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Abstract—We have previously shown that augmentative
vibrotactile feedback can improve performance of a virtual
object manipulation task using the finger. Here we studied the
effects of vibrotactile feedback using instead electromyographic
(EMG) control of object manipulation in N=6 healthy
participants. Results showed that users were able to increase
performance on an object manipulation task via EMG control
when given augmentative vibrotactile feedback. Performance
showed a strong effect of learning, which indicates further
promise for utilization of this method in prosthetic hand users.

I. INTRODUCTION

T

HE majority of users of prosthetic hands are limited to
the use of visual feedback alone for prosthesis control.
Providing augmentative sensory information such as contact
force to users of prosthetic hands has the potential to
improve their prosthesis control [1, 2] and quality of life [3,
4]. Although it is currently possible to sense fingertip forces
in real-time [5-9], how to optimally provide feedback to
users is still an open question.
Vibrotactile stimulation for feedback is cheap, noninvasive, and could be easily implemented into existing
prosthetic technologies [10, 11]. We have previously used a
robotic and virtual interface in which visual and haptic
feedback can be experimentally controlled [12] to
quantitatively examine and compare methods of delivery.
We have found that unimpaired individuals can learn to use a
combination of visual feedback and force-based amplitudemodulated vibrotactile feedback to complete an object
manipulation task with increased performance than with
vision alone [13]. However, a previous study by Chatterjee
et al. found that vibrotactile stimulation on the upper arm
during use of a myoelectric prosthesis simulator to complete
Manuscript received April 4, 2011. This work was supported in part by
grant 5T32HD007424 from the National Institute of Child Health and
Human Development (NICHD), through the National Center for Medical
Rehabilitation Research (NCMRR).
C. E. Stepp is with the Departments of Computer Science &
Engineering and Rehabilitation Medicine, University of Washington,
Seattle, WA 98195 USA (phone: 206-685-3134; fax: 206-543-2969; email: cstepp@alum.mit.edu).
C. Chang is with the Department of Computer Science & Engineering,
University of Washington, Seattle, WA 98195 USA (e-mail:
lisa2384@u.washington.edu).
M. Malhotra is with the Department of Computer Science &
Engineering, University of Washington, Seattle, WA 98195 USA (e-mail:
malhotra@stanfordalumni.org).
Y. Matsuoka is with the Department of Computer Science &
Engineering, University of Washington, Seattle, WA 98195 USA (e-mail:
yoky@cs.washington.edu).

978-1-4244-4122-8/11/$26.00 ©2011 IEEE

an interactive force-matching task, did not result in a
consistent overall reduction in force-matching error [14].
Chatterjee et al. did not use amplitude-modulated feedback
but instead represented force by modulating the pulse rate of
a square wave, using a 200-Hz carrier frequency.
The goal of this study is to characterize the effect of
adding force-based amplitude-modulated vibrotactile
feedback to visual feedback for individuals using
electromyography (EMG) to complete a virtual object
manipulation task. Based on our previous findings [13], we
hypothesized that the addition of vibrotactile feedback would
increase manipulation performance and that performance
would be decreased during a simultaneous cognitive task.
The incorporation of EMG to our virtual interface allows for
analogous experiments with amputees in the future.
II. VIRTUAL MYOELECTRIC PROSTHESIS DESIGN
A. Task and Virtual Environment
The task was to apply appropriate normal force to a virtual
object to allow for its translation, and to drag it to a target as
quickly as possible without breaking it. This task was chosen
due to the known difficulty of appropriately applying normal
force to delicate objects using a prosthetic hand, such as
picking up and manipulating a disposable plastic cup [18].
A video monitor was faced 45º toward the participant with
a mirror between the virtual environment and the monitor to
reflect images from the monitor to the user (see Fig. 1 lower
left panel). Participants interacted with the virtual
environment through their forearm EMG and horizontal arm
motion. Participants sat in front of the projection system with
their right arm extended parallel to the floor and a rolling
support under their wrist to allow free movement about the
3D workspace without causing fatigue from holding the
weight of their arm. The virtual environment was
programmed in C++, with graphics driven by OpenGL.
At the start of the task, one of two possible virtual objects
appeared at the left end of the workspace (see Fig. 1). The
top of each object (box) was programmed with distinct
stiffness characteristics based on a fit to the empirically
obtained force-displacement curve acquired during pushing
on a disposable plastic cup. The difference between the two
boxes and was signaled to the participant by box color (red
or blue). The virtual normal force of the blue box, Fblue (1),
and the red box, Fred (2), were defined with x as the
displacement of the finger into the box in the normal
direction, in centimeters.
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factor was determined by averaging the individual’s
maximum sEMG during wrist extension and flexion as in (3).
2 .1
(max (EMG
) + max (EMG )) (3)
Scaling Factor =
2

