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A Virtual Reality Environment for Designing and
Fitting Neural Prosthetic Limbs

Markus Hauschild, Rahman Davoodi, and Gerald E. Loeb

Abstract—Building and testing novel prosthetic limbs and con-
trol algorithms for functional electrical stimulation (FES) is ex-
pensive and risky. Here, we describe a virtual reality environment
(VRE) to facilitate and accelerate the development of novel sys-
tems. In the VRE, subjects/patients can operate a simulated limb to
interact with virtual objects. Realistic models of all relevant mus-
culoskeletal and mechatronic components allow the development
of entire prosthetic systems in VR before introducing them to the
patient. The system is used both by engineers as a development tool
and by clinicians to fit prosthetic devices to patients.

Index Terms—Control systems, neuromuscular stimulation,
prosthetics, real-time systems, simulation, virtual reality.

I. INTRODUCTION

SPINAL cord injury (SCI) patients frequently are left with
a partially paralyzed arm, whereas amputees have lost the

limb itself. In both cases, patients are severely handicapped,
not being able to perform many of the simple activities of daily
life. Functional electrical stimulation (FES), already used in
motor rehabilitation and in movement-supporting devices, is a
promising approach to reanimate the paralyzed muscles of SCI
patients using implantable microstimulator devices (BIONs)
[1], whereas amputees can be helped with powered arm-hand
prostheses. Both technologies are still active research topics,
however, and no widely accepted solutions are on the market.
No reliable algorithms to control arm–hand coordination exist,
and any such algorithms are likely to require extensive cus-
tomization and fitting for each individual patient [2]. Being
able to design truly functional systems for either group of
patients would be a major breakthrough, but building and
testing such devices is expensive, risky, and time-consuming.
In order to facilitate and accelerate such development, we,
therefore, designed a virtual reality environment (VRE) in
which subjects can operate a simulated arm system to interact
with virtual objects. Such a configuration is also helpful for
the early patient training phase. The level of complexity can
be increased gradually, and the parameters can be adjusted to
correct for errors and limitations.
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This paper describes the VRE architecture and how it can
be used throughout the design process for FES and prosthetic
devices, starting with prototyping of software and hardware
components, all the way to fitting the device to the patient
and patient training. Currently, the VRE is actively used by
a number of research groups, and the goal is to introduce a
user-friendly version to clinicians in the fields of rehabilitation
and prosthetology.

II. KEY REQUIREMENTS

The VRE must support the following different types of re-
search and development and clinical activities:

• study of normal reaching to set performance criteria for
prostheses (research and development);

• behavioral environment for tests of brain–machine inter-
faces in primates (research and development);

• hardware design, control algorithm design (research and
development);

• prosthesis fitting (clinical);
• patient training to master complexity in stages (clinical).

To address these goals, the platform must allow the patient
or subject to operate a simulated prosthetic limb to perform
common activities of daily living. Reaching and grasping
of, and interaction with virtual objects must be possible in a
realistic environment. To achieve good performance online, a
fairly high level of immersion, which necessitates high-quality
feedback channels, is mandatory. Specifically the VRE must
offer

• realistic real-time-executable models of prosthetic arms
and musculoskeletal components;

• a rich, customizable task environment similar to the envi-
ronment the patient is usually exposed to;

• high-quality visual feedback, requiring a high resolution,
minimum delay, 3-D stereoscopic visualization tech-
nology, a rich set of visual cues, and head tracking to
update the view;

• support for multiple configurations such as different
skeletal and prosthetic arm models, a wide variety of input
devices (sensors to record from the patient), and different
output devices (for feedback to the patient).

Furthermore, the platform should be affordable and support-
able over the long term. This suggests that it should be assem-
bled from commonly available hardware and software compo-
nents. Because of the range of users, tasks, and environments,
the graphic user interface (GUI) should be readily customized.

