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Real-time haptic-teleoperated robotic system for motor control analysis
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Abstract

A versatile teleoperated robotic system was created as an assessment device for testing upper-extremity motor control adaptation using
different control strategies. While many systems display output virtually on a computer monitor, this system was designed to output in three-
dimensional physical space. The system accepts haptic force and torque input, and outputs robot end-effector displacements and rotations
in three spatial dimensions. Benefits of this system include flexibility to conduct a variety of dissimilar tasks and reality of user feedback in
physical space. Two separate experiments validated the teleoperated robotic system. The first experiment tested unimanual human motor control
and the second tested bimanual motor control. This teleoperated robotic system can be used as an assessment device to study neuromuscular
adaptability via a variety of control strategies providing a new and functional approach to human motor control analysis.
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. Introduction

Both virtual and physical environments (Fig. 1) can be
sed to test subjects on motor control strategies. A virtual
nvironment portrays the user’s output through a computer
imulation, while a physical environment displays physi-
al output in three-dimensional space. Virtual environments
ave been successfully created for teleoperation develop-
ent (Suryanarayanan and Reddy, 1997), educational learn-

ng (Patterson, 2002) and disability assistance (Barreto et al.,
000). Several haptic systems involving a manipulandum
s input and a virtual environment as output are currently

n use to test human motor control (Krebs et al., 1999;
hadmehr and Mussa-Ivaldi, 1994; De Vlugt et al., 2003).
hese manipulandum-based systems are designed to test
uman motor control adaptation to external impeding envi-
onments. The presented real-time robotic system is designed
o test adaptation to various internal motor control strategies
ather than to external impeding environments.

Virtual environment output often resides on a two-
imensional computer monitor; thus, virtual environments

generally lack the ability to display depth perception and m
tiple degrees of freedom (only complex simulations have
capability). In a manipulandum-based system, input is
lected from subjects using the manipulandum and outp
virtual, shown on a computer monitor. Manipulandum-ba
systems are being used to test human arm adaptation to
nal environments, such as viscous force fields (Scheidt et al.
2000), position-dependent force fields (Franklin et al., 2003),
velocity-dependent force fields (Donchin et al., 2003) and
unpredictable force fields (Scheidt et al., 2001).

This system provides a physical output environment
gives the user physical feedback in three spatial dimens
Benefits of such a system include flexibility to conduct m
different tasks in multiple dimensions and reality of user fe
back in three-dimensional physical space.

2. Teleoperated system

Haptic signals are measured as input and robot
effector displacement is displayed as output in the teleo
∗ Corresponding author. Tel.: +1 903 233 3906.
E-mail address: RogerGonzalez@letu.edu (R.V. Gonzalez).

ated robotic system (Fig. 2). Input to the teleoperated system
is haptic forces and/or torques measured by the rigid joystick
fixture. Based on a predetermined control strategy, the inter-
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Fig. 1. Examples of teleoperation via a virtual environment and a physical environment. In both systems, the rigid joystick is used to measure haptic forces and
torques as inputs. In a virtual environment, virtual movement output is displayed on a computer monitor, while physical environment movement is physically
represented via a robot end-effector.

facing computer converts input signals to end-effector linear
and rotational displacements and sends the results as a dis-
placement matrix to the robot controller. The robot controller
then initiates end-effector motion based on the displacement
matrix.

Haptic forces and torques are measured by the six
degree-of-freedom load cell through the rigidly attached
joystick. Plastic suction clamps attach the entire fixture
to a smooth surface. A wire connects the load cell to the
interfacing computer for force and torque data transmission.

Input signals are sampled, processed and relayed to the
robot by the interfacing computer through a data acquisition
card. Using a preprogrammed control strategy, a LabVIEW
software program maps the input signals into a displace-
ment matrix composed of linear and angular displacements.
Different control strategies can be evaluated by changing
the software control strategy parameters. The displacement
matrix is transmitted as an array to the robot controller.

