broadcast can
be intercepted and visualized in multiple visualization PCs for different users
(e.g., patient, operator, and clinician) from different perspectives.

recorded in scientific experiments, and any application where
the animated motion does not have to be altered in response to
or synchronized with the other real-time events.

Because of the lax requirement on response time, nonreal-
time applications require minimal hardware setup, as little as
a single PC with Windows or Linux operating systems. The
single PC can interact with the outside world via its input/output
ports, execute the simulations or programs that generate ani-
mation data, and run MSMS to animate the virtual model. The
hardware configuration can be tailored to the application. For
example, physics-based simulations would benefit from more
powerful processors and larger memory while interactive vir-
tual environments may use 3-D stereoscopic displays and head
tracking sensors.

For real-time applications MSMS animation must interact
with and respond to the inputs by the user and external devices.
For the user to be immersed in and interact with the virtual
world, the MSMS animations must be rendered at appropriate
speed and with minimal delay. The minimal setup for real-time
applications includes at least two PCs: a real-time PC and a vi-
sualization PC (Fig. 5). The real-time PC must run a real-time
operating system to dedicate all its resources to running the sim-
ulations and the application logic, input/output from and to the
human user and the external devices, and generation and trans-
mission of animation data to the visualization PC via UDP [30].
The visualization PC, on the other hand, must run a Windows or
Linux operating system and must dedicate its resources to ani-
mation of the virtual model.

Although other real-time processors can be used to control vir-
tual applications, the real-time setup in Fig. 5 offers a number of
advantages especially when it is used with MSMS animations.
This setupusesxPCTarget real-timekernel (Mathworks Inc.) that
turns any PC into a powerful real-time system. Further, it allows
the users to compile and download MSMS-generated Simulink
models automatically to the real-time PC. As mentioned above,
MSMS can convert its models into Simulink models that not only
computemovementdynamicsbutalsoproperlypackageandsend
the resulting motion data to MSMS for animation. The ability to
automatically compile the Simulink model and immediately run
it in real-time speeds up the development time of virtual appli-
cations. Separate PCs for simulation and visualization was first
proposed by Hauschild et al. [30]and has since beenduplicated in

other laboratories (see below). The proposed setup includes also
an operator PC that is not involved in the runtime operation of the
virtual environment but can be used by the operator to develop
virtual models and simulations, compile and download the simu-
lation models to real-time PC, and view and control the operation
of the virtual environment. For example, in the operator PC, the
operator can view the same virtual environment presented to the
subject from a different perspective.

Whether an animation can be run in real-time or not depends
on many factors such as the complexity of the virtual model and
the available processing power. For a given computing power
and computational load, the user must be able to determine
whether the virtual application can be executed in real-time or
not. This knowledge enables the user to take appropriate action
such as increasing the computational power or reducing com-
putational load by simplifying the virtual model until real-time
performance can be achieved. The xPC Target kernel in the
real-time PC displays detailed execution time information to
the user in run time indicating whether the application can be
run in real-time or not. The visualization PC runs Windows or
Linux, which are both nonreal-time operating systems. The user
must configure these to give the highest priority to MSMS an-
imations and close as many system programs as possible. Our
experience shows that this is easier to do in Linux and, there-
fore, the MSMS models can be animated faster in Linux than in
Windows. But MSMS users have been able to achieve real-time
performance in both operating systems. To enable the user to
determine whether MSMS models can be animated in real-time,
MSMS offers a utility that can display the rendering statistics to
the user while the model is animated. Comparison of these data
with the required update rate can show whether the model can
be animated in real-time or not.

To evaluate the effect of model complexity and processing
power on MSMS rendering times, we animated a number of
typical MSMS models with varying levels of complexity in four
PC configurations (Fig. 6). The model complexity ranged from a
simple two-spheremodelused innonhumanprimateexperiments
to complex models used in rehabilitation and patient training.
The simulated animation data were sinusoidal variations of all of
the DOF in the model and were generated by a Simulink program
running on the same PC. One thousand frames of motion data
were sent via UDP at a high rate to ensure that there were always
data in the buffer waiting to be rendered by MSMS. MSMS
received and rendered as many frames of data as possible. The
total time of animation was divided to the total number of frames
actually rendered by MSMS to obtain the average rendering time
per frame of data. Rendering times therefore represent the time
spent in the visualization PC by MSMS to receive and unpack a
UDP packet containing a frame of motion data, apply the data to
the model, and render the new posture on the display. To estimate
the overall latencies, one must also add the latencies associated
with the processes in the real-time PC and the network transport
that were not measured here.

The measured rendering times show that all setups tested here
performed well on 2-D rendering of simple models but larger
models can only be rendered using higher end video cards, es-
pecially if they have to be rendered in stereoscopic 3-D. Inter-
estingly, MSMS rendering times did not always increase with
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Fig. 6. Renderings times in milliseconds for typical MSMS models in four PC
configurations. Models vary in complexity from Model A containing two objects
and 6 degrees-of-freedom (commonly used in cortical control experiments with
nonhuman primates) to Model F, a physics-based shooting game containing 48
objects and 69 degrees-of-freedom. Rendering times for stereoscopic visualiza-
tions are provided for PC4, the only PC with stereo-capable graphics.

model complexity. This might be a feature of the Java3D tech-
nology employed by MSMS. Similar observations were made
by Burdea and Coiffet [31], who noticed little change in Java3D
rendering times over a wide range of model sizes. We should
also note that, for the measurements here, we did not make any
special modifications to the PCs. Running the Simulink program
with MSMS on the same PC could slow down rendering times.
To minimize the latencies, the visualization PC must be care-
fully configured so that it gives the highest priority to MSMS
and does not run any other applications or services. The Win-
dows rendering times reported here can be improved signifi-
cantly by the use of Linux operating system that allows more
user control over its resources [32].