III. VR ENVIRONMENT—OVERVIEW

Fig. 1 depicts the proposed VRE in a motion tracking con-
figuration as it is typically used for training adaptive control
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Fig. 1. In the VRE, subjects can operate a simulated prosthetic arm to interact
with virtual objects. Multiple input modalities such as motion tracking systems
and EMG/EEG electrodes provide maximum flexibility when evaluating dif-
ferent control approaches. Figure shows a subject operating a prosthetic arm pro-
totype in VR (right side). Subject controls the arm via real-time motion tracking
(left side), and 3-D visual feedback is provided via stereoscopic goggles for
closed loop operation.

Fig. 2. High level diagram of the VR environment, used for prosthesis design
and early patient training.

systems using intact subjects. The subject performs a reaching
movement to a virtual target, and the motion capture system
tracks the arm movement. Some components of the voluntary
movement are used for command signals while others are used
as performance criteria. Other configurations of the same VRE
can be used with subjects equipped with myoelectric or neural
prosthetic interfaces (see below). Real time algorithms deter-
mine the resulting virtual arm trajectory. A 3-D head mounted
display (HMD) provides visual feedback of the animated arm
from the subject’s perspective.

Fig. 2 shows the interaction and signal flow between sub-
ject/patient, control code, virtual arm, and feedback hardware.
Typically, the subject wears multiple sensors (motion tracking,
EMG, head tracking for human subjects, or cortical implants,
EMG, motion tracking, eye tracking for nonhuman primates)
which provide the input to the real-time control code. The
output of that control code drives the virtual limb actuators,
which can be muscles for FES limbs or electromechanical
actuators for prosthetic limbs. These virtual actuators interact

Fig. 3. VR configuration—block diagram. System consists of subject PC, op-
erator PC, the real-time PC (xPC), and a motion tracking system for head and
arm movements.

with the dynamic model of the virtual limb to cause movement,
which is displayed in a 3-D animation. Haptic feedback hard-
ware (robotic manipulanda, tactor arrays, etc.) may be used to
provide additional feedback.

IV. VRE ARCHITECTURE

A. Hardware

The VRE components, as briefly described previously, are
distributed in a multiple PC environment. Some algorithms need
to be executed in real-time but do not require sophisticated video
output. The visualization of the VRE requires high quality 3-D
video output but does not need to be executed in real-time as
long as minimum delay and high frame update rate can be en-
sured. These fundamentally incompatible specifications require
the separation of these two classes of algorithms to different
PCs, one with a real-time kernel for fast real-time code exe-
cution and other Windows machines with good video perfor-
mance but poor real-time capabilities. The VRE, as shown in
Fig. 3, consists of 3 PCs and multiple input/output hardware
components. Our system currently supports magnetic motion
tracking (Flock of Birds, Ascension Technology Corporation,
Burlington, VT) and alternatively optical motion tracking (Op-
totrak, Northern Digital Inc., Waterloo, ON, Canada) to capture
arm movement, but the VRE system can accept properly for-
matted data from any motion capture technology. A gyro-based
three-axis sensor (3DM-GX1, Microstrain, Williston, VT) cap-
tures head movement to adjust the point of view for the 3-D
animation. EMG electrodes and additional inputs can be con-
nected to a general purpose data acquisition board (PCI-6040E,
National Instruments, Austin, TX). Currently, an interface to a
real-time neural data acquisition system (Multichannel Acqui-
sition Processor, Plexon Inc., Dallas, TX) is under development.
The real-time xPC in Fig. 3 samples all these inputs, executes
the prosthetic arm control code, and drives a real-time dynamic
model of musculoskeletal and mechatronic arm components.
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Fig. 4. Three sensors (circled) track the subject’s right arm.

The resulting output is sent to the Visualization PCs for anima-
tion of the model limb. Multiple PCs can be used for visualiza-
tion. Our configuration employs one PC for subject visualiza-
tion (PC II) via 3-D head mounted display (HMD) (NVISOR
SX, NVIS), and a second PC (PC I) for operator visualization
from any desired perspective. Virtually any OpenGL (a graphics
programming interface) compatible visualization technology is
supported. The Subject PC provides a stereoscopic view of the
ongoing experiment to the subject, whereas the operator PC only
displays a 2-D view for experiment supervision purposes. Si-
multaneously the operator PC provides a user interface for ex-
periment control and online parameter tuning. The operator PC
is also used for code development, and to up- and download pro-
grams and files to and from the real-time xPC.