The robot controller provides serial input/output (I/O) and
data processing and initiates robot movement. Input displace-
ment data relative to the end-effector’s current spatial position
is received through the serial I/O module. A V+ software
program run by the controller’s primary processor uses the
displacement data to actuate robot motion. The robot initiates
movement to a new position dictated by the relative displace-
ment data. Once the robot reaches the desired position, it
s . To
t real
t

An AdeptOne robot provides the physical output environ-
ment in the real-time robotic system (Fig. 5). Four joints of the
robot enable end-effector movement in three spatial dimen-
sions. Joints 1 and 2 provide approximately 300◦ of rotation
about each respective joint vertical axis, while joint 3 pro-
vides 554◦ of rotation about the vertical axis and 295 mm
of translational displacement along its vertical axis. Joint 4
provides 180◦ of rotation about its horizontal axis. The pneu-
matic gripper has an open and a close position. All rotational
joints have vertical rotational joint speeds of at least 540◦ s−1

(Fig. 3).

3. System validation

3.1. Unimanual experiment

A unimanual human motor control adaptation experiment
was conducted using two distinct haptic non-intuitive I/O
control strategies. The purpose of the experiment was to
determine whether subjects could adapt by improving perfor-
mance using their respective control strategies. Subjects were
positioned approximately 1.5 m from the testing board and
used haptic forces and torques as input to initiate end-effector
motion (Fig. 4). Four subjects used a haptic direct control
strategy. Using this strategy, torques about the joystickz-axis
p rces
a t
o used
moothly transitions to the next displacement position
he user, robot motion appears to be continuous and in
ime.
roducedx-axis displacements of the end-effector and fo
long thez-axis of the joystick producedy-axis displacemen
f the end-effector. A separate group of five subjects
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Fig. 2. Teleoperated system. The interfacing computer measures test subject haptic force and torque signals, which are used as input to the teleoperated system.
These input signals are then converted to an output displacement matrix by the interfacing computer, based on a predetermined control strategy. The robot
controller receives the output displacement matrix and uses it to initiate robotic end-effector movement.

an indirect control strategy, in which input torques about the
joystick z-axis produced joint 2 (J2) angular displacements
and inputz-axis forces produced joint 1 (J1) displacements
(Fig. 4).

All subjects were given the task of following a prede-
termined, two-dimensional path at varying predetermined
velocities with the end-effector of the robot arm. Each trial
lasted approximately 30 s. The task was identical for each
group of subjects, but the control strategy was different. Sub-
jects did not know their control strategy but had to determine
how to purposefully move the end-effector to follow the path.
Their level of performance was measured by how closely they
were able to follow the path spatially and temporally.

Subjects’ test data was grouped into blocks of eight tri-
als and fit with exponential least squares regression curves
of the form:y = a ebx + c (Fig. 5). Evaluation was based on
mean error, which was the average distance in centimetres
between the experimental and desired path during the entire
trial. The standard deviation of the mean error during the trial
was the standard deviation error. Results show that subjects
using both direct and indirect control strategies continually
improved since their mean and standard deviation error scores

continually decreased, though subjects using the direct con-
trol strategy improved more quickly than those using the
indirect control system marked by a steeper slope in the expo-
nential curve. None of the subjects reported any difficulty
with the 1.5 m distance between the subject and the testing
board. Neither did any of the subjects’ scores abnormally
decrease as the robot arm moved farther from the subject.
It was thus assumed that depth perception did not adversely
affect subject performance. This experiment demonstrated
that the presented teleoperated robotic system is useful for
testing two distinct motor control strategies.

3.2. Bimanual experiment

A bimanual experiment was performed to further verify
the real-time robotic system as a valid system for testing
motor control (Shull and Gonzalez, 2005). A group of 10
subjects used an indirect haptic control strategy to control the
end-effector of the robot arm. Subjects had to trace 15 cm cir-
cles at 3.2 s intervals in the clockwise direction (Fig. 6). They
completed two stages of testing. In the first stage, subjects
traced a circle with the end-effector of a robot arm by using
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Fig. 3. AdeptOne-MV Robot. Joints 1–3 provide rotational displacement
about the vertical axis, while joint 4 provides rotational displacement about
the horizontal axis. Joint 3 provides translational displacement along the
vertical axis.

their dominant arm to apply forces and torques to the rigid
joystick. During the second stage of testing, subjects contin-
ued to control the robot end-effector with their dominant arm,
but they also had to simultaneously use their non-dominant
arm to trace another circle.