extension

flexion

The constant 2.1 was chosen empirically to provide a
comfortable virtual vertical velocity.

Fig. 1. Control of Virtual Finger Position. Vertical position in the virtual
environment was a function of EMG collected during wrist flexion and
extension (Panel A). Horizontal position was based on the shoulder angle
(Panel B) measured via magnetometer.
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The virtual force required to overcome friction to translate
each box, Fmove, was defined as 1.2 times the virtual force at
the displacement of 1.7cm. The virtual force threshold to
“break” each box, Fbreak, was defined as 0.75N greater than
Fmove. Application of virtual normal forces between Fmove and
Fbreak allowed the participant to slide the object to a target
located 30 cm to the right of the workspace. The difference
in stiffness between the two boxes resulted in different
allowable displacements of the finger during motion (1.6 mm
for the red box and 2.7 mm for the blue box) in the direction
of the virtual normal force.
During the task, users received real-time visual feedback
of the location of their “finger” in the virtual environment
and the position of the box (see Fig. 1). The virtual finger
position was indicated by a small sphere. Finger location was
occluded during penetration of the box, and deformations of
the box were not shown.
B. Electromyographic Control
The control of the finger in the vertical direction of the
virtual environment was determined via two surface EMG
signals. The two differential EMG signals were acquired at
1000 Hz using a data acquisition card.
The y-direction velocity was defined as the difference
between the root-mean-square (RMS) of the two signals,
multiplied by a scaling factor. EMG signals were differenced
such that greater muscle activity for wrist extension caused
an increase in the upward velocity of the finger in the virtual
environment, and greater wrist flexion caused an increase in
the downward velocity. The RMS was calculated in 300 ms
(300 samples) windows with 90% overlap. Because the
voltage measured at the skin surface can vary widely
between individuals due to differences in muscle activation,
electrode contact, and subdermal fat, the scaling factor was
defined independently for each participant. The scaling