1) Real-Time Arm Tracking: The need for and selection of
motion tracking technology depends on the application and is
independent of the VRE. The limb to be controlled is generally
equipped with position sensors whose information can be sent to
the VRE once it is transformed into the appropriate coordinates
as described below.

A Flock of Birds (FOB) magnetic motion tracking system is
used to track shoulder, elbow and wrist in real-time. The FOB
system uses sensors, each housing three orthogonally located
coils, moving within a low-frequency electromagnetic field gen-
erated by a second three-coil source (transmitter) [3]. The sen-
sors are attached to the limbs to be tracked, whereas the trans-
mitter remains stationary.

A magnetic motion tracking system was selected for this
application because it provides position and orientation, it
is easy to calibrate, real-time capable, and affordable [4].
However, magnetic motion tracking suffers from the following
limitations:

• sensitivity to metal (it has been shown [5] that mild steel
produces significant interference; most other metals do not
distort the signal);

• limited range;
• significant sensor noise.
The effects of these limitations can be minimized through

optimization of certain aspects of the hardware setup: installing
the transmitter near the intended workspace, avoiding mild steel
in the environment, and using digital filtering to eliminate most
interference.

Three FOB sensors are attached over the clavicle, humerus
and radius for motion tracking (Fig. 4). The model of the
human arm currently consists of four segments with 7 de-
grees-of-freedom (DOF) (Fig. 5). Two translational DOF’s at

Fig. 5. Kinematic model of the human arm and VR visualization as skeletal
model and prosthetic arm. The model has four segments (clavicle, humerus,
ulna-radius, and hand) and four joints between them. SC-joint, GH-joint, and
HU-joint are under the control of the FOB.

TABLE I
JOINTS AND ROTATIONAL DOFS

the shoulder were modeled as a rotary joint with two rotational
DOFs (SC joint). Three rotational DOFs at the shoulder were
modeled as a 3 DOF rotary joint between the clavicle and
humerus (GH joint). The ulna and radius were treated as one
segment with two rotational DOFs at the elbow (HU joint) to
account for elbow flexion/extension and wrist pronation/supina-
tion (Table I).

The arm tracking sensors are sampled at 100 Hz. To drive
the VR animation, the sensors’ orientation matrix outputs that
describe the sensors’ orientation with respect to the transmitter
are used. These angles cannot be used directly to animate the
VR model because the expected inputs to animate the arm are
Euler angles, describing the angle of a distal arm segment with
respect to a proximal arm segment.

The required conversion consists of correcting the sensor ro-
tation matrices for axis misalignment errors and initial angle
offset, and then extraction of the required angles from the cor-
rected rotation matrix.

SC, GH, and HU joint angles are extracted from the sen-
sors’ rotation matrices based on the following simplifying
assumptions [6].

• SC joint: the model assumes that the SC joint has only 2
DOFs, however there is another rotational DOF about the
longitudinal axis ( -axis in the MSMS model). This lon-
gitudinal rotation is not an independent DOF, instead it is
correlated with other shoulder DOFs [7]. This DOF was
not included in the arm model because it would be hard to
utilize such a dependent DOF as a command signal source
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for control. However, this rotational component is captured
by the sensor attached to the clavicle, and in order to keep
the sensor readings consistent with the underlying model,
it has to be eliminated. This was done by decomposing the
matrix that describes current clavicle orientation with re-
spect to initial clavicle orientation into its Euler angles, and
then by eliminating the unwanted DOF from the Clavicle
matrix.

• HU joint: the rotation about the longitudinal axis of the
humerus segment is usually underestimated by the sensor
due to skin movement [8]. It is more correctly reflected
by the measurement of the distal sensor, which we use to
animate the humerus segment.

• HU joint: elbow FE and forearm PS are assumed to be
orthogonal, although the angle is known to be in the range
of 84 –94 [9].