Controlling the robot arm end-effector was a non-intuitive
task. Applying positivez forces to the rigid joystick caused

the end-effector to move in the positivex direction, and apply-
ing negativez forces to the joystick cause the end-effector to
move in the negativex direction. Positive torques applied
to the rigid joystick about the load cell’sx-axis caused end-
effector positivey displacement, and negative torques about
the load cell’sx-axis produced negativey displacements. Sub-
jects were not told the control strategy; they had to determine
how to trace the circles through practice.

Trials were grouped into trial blocks of five trials each.
The level of performance was measured by how accurately
subjects were able to trace the circles spatially and temporally
(Fig. 7). Spatial error for each trial was calculated by aver-
aging the shortest distance in millimetres between the circle
and the subject’s position during the entire trial. Temporal
error was calculated as the average of the angular displace-
ment (absolute value in degrees) between the experimental
and desired angular position throughout the trial. Subjects
demonstrated learning patterns marked by a decrease in both
spatial and temporal error with practice. This bimanual exper-
iment showed that the teleoperated robotic system is useful
for testing and evaluating bimanual control strategies for
human motor control.

4. Discussion
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esired path on testing board (approximately 200 cm) and (E) robot-j
nd torques measured by the rigid load cell joystick fixture. The subje
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th was observed by the laser pointer projection on the board.
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Fig. 5. Unimanual experimental mean error and standard deviation of subjects using direct and indirect haptic control strategies. Trials were grouped into blocks
of eight trials each and fit to exponential least squares regression curves of the formy = a ebx + c. Subjects using both the direct and indirect control strategies
demonstrated learning patterns by decreasing mean and standard deviation error scores with practice. Subjects using the direct control strategy learned at a
faster rate than subjects using the indirect control strategy.

Fig. 6. Bimanual experimental set up. Subjects were instructed to trace 15 cm circles at 3.2 s intervals in two distinct stages. In the first stage, they used their
dominant arm to control the robot arm end-effector by applying forces and torques to a rigid joystick. In the second stage, they used their dominant armto
control the end-effector while simultaneously using their non-dominant arm to trace another circle.

Fig. 7. Bimanual experimental spatial and temporal error of all subjects. Trials were grouped into blocks of five trials each. Subjects demonstrated learning
patterns by decreasing spatial and temporal error scores with practice.
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may therefore require extensive programming. Our system
creates dissimilar experiments of varying complexities, pro-
viding the user with realistic feedback and requiring little or
no programming changes.

Results from the unimanual and bimanual experiments
show that the real-time robotic system can be used as a
powerful tool for motor control evaluation. Distinct control
strategies can be predetermined and then quantitatively com-
pared and evaluated by analyzing data from subjects using
the robotic system. In the unimanual experiment, two spe-
cific control strategies were chosen to test subjects’ ability
to learn to purposefully control a system in which input
forces were either directly linked to output motion or indi-
rectly linked to output motion but directly linked to joint
rotation. In a similar way, the real-time robotic system could
be used to compare and evaluate a variety of other control
strategies differing in complexity, difficulty or fundamental
operation.

Bimanual experimental results showed that subjects could
simultaneously control the robotic system and their non-
dominant arm to purposefully complete a task. This experi-
ment was not used to compare two or more distinct control
strategies but to critically evaluate a specific element of motor
control. Future experiments could be set up with the real-time
robotic system to study other aspects of human motor control.

Many teleoperated systems provide force feedback, which
g eed-
b prone
t t
r d
N tem
w ack.
H d at
t .

gen-
e z,
2 d
b ents
c Both
t leop-
e in
t ree -
d nal
o

by
s ires
c e of
o from
i ure,
t eater
d viron-
m set
u ould
c tion
w ses.

5. Conclusion

A real time teleoperated robotic system was successfully
created to test I/O control strategies. Input through haptic
force and torque signals and output in three spatial dimen-
sions make it an effective testing device. Validation of this
system has shown that it can be used to test unimanual and
bimanual human motor control. This real time, teleoperated
robotic system is important as an assessment device for eval-
uating control strategies in human motor control.

Acknowledgment

This research was funded in part by the National Science
Foundation (NSF-BES 0201889).

References

Barreto AB, Scargle SD, Adjouadi M. A practical EMG-based human-
computer interface for users with motor disabilities. J Rehabil Res
Dev 2000;37:53–64.