C. Magnetometer Control
The control of the horizontal virtual finger position was
determined via a Honeywell HMC6352 electronic compass,
which measured compass heading at 20Hz with 0.5º
resolution. The magnetometer measurement was read by a
Microchip PIC18F14K22 microcontroller over an I2C bus,
which translated the heading angle at 8 kHz into a hardwarecontrolled 10-bit pulse-width-modulated signal with duty
cycle proportional to the measured angle, which was
acquired using a data acquisition card.
The angle measured by the magnetometer was averaged
over every 235 samples (30 ms) and then scaled such that
possible arm angles corresponded with the horizontal width
of the virtual environment. An x-position at the far right of
the virtual environment corresponded to when the
participant’s arm was stretched in front making a 90º angle
with the participant’s coronal plane. Individuals were easily
able to rotate their arm counter-clockwise to reach the far left
of the virtual environment (see Fig. 1 Panel B).
The horizontal finger motion in the virtual environment
was smoothed using a discrete-time exponentially-weighted
moving average filter. The cutoff frequency was chosen
empirically to be 26 Hz optimize smoothness in the virtual
environment and to limit delay.
III. EXPERIMENTAL METHODS
A. Participants and Conditions
Participants were 6 right-handed adults (4 male, 2 female;
mean age = 23.5 years, SD = 1.6 years). All individuals
reported normal hand function. Informed consent was
obtained from all participants in compliance with the
Institutional Review Board of the University of Washington.
Over approximately 1.5 – 2.5 hours (including breaks),
each participant completed 80 trials of interaction with the
system. Each participant completed 5 blocks of 16 trials,
randomized within block by feedback condition (vision
alone, vision + vibrotactile), cognitive load (on, off), and
box (blue, red). Trials ended when the box reached the target
or was broken. Participants were encouraged to take breaks
between any trials to avoid fatigue.
Noise-canceling headphones (Bose, Framingham, MA)
were used to present the stimuli for the cognitive task, and to
provide low-level masking noise. Since the vibrotactile
feedback provided at 250Hz is in the range of human
hearing, the noise-cancellation and masking noise were used
to ensure that participants were not using any auditory
feedback from the tactor to complete the motor task.
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Surface EMG was recorded using a 2-channel Bagnoli
system (Delsys™ Inc, Boston, Massachusetts) with 2
Delsys™ 2.1 differential surface electrodes placed on the
forearm over the extensor carpi radialis (wrist extensor) and
palmaris longus (wrist flexor) muscles, referred to as EMG1
and EMG2. A ground electrode was placed on the superior
aspect of the participant’s right shoulder. EMG signals were
pre-amplified and filtered using the Delsys™ Bagnoli system
set to a gain of 1000, with a band-pass filter with roll-off
frequencies of 20 and 450 Hz.

attempts). During these successful attempts, the average
distance achieved was the full range of the task (30 cm) and
the average velocity was 1.73 cm/s (SE = 0.14 cm/s). During
unsuccessful attempts, the average distance achieved was
2.53 cm (SE = 0.28 cm) and the average velocity was 0.10
cm/s (SE = 0.01 cm/s). Results of ANOVAs for box
displacement and velocity are shown in Tables I and II. Fig.
2 shows plots of the primary experimental findings.
TABLE I
BOX DISPLACEMENT ANOVA

B. Vibrotactile Feedback
Vibrotactile stimulation was provided using a C2 tactor
(Engineering Acoustics, Inc.) mounted to the right lateral
upper arm and secured with an elasticized cloth bandage. A
250-Hz carrier frequency was used because human glabrous
skin has been shown to be maximally sensitive to vibrotactile
stimulation at this frequency [15, 16]. Increases in virtual
normal force were translated into increases in the amplitude
of continuous vibrotactile stimulation.
C. Cognitive Load
An auditory 2-back test [17] was used as a simultaneous
cognitive load during the motor task. The test consisted of
auditory presentation of a 1 Hz string of 16 random digits
during which participants were asked to respond verbally to
identify any numbers repeated with only one intervening
number.
Participants practiced 20 sets of the cognitive task without
simultaneous interaction with the virtual environment to
ensure that they understood the task. During the experiment,
participants were asked to complete the cognitive task while
simultaneously interacting with the virtual environment.
D. Analysis
Object manipulation performance variables were box
displacement (total distance toward the target that
participants were able to translate the box during the trial)
and average box velocity (box displacement normalized by
trial duration). Box displacement and velocity for each trial
were calculated using MATLAB (Mathworks, Natick MA).
Statistical analysis was performed using Minitab
Statistical Software (Minitab Inc., State College, PA). A 4
factor repeated measures analysis of variance (ANOVA) was
performed to assess the effects of feedback (vision alone,
vision + vibrotactile), cognitive task (on, off), presentation
order (block), and box (red, blue), as well as the interactions
of feedback × block, cognitive task × feedback, and block ×
cognitive task on box displacement and velocity. Post hoc
two-sided Tukey’s Simultaneous tests were performed as
appropriate. Statistical analyses were performed using an
alpha level of 0.05 for significance.
IV. RESULTS
Out of 480 combined trials, participants were able to
successfully move the box to the target 54 times (11% of