2) Head Tracking: The head tracking sensor allows the sub-
ject/patient to control the field-of-view for the 3-D HMD. It in-
creases the level of immersion and avoids motion sickness [10].
The 3DM-GX1 sensor, sampled at 50 Hz, transmits the orien-
tation in Euler angle format that can be used directly to control
the field-of-view in the visualization software.

3) EMG Acquisition: A wide range of EMG electrodes
can be connected to the National Instruments analog-to-digital
(A/D) converter hardware inputs. We use bipolar electrodes with
built in preamplification from B&L Engineering, Tustin, CA.
Due to the preamplification by factor 330, the signal-to-noise
ratio is very good, and the electrodes can be connected to the
A/D converter without additional amplification. This type of
electrode can be used in surface EMG configuration, but a fine
wire adapter is also available for intramuscular EMG recording.
The EMG electrodes are sampled at 1-kHz and a 300-Hz cutoff
frequency first-order low pass filter eliminates aliasing artifacts.
An electrical isolation amplifier (ISO122, Burr–Brown) isolates
the patient electrically from the A/D converter and the xPC.

For hand open and close control, we use a simple two channel
EMG control algorithm: the two raw signals are rectified, and
the signal envelopes are extracted (basically by performing
heavy low-pass filtering). The EMG channel with the higher
envelope amplitude is the one that obtains control over hand
open (CH1), or close (CH2). The open/close velocity is directly
proportional to the amplitude of the corresponding electrode
signal. Eventually, more sophisticated algorithms must be
developed to control grip force. The open/close velocity is
directly proportional to the amplitude of the corresponding
electrode signal.

B. Software

Three major software packages are incorporated in the VRE.
1) Matlab/SIMULINK which is used as a platform for de-

velopment of control and dynamics related algorithms.
Many powerful tools for mechanical dynamics (e.g., Sim-
Mechanics), visualization and control are already available
on this platform. SIMULINK itself is not real-time ca-
pable, but the xPC-Target toolbox allows execution of
SIMULINK code on a separate real-time PC (the xPC)
with minor modifications only.

Fig. 6. Main screen of the real-time simulation environment in SIMULINK
showing hardware input layer, signal processing and control layer (here, angle
extraction for arm and head-tracking, control, and dynamics), and hardware
output layer. Similar layouts exist for EMG and cortical control.

2) MSMS (Musculoskeletal Modeling Software), a Java-
based program, developed in our lab [11], [12], is used to
create and visualize the simulated arm.

3) xPCLabDesk [13], a LabVIEW based solution for
the efficient design of GUI is utilized as the primary
human–machine interface (HMI) for parameter tuning and
experiment control.

1) Real-Time Code: Fig. 6 shows the top level of a typical
real-time implementation of a prosthetic device design environ-
ment in SIMULINK as it was initially developed on the operator
PC and then downloaded to the real-time xPC. The hardware
input block on the left side contains code related to data acqui-
sition. Currently, it drives a five-sensor 6 DOF FOB system or
an Optotrak system for up to 256 markers for arm tracking, a
three rotational DOF MicroStrain sensor for head tracking, 16
analog inputs for EMG acquisition, and eight digital inputs (e.g.,
for external triggers, control switches, etc.).

The hardware output block on the right side of Fig. 6 contains
code to transmit data from the internal real-time processes to the
outside world. This includes a network interface to broadcast
joint and head-tracking angles to external visualization PCs, 2
analog plus various digital outputs. The hardware output block
also contains code for data logging. Entire experiments can be
recorded to hard drive for later analysis and playback.