De Vlugt E, Schouten AC, Van Der Helm F, Teerhuis PC, Brouwn GG.
A force-controlled planar haptic device for movement control analysis
of the human arm. J Neurosci Methods 2003;129:151–68.

Donchin O, Francis JT, Shadmehr R. Quantifying generalization form
unc-
rosci

F sta-
ontrol
82.

K iew
on

K n in
ical

N ove-

P viron-
med

S aldi
joint,

S mid

S dur-

S otic
XXth

S ME

S cking
leop-

T llers
otics,
ives the operator more complete information. Force f
ack causes a system to be sensitive to time delays and

o instability (Tanner and Niemeyer, 2004), problems tha
ecent research has focused on solving (Kuchenbecker an
iemeyer, 2004). The presented teleoperated robotic sys
as not designed to provide the operator with force feedb
owever, in the future, this capability may be added, an

hat time potential instability problems must be resolved
Applications for the teleoperated robotic system are

rally for motor control testing purposes (Ness and Gonzale
004; Slager and Gonzalez, 2001). Like the unimanual an
imanual validation experiments, other similar experim
ould be established to test motor control strategies.
he unimanual and bimanual experiments used the te
rated robotic system for only two degrees of freedom

he horizontal plane. Future experiments could use th
imensional output with the added possibility of rotatio
utput.

Teleoperation allows system output to be controlled
ystem input from varying distances. The length of the w
onnecting the system is the only limitation on the rang
peration. In the validation experiments, the distance

nput to output was relatively short (2 m or less). In the fut
he robotic system could conceivably be used over gr
istances such that the user could not see the physical en
ent output. A simulated virtual environment would be
p as feedback for the user, but robotic system output w
ontinue to occur in a physical environment. This applica
ould be useful for teleoperated surgical training purpo
trial-by-trial behavior of adaptive systems that learn with basis f
tions: theory and experiments in human motor control. J Neu
2003;27:9032–45.

ranklin DW, Osu R, Burdet E, Kawato M, Milner TE. Adaptation to
ble and unstable dynamics achieved by combined impedance c
and inverse dynamics model. J Neurophysiol 2003;90(5):3270–

rebs HI, Hogan N, Volpe BT, Aisen ML, Edelstein L, Diels C. Overv
of clinical trials with MIT-MANUS: a robot-aided neuro-rehabilitati
facility. Technol Health Care 1999;7:419–23.

uchenbecker KJ, Niemeyer G. Canceling induced master motio
force-reflecting teleoperation. In: ASME International Mechan
Engineering Congress and RD&D Expo; 2004.

ess K, Gonzalez RV. Intelligent prosthetic arm: quantifying arm m
ment. In: ASME Student Regional Conference 2004; 2004.

atterson PE. Development of a learning module using a virtual en
ment to demonstrate EMG and telerobotic control principles. Bio
Sci Instrum 2002;38:313–6.

cheidt RA, Reinkensmeyer DJ, Conditt MA, Rymer WZ, Mussa-Iv
FA. Persistence of motor adaptation during constrained, multi-
arm movements. J Neurophysiol 2000;84:853–62.

cheidt RA, Dingwell JB, Mussa-Ivaldi FA. Learning to move a
uncertainty. J Neurophysiol 2001;86:971–85.

hadmehr R, Mussa-Ivaldi FA. Adaptive representation of dynamics
ing learning of a motor task. J Neurosci 1994;14:3208–24.

hull P, Gonzalez RV. Bimanual motor control: biological and rob
system learning via simultaneous movement requirements. In:
Congress of the International Society of Biomechanics; 2005.

lager J, Gonzalez RV. Next generation prosthetic. New York, NY: AS
National Congress; 2001.

uryanarayanan S, Reddy NP. EMG-based interface for position tra
and control in VR environments and teleoperation. Presence: Te
erators Virtual Env 1997;6:282–91.

anner NA, Niemeyer G. Practical limitations of wave variable contro
in teleoperation. In: Proceedings of IEEE Conference on Rob
Automation, and Mechatronics; December 2004. p. 25–30.


	Real-time haptic-teleoperated robotic system for motor control analysis
	Introduction
	Teleoperated system
	System validation
	Unimanual experiment
	Bimanual experiment

	Discussion
	Conclusion
	Acknowledgment
	References