Factor
Feedback
Cognitive Task
Block
Box
Feedback × Block
Cognitive Task × Feedback
Block × Cognitive Task

DF
1
1
4
1
4
1
4

F
17.14
0.20
11.29
10.24
1.79
0.27
0.48

p
<0.001*
0.653
<0.001*
0.001*
0.129
0.601
0.75

F

p
0.006*
0.035*
<0.001*
<0.001*
0.050*
0.943
0.427

TABLE II
BOX VELOCITY ANOVA
Factor
Feedback
Cognitive Task
Block
Box
Feedback × Block
Cognitive Task × Feedback
Block × Cognitive Task

DF
1
1
4
1
4
1
4

7.64
4.49
10.26
12.42
2.39
0.01
0.96

Although feedback, block, and box type all had
statistically significant effects on box displacement, no effect
of the cognitive task was found. No significant interactions
were seen between cognitive task, feedback, and block. Post
hoc testing showed that the addition of vibrotactile feedback
lead to an increase in average box displacement to 7.17 cm
(SE=0.73 cm) relative to 4.05 cm (SE=0.56 cm) with vision
alone. In addition, box displacement tended to increase as a
function of block. Fig. 2 marks the significant comparisons.
Further, participants were able to move the blue box
significantly further (MEAN=6.82 cm, SE=0.71 cm) than the
red box (MEAN=4.41 cm, SE=0.60 cm).
All factors had a statistically significant effect on the box
velocity. There was no significant interaction between the
cognitive task and block or between the cognitive task and
the feedback; however, there was a significant interaction
between feedback and block. Post hoc testing indicated that
the addition of vibrotactile feedback significantly increased
box velocities from 0.22 cm/s (SE=0.04 cm/s) to 0.35 cm/s
(SE=0.04 cm/s). Addition of a simultaneous cognitive task
significantly decreased velocities from 0.33 cm/s (SE=0.05
cm/s) to 0.23 cm/s (SE=0.04 cm/s). Presentation order
(block) had a significant effect on box velocity, with
velocities increasing as a function of block (see Fig. 2).
Lastly, participants were able to move the blue box
(MEAN=0.37 cm/s, SE=0.05 cm/s) with greater velocities
than the red box (MEAN=0.20 cm/s, SE=0.03 cm/s).
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prosthesis. Using this functionally-relevant platform, we
have found that the addition of vibrotactile feedback can aid
object manipulation, and that training can further enhance
these effects. These results are promising for future adoption
of vibrotactile feedback for users of prosthetic hands.
ACKNOWLEDGMENT
The authors thank Qi An and Kristina Huynh.
REFERENCES

Fig. 2. Primary Experimental Results. Markers indicate means +/- SE.
Brackets indicate statistically significant differences as a function of block
found during post hoc testing. ANOVA found a significant effect of both
block and feedback condition on box displacement and velocity. For box
velocity, a significant interaction was found between block and feedback.

V. DISCUSSION
A. Vibrotactile feedback improves object manipulation
Our results show a strong effect of the feedback paradigm,
with the addition of vibrotactile feedback leading to
increases in both box displacement and velocity. This result
is at odds with the finding by Chatterjee et al. that pulse train
frequency modulated vibrotactile feedback to perform a
force-matching task did not result in a consistent overall
reduction in error [14]. However, our results are consistent
with our previous work that has shown that individuals can
utilize amplitude modulated vibrotactile feedback to improve
performance on an object manipulation task [13].
B. Training improves performance using feedback
There was a statistically significant effect of block on both
box velocity and box displacement. Surprisingly, no
significant increases were seen between block 3 and blocks 4
or 5. However, we found a significant interaction for box
velocity between feedback modality and block. As seen in
the lower panel of Fig. 2, the learning curve for visual +
vibrotactile feedback is steeper than for vision alone. We
predict that future experiments in a larger population will
show a further significant improvement in performance
during the use of the vibrotactile feedback.