Most real-time code is located between the hardware input
and output layer. In Fig. 6, arm angle extraction and head
tracking blocks convert the motion tracking data from sensor
coordinates to visualization coordinates in MSMS. The config-
uration in Fig. 6 tracks the subject’s arm motion, and uses the
extracted angles from proximal joints to drive distal joints (syn-
ergistic control). In a typical design task for prosthetic arms, the
hardware input and output layers represent the VRE infrastruc-
ture, whereas the blocks in between (signal processing, control,
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Fig. 7. Architectural diagram of MSMS. GUI establishes the link between user
and modeling and simulation core. Models can be created or imported (either
from other modeling software packages or from CAD software), edited, and
saved in an XML database. The built-in SIMULINK support allows automatic
derivation of the equations of motion in SimMechanics for offline simulation
and real-time execution of models with or without patient/hardware in the loop.

dynamics) reflect the prosthesis’ characteristics. The developer
team designs these blocks according to patient requirements
and prosthesis hardware specifications in close cooperation
with clinicians, modifies and optimizes them until satisfactory
performance is achieved, and then downloads the entire code to
the prosthesis’ local CPU.

2) Visualization: As shown in the VR setup diagram (Fig. 3),
the output of the real-time PC consists of angles describing arm
and head movements, updated in real-time. These data are trans-
mitted via UDP/IP network connection to multiple visualization
PCs (PC I and PC II in Fig. 3), allowing the subject/patient to ob-
tain 3-D visual feedback, and the operator or physician to mon-
itor the experiment.

We are using MSMS (Fig. 7) to animate musculoskeletal
and prosthetic systems based on the transmitted angles within
a virtual experimental environment. This software was devel-
oped primarily to provide researchers and clinicians with a
user-friendly environment to model and simulate the behavior
of complex neural prosthetic systems. It consists of a sophis-
ticated graphic user interface to create, manipulate, and save
musculoskeletal models in MSMS or import them into MSMS
from SIMM [14], an older model creation system. The MSMS
models can be animated by motion data from a saved file,
by motion data streamed in real-time from a motion capture
system, or by motion data computed by a dynamics engine.

3) Graphic User Interface: A complex development envi-
ronment such as the VRE, consisting of multiple PCs and soft-
ware packages, requires a centralized graphic user interface to
control code execution on all machines from a single desktop.
Depending on the targeted user group, the GUI must grant ac-
cess to different levels of complexity. The prosthetist for ex-
ample needs a rather basic interface for parameter tuning and
update only, whereas developers usually desire access to the
entire system. Manual implementation of a user interface that
supports this level of complexity is not feasible. Instead we use

Fig. 8. Time to complete for two subjects performing the reach and grasp task.
After a few trials, only the subjects achieved performance similar to when they
performed the identical real world task (only data for virtual reaches are shown
in this graph).

xPCLabDesk, which was designed as a user-friendly GUI for
xPC real-time applications. It offers tools for parameter tuning
and updating, visualization of signals and parameters, and signal
recording. The user interface is created simply in a drag and drop
manner, and all control and monitoring elements on the front
panel are connected to the corresponding xPC variables using
LabVIEW graphical programming. The end-users (clinicians)
can run the entire VRE without purchasing Matlab/SIMULINK
and LabVIEW, because xPCLabDesk was designed as a stand-
alone software, being able to handle all communication with the
xPC. Matlab, SIMULINK, and LabVIEW licenses are only nec-
essary for code development and modifications.

V. INITIAL PERFORMANCE EVALUATION

To evaluate performance and limitations of the VRE we de-
fined a configuration in which the virtual arm was driven directly
by the FOB tracking the subject’s real arm, while hand open and
close was controlled by EMG from finger extensors and flexors
in normal subjects. Two subjects were asked to use the virtual
arm to grasp a randomly placed virtual cube, move it to a vir-
tual box on a desk, and release it. The time to complete the task
and successful/nonsuccessful trial (cube dropped, cube missed
when reaching for it) were recorded.

• The 3-D stereoscopic visualization was crucial to achieve
good performance. With nonstereoscopic 3-D visualiza-
tion many targets were missed due to the lack of depth
perception, whereas not a single target was missed by ei-
ther subject when using stereoscopic 3-D visualization.
Even additional visual cues such as objects placed within
the workspace did not significantly improve the nonstereo-
scopic performance.

• Fig. 8 indicates that both subjects achieved good perfor-
mance after a few trials only. The initial longer time to
complete resulted from the subjects’ initial difficulties with
the operation of hand open and close. Reaching perfor-
mance was good from the beginning.
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• Reasonable accuracy of motion capture system, calibration
algorithm and arm model could be demonstrated [6], e.g.,
for the hand sensor the mean tracking error was 4.03 cm
with a mean angle offset 1.01 , 1.04 , 1.10 in Euler
angle representation.