V. APPLICATIONS OF MSMS ANIMATIONS

MSMS provides flexible and powerful tools for building vir-
tual models of arbitrary complexity and animating them with
motion data from offline and online sources. MSMS models and
animations can be turned into interactive virtual applications
using PCs and Matlab toolboxes that are commonly available
in most academic institutions and research laboratories. There-
fore, researchers and developers with common computer skills
can develop complete virtual applications in readily available
PC hardware.

In our laboratory, we have used MSMS animation tools in
interactive virtual reality environments to develop and evaluate
neural prosthesis control systems for paralyzed patients and am-
putees [33]. In these applications, the subject’s voluntary com-
mand signals such as the movement of the intact joints are used

to control the movement of a simulated limb in virtual world.
The real-time stereoscopic display of the resulting movement
from the subject’s perspective provided the visual feedback that
enabled the user to see the consequence of his/her voluntary ac-
tions and adjust them if necessary. These environments there-
fore enable us to evaluate the feasibility of a neural prosthetic
control system before clinical deployment and train the patients
to operate their prostheses effectively.

MSMS animation tools have also been used in many other
laboratories. For example, as part of a large multi-center project
headed by The Johns Hopkins Applied Physics Laboratory, a
virtual integration environment was developed to streamline the
collaborative development of sophisticated neural prostheses for
upper limb amputees [34]. The virtual environment uses a real-
time hardware setup similar to that in Fig. 5 to acquire and
process neural commands such as those from motor cortex or
EMG of residual muscles, driving the movement of a simulated
prosthetic arm modeled and animated in MSMS. This virtual en-
vironment enabled system integrators to test and evaluate quan-
titatively the performance of neural control strategies developed
in different laboratories on the same engineering test bed.

In Walter Reed Army Medical Center, Zeher et al. [29] have
used MSMS’s animation tools to develop a virtual version of
“Mirror Therapy” that has been shown to alleviate amputee
phantom limb pain [35]. They have synthesized a library of
primitive arm and hand movements that can be configured
in any order and timing in PowerPoint by nonexpert users
such as clinicians. The resulting animation sequences are then
presented to the amputees who are asked to attempt the same
movements with their phantom limb. The animations presented
to the patient and the resulting changes in the EMG of residual
muscles in the stump must be recorded and synchronized so that
their relationships can be studied to assess treatment outcomes.
To synchronize these data, they used a setup similar to that in
Fig. 5 where the real-time PC reads in the MSMS-generated
motion and sequence files for ADL and sends the desired
animation frames to the visualization PC while simultaneously
measuring the patient’s EMG data.

Motor control and learning is another important area of ap-
plication where human or nonhuman primate subjects interact
with MSMS generated animations. Markus Hauschild used the
architecture for human-in-the-loop simulations that he devel-
oped at the University of Southern California [30] to develop
a virtual simulation environment to conduct closed-loop cor-
tical control experiments with nonhuman primates at Caltech.
In experiments that are now routine in their laboratory, they use
the Windows operating system to construct and animate MSMS
models of 3-D reaching movements to virtual targets [36], [37].
In their configuration with Windows XP, the measured latencies
for streaming the motion data from the real-time PC to receiving
the motion data and rendering the virtual model was 15–20 ms
(personal communication), which was adequate for their closed-
loop experiments with nonhuman primates. At Stanford Univer-
sity, Cunningham et al. [32] developed a closed-loop simulator
for investigation of the role of feedback control in brain–ma-
chine interfaces. In their simulator, a human or nonhuman pri-
mate subject can interact with simulated objects that are mod-
eled in and animated by MSMS and presented in 3-D stereo-
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scopic displays. The development of the closed-loop simulator
was motivated by the finding that the commonly used methods
for offline development and testing of neural decode algorithms
neglect the potential for a real neural prosthesis user to make
corrections to control strategies to improve performance. Their
virtual environment had a stringent real-time performance re-
quirement that was difficult to achieve under Windows operating
system. Switching to Linux, which has less overhead and more
control over the system’s resources, enabled them to achieve
faster rendering times for MSMS animations. The measured la-
tency and jitter in their whole system was 7 4 ms, which
was critically important for their study [32]. In a collaborative
project between Johns Hopkins and Rochester Universities, Ag-
garwal et al. [27], integrated MSMS models and animations in
a virtual environment to perform closed-loop experiments with
nonhuman primates. In their application, MSMS is being used
to build complex virtual models of arm, hand, and objects to
study neural decoding algorithms for dexterous control of reach
and grasp movements. In the authors’ opinion, they can use
virtual multi-joint arm models in MSMS in place of physical
prototypes that are costly to develop and maintain. Further, in
the virtual environment, the predicted arm movements from the
neural decode algorithms can be easily overlaid with the ac-
tual limb movement obtained from motion capture system, pro-
viding a rapid validation of the newly developed cortical decode
algorithms.

VI. CONCLUSION

MSMS provides its users with interactive tools to model
arbitrarily complex models of biological and prosthetic limbs
and the objects in the task environment with which they in-
teract. These models can then be turned into simulation models
in Simulink to perform physics-based simulation of the limb’s
movement or produce motion data to animate the MSMS
model. The combination of a real-time PC for execution of the
application logic and external interfaces and a visualization PC
for animation and stereoscopic display of the virtual models is
a powerful tool for development of new virtual applications for
research and treatment of movement disorders. The already de-
ployed applications in major national laboratories are enabling
investigators to understand the control of human movement and
develop innovative treatments for movement disorders.
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