[1] F. C. Huang, R. B. Gillespie, and A. D. Kuo, "Visual and haptic
feedback contribute to tuning and online control during object
manipulation," J Mot Behav, vol. 39, pp. 179-93, May 2007.
[2] R. Howe and D. Kontarinis, "Task Performance with a Dextrous
Teleoperated Hand System," Proc of SPIE, vol. 1833, pp. 199-207, 1993.
[3] C. Pylatiuk, S. Schulz, and L. Doderlein, "Results of an Internet survey
of myoelectric prosthetic hand users," Prosthet Orthot Int, vol. 31, pp. 362370, 2007.
[4] E. Biddiss, D. Beaton, and T. Chau, "Consumer design priorities for
upper limb prosthetics," Disabil Rehabil Assist Technol, vol. 2, pp. 346-57,
Nov 2007.
[5] A. Cranny, D. Cotton, S. Chappell, S. Beeby, and N. White, "Thick-film
force, slip, and temperature sensors for a prosthetic hand," Meas Sci
Technol, vol. 16, pp. 931-941, 2005.
[6] C. Pylatiuk, A. Kargov, and S. Schulz, "Design and evaluation of a lowcost force feedback system for myoelectric prosthetic hands," J Prosthet
Orthot, vol. 18, pp. 57-61, 2006.
[7] M. C. Carrozza, G. Cappiello, S. Micera, B. B. Edin, L. Beccai, and C.
Cipriani, "Design of a cybernetic hand for perception and action," Biol
Cybern, vol. 95, pp. 629-44, Dec 2006.
[8] L. Zollo, S. Roccella, E. Guglielmelli, M. C. Carrozza, and P. Dario,
"Biomechatronic Design and Control of an Anthropomorphic Artificial
Hand for Prosthetic and Robotic Applications," IEEE/ASME Transactions
on Mechatronics, vol. 12, pp. 418-429, 2007.
[9] M. C. Castro and A. Cliquet, Jr., "A low-cost instrumented glove for
monitoring forces during object manipulation," IEEE Trans Rehabil Eng,
vol. 5, pp. 140-7, Jun 1997.
[10] K. A. Kaczmarket, J. G. Webster, P. Bach-y-Rita, and W. J.
Tompkins, "Electrotactile and Vibrotactile Displays for Sensory
Substitution Systems," IEEE Trans Biomed Eng, vol. 38, pp. 1-16, 1991.
[11] G. F. Shannon, "A comparison of alternative means of providing
sensory feedback on upper limb prostheses," Medical and Biological
Engineering, vol. 14, pp. 289-294, 1976.
[12] C. E. Stepp, B. T. Dellon, and Y. Matsuoka, "Contextual effects on
robotic experiments of sensory feedback for object manipulation," in 3rd
IEEE RAS & EMBS International conference on Biomedical Robotics and
Biomechatronics, Tokyo, 2010, pp. 58-63.
[13] C. E. Stepp and Y. Matsuoka, "Relative to direct haptic feedback,
remote vibrotactile feedback improves but slows object manipulation," in
32nd Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, Buenos Aires, Argentina, 2010, pp. 208992.
[14] A. Chatterjee, P. Chaubey, J. Martin, and N. Thakor, "Testing a
prosthetic haptic feedback simulator with an interactive force matching
task," J Prosthet Orthot, vol. 20, pp. 27-34, 2008.
[15] R. T. Verrillo, "Vibration Sensation in Humans," Music Perception,
vol. 9, pp. 281-302, Spring 1992.
[16] R. T. Verrillo, "Subjective Magnitude Functions for Vibrotaction,"
IEEE Trans Man Mach Syst, vol. 11, pp. 19-24, 1970.
[17] W. K. Kirchner, "Age differences in short-term retention of rapidly
changing information," J Exp Psychol, vol. 55, pp. 352-8, Apr 1958.

C. Summary
We characterized the effect of visual and visual + forcebased augmentative vibrotactile feedback modalities on an
object manipulation task using a virtual myoelectric
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