• EMG hand control turned out to be reliable only after sig-
nificant manual parameter tuning. This is an indication that
future algorithms for surface EMG recordings will need to
incorporate autocalibration features to adjust for changing
noise levels, signal amplitude, etc.

• The overall VRE performance turned out to be sufficient
for future experiments. A slight delay between moving the
real arm and obtaining 3-D visual feedback was observed.
The delay was previously estimated to be about 40 ms by
adding up the time constants of all components. Approx-
imately 70% of the delay in the present configuration can
be attributed to the filtering algorithms of the magnetic mo-
tion tracking system. The delay is less significant for other
tracking technologies (e.g., optical tracking) and for other
interfaces (e.g., EMG).
Total real-time code execution time was 380 for a re-
alistic arm model and all EMG and motion tracking algo-
rithms. This leaves plenty of CPU time for future exten-
sions, and the real-time process could even be distributed
over multiple CPUs.

VI. VRE APPLICATIONS—DISCUSSION

To demonstrate the development of prosthetic components,
this section briefly introduces ongoing research performed using
the VRE.

A. FES Control Design for Spinal Cord Injury Patients

FES can be used to reactivate muscles that are paralyzed by
loss of descending control in spinal cord injury patients [1].
The main challenge includes extracting information about the
intended trajectory, and adjusting the stimulation to cope with
perturbations and errors. Ideally, the patient will be able to per-
form movements in a natural way, comparable to a healthy indi-
vidual performing similar movements. Synergies between dif-
ferent arm joints are known to exist for such movements [15],
for example between shoulder and elbow. We intend to apply
these synergies to reconstruct the elbow command signal from
residual voluntary motion (in this case shoulder movement),
which tends to be relatively intact in most quadriplegic patients
with lesions at C5 and below.

Using the motion tracking system while an intact subject is
performing reaching movements, we record shoulder and elbow
joint movements which form characteristic trajectories. An ar-
tificial neural network (ANN) can, therefore, be trained to pre-
dict elbow angles using shoulder angles as inputs. We use the
VRE to collect the required data, and to verify performance of
the developed control law by performing reaching movements
to virtual targets, and evaluating the subject’s achieved reaching
performance. Once a robust control algorithm is found, the dy-
namic change in elbow angle has to be translated to a stimulation
pattern to activate the corresponding muscles to perform the ex-
pected movement. The dynamics between muscle stimulation
pattern and actual muscle force output are rather complex [16]

and will probably require stabilization by closed-loop control.
Accurate dynamic realtime SIMULINK models [17] allow us to
examine performance before implanting the muscle stimulators
and sensors into the patient.

B. Design of Prosthetic Arms

Many candidates for command signals for prosthetic arms re-
main under consideration, including cortical recordings from
various sites, peripheral nerve recordings, EMG from residual
and/or reinnervated muscles, and residual limb motion tracking.
The content that one can extract from each of these signals is
fundamentally different, and ranges from a description of end-
point coordinates in extracorporal space to the level of activa-
tion of individual muscles. None of these will have a simple
mapping to the actuators and linkages of the prosthetic limb,
so performance will depend on the design of the control algo-
rithm and the “learnability” of the system. Importantly, such an
algorithm must be sufficiently robust to permit the user to adapt
his/her command signals to correct errors or learn completely
new tasks, as is done by intact subjects.

We hypothesize that acceptable performance is achievable
with a relatively simple algorithm under the control of an
intelligent brain. To test this, we have configured the VRE
to provide 3-D targets to a monkey equipped with an array
of cortical microelectrodes and a motion acquisition system
(Optotrak) tracking his arm. Initially, the arm motion data
will be used to train an adaptive control system to predict the
arm trajectory from the cortical signals. Then the monkey will
attempt to use the cortical signals alone to perform similar but
virtual reaching movements with an animation of the prosthetic
limb and its control system. Eventually, the same experiments
could be performed by human subjects equipped with clinical
versions of the selected neural interface in order to help design
their prostheses and then train them in their use.

EMG Control: EMG signals are frequently used for direct ve-
locity control of the joints of powered prosthetic limbs. Careful
selection of a combination of appropriate EMG channels will
simplify the control problem for the patient. Control concepts
for digital switches, dual site EMG electrodes and single site
EMG electrodes [18] have already been implemented.

Typically, multiple muscles are involved in arm movements.
Using multiple EMG electrodes, a well trained classifier algo-
rithm such as an ANN should be capable of extracting even com-
plex multi-joint movements from a number of EMG input chan-
nels [19]. The classifier based EMG control approach should be
easier to learn than the conventional EMG control strategy, be-
cause it is closer to how humans control their movements. This
configuration can be used to design myoelectric control for am-
putees, but it also lets us use intact subjects as models to de-
sign controllers. Until recently a major limitation was that limb
muscles were not available any more for EMG recording due
to amputation. In a novel approach, the nerve that formerly in-
nervated the limb muscles is transferred surgically to innervate
an alternative muscle [20]. Commands that originally went to
the limb muscles are rerouted to the reinnervated muscle tissue,
which responds with EMG and contractions, similar to the orig-
inal muscle. The patient can control the prosthesis’ DOFs with
the same command signals he was using before amputation.
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Cortical Control: Research groups have proposed a number
of different approaches to use cortical signals for control of
prosthetic arms [21]. However, all these approaches were
only tested in lab environments, and none of the resulting
algorithms have been successfully implemented to serve a
patient performing tasks of daily living. Systematic analysis of
randomized reaching movements in a virtual environment may
shed light on how cortical regions and the spinal cord really
encode a broad range of movements. Results from this study
should be valid for reaching movements in general, without
limitation to certain trained movements, specific arm postures,
etc. The implication is that, no matter what kind of regulator
concept one wants to implement to control a prosthetic arm,
one has to evaluate the performance under realistic closed loop
conditions with at least visual feedback. Testing under such
conditions will be essential to determine whether a highly com-
plex regulator optimized using open-loop data performs better
than a less sophisticated alternative that could be implemented
much more efficiently and within less time. We propose a set
of experiments in the VRE.

1) Control of the prosthetic arm using motor cortex sig-
nals. Initially an inverse kinematics algorithm can be
used to determine the joint angles based on the endpoint
trajectory extracted from motor cortex. A more sophis-
ticated version will incorporate Spinal Like Regulators
(SLR) [22], accounting for the complex neural circuitry
connecting motor cortex to muscles. We expect that the
control scheme will be easier to learn because it is more
similar to how the brain used to control the real arm before
amputation. Furthermore, we hope that instead of pure
position control, impedance control will be achievable.
This will allow the arm to move naturally when interacting
with external objects.

2) Control of the prosthetic arm using signals from parietal
reach region (PRR). PRR, an area in the posterial parietal
cortex, encodes reaching targets in a high level format [23].
The data can be used either as input to a trajectory planning
algorithm, or to provide endpoint coordinates for a syner-
gistic controller similar to the one presented in the FES
control section of this paper.

VII. CONCLUSION AND FUTURE WORK

The VRE presented here can be used in different ways by
researchers and clinicians to design and fit novel prosthetic de-
vices. The system currently supports motion tracking and EMG
inputs. Additional inputs such as from neural interfaces can be
incorporated easily. A stereoscopic view of arm and environ-
ment provides realistic visual feedback to the subject. Dynamic
head tracking extends the usable extrapersonal workspace when
using a head mounted display with limited field of view. An ini-
tial performance evaluation provided satisfactory performance
of all components.

We are aiming for a comprehensive approach, in which the
VRE will serve as a platform to test a large number of hardware,
software, and control concepts. Many of these may prove to be
problematic, others will improve function but perhaps only in

particular combinations. Finding these through manual imple-
mentation of all possible combinations on real prosthetic hard-
ware with real patients is not feasible.
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