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A Wearable Device for Real-Time Motion Error
Detection and Vibrotactile Instructional Cuing

Beom-Chan Lee, Shu Chen, and Kathleen H. Sienko, Member, IEEE

Abstract—We have developed a mobile instrument for motion
instruction and correction (MIMIC) that enables an expert (i.e.,
physical therapist) to map his/her movements to a trainee (i.e.,
patient) in a hands-free fashion. MIMIC comprises an expert
module (EM) and a trainee module (TM). Both the EM and TM
are composed of six-degree-of-freedom inertial measurement
units, microcontrollers, and batteries. The TM also has an array
of actuators that provide the user with vibrotactile instructional
cues. The expert wears the EM, and his/her relevant body position
is computed by an algorithm based on an extended Kalman filter
that provides asymptotic state estimation. The captured expert
body motion information is transmitted wirelessly to the trainee,
and based on the computed difference between the expert and
trainee motion, directional instructions are displayed via vibro-
tactile stimulation to the skin. The trainee is instructed to move
in the direction of the vibration sensation until the vibration is
eliminated. Two proof-of-concept studies involving young, healthy
subjects were conducted using a simplified version of the MIMIC
system (pre-specified target trajectories representing ideal expert
movements and only two actuators) during anterior–posterior
trunk movements. The first study was designed to investigate
the effects of changing the expert–trainee error thresholds (0.5 ,
1.0 , and 1.5 ) and varying the nature of the control signal
(proportional, proportional plus derivative). Expert–subject
cross-correlation values were maximized (0.99) and average posi-
tion errors (0.33 ) and time delays (0.2 s) were minimized when
the controller used a 0.5 error threshold and proportional plus
derivative feedback control signal. The second study used the best
performing activation threshold and control signal determined
from the first study to investigate subject performance when the
motion task complexity and speed were varied. Subject perfor-
mance decreased as motion speed and complexity increased.

Index Terms—Balance control, instructional cues, intelligent tu-
toring systems, movement, rehabilitation, vibrotactile.

I. INTRODUCTION

P HYSICAL rehabilitation has been shown to improve sen-
sory integration, motor coordination, and strength in pa-

tient populations with balance or vestibular disorders, stroke,
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and traumatic brain injuries [1]–[4]. During conventional reha-
bilitation and training, physical therapists communicate proper
execution of an exercise to patients through a combination of
verbal instruction, demonstration, and/or physical guidance. In-
struction and demonstration are provided prior to and/or during
the execution of the rehabilitation exercise and are typically
used in combination with extrinsic (or augmented) feedback [5].
The impact of feedback on motor learning varies as a function
of the frequency, delay, and precision with which information
is provided [6]. Physical guidance involves the manual manip-
ulation of a patient’s body or body segment(s) in order to facil-
itate the completion of a task that a patient may not otherwise
be able to perform on his/her own [7]. While physical guidance
improves the patient’s ability to accurately replicate the desired
trajectory or movement, it does so at the expense of providing a
patient with the ability to detect and correct errors [7], a critical
aspect of motor learning [8], [9].

Vibrotactile stimulation, typically generated by rotary or
linear electromechanical actuation or pneumatic balloon actu-
ation, has been used to provide haptic feedback via the skin.
Furthermore, characteristics of the vibratory signals such as
frequency, amplitude, waveform, and duration have been mod-
ulated to convey information [10]. Arrays of actuators have
been used to display basic shapes [11], [12] and textual char-
acters [13], [14]; provide directional cues for navigation [15];
maintain spatial orientation and situational awareness during
flight [16]; complement visual and auditory cues for improved
user perception in virtual, augmented, and real environments
[17]; decrease postural sway during quiet and perturbed stance
in both individuals with vestibular deficits and older adults
[18]–[22]; and retrain knee joint loading during gait [23].

Technologies that augment traditional rehabilitation prac-
tices in the clinical setting or increase compliance in at-home
based exercise programs have the potential to provide both
instructions regarding the intended movements and real-time
or delayed feedback. Lieberman and Breazeal developed a
real-time wearable vibrotactile feedback suit to facilitate upper
limb human motor learning [24]. Subjects were asked to
replicate upper limb motion presented via prerecorded video
while receiving vibrotactile feedback based on passive motion
tracking measurements whenever an error between the target
motion and the subject’s motion occurred. The feedback con-
trol signal used in this study was solely based on errors of
joint angles. Vibrotactile feedback contributed to a decrease
in motion errors and an accelerated motor task-learning rate
compared to prerecorded video-based instructional cues when
the arm motion was produced using a hinge joint. Rotational
joint motions were not improved with statistical significance.
The authors noted that video or optical-based motion tracking
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of the human body is not feasible for use outside of a laboratory
environment due to the expense and size of the equipment.

Several other recent studies have developed and assessed
kinesthetic motion guidance systems for upper limb motion
guidance that use a control signal proportional to the position
error between the target and subject [25]–[27]. Both the Sergi
et al. (2008) and Kapur et al. (2010) kinesthetic guidance sys-
tems employ magnetic motion tracking technologies. Recent
advances in micro-electro-mechanical system technology such
as the miniaturization of inertial measurement units (IMUs)
have provided a platform for real-time motion tracking in
unconstrained environments [28]–[31]. Van der Linden et al.
(2009) leveraged this portable and low-cost technology for their
upper limb motion study focused on teaching violin bowing
techniques.

The majority of kinesthetic-based motion guidance tech-
niques explored to date have provided a control signal propor-
tional to the position error between the target and the subject,
which may or may not be varied in terms of magnitude or
frequency based on the magnitude of the error. However, in
light of the known time delay associated with perceiving, pro-
cessing, and responding to vibrotactile cues (our pilot studies
indicate ms), we hypothesize that performance might
be further improved if the rate of change of position or other
predictive information were used to generate the feedback
control signal. In a recent study performed by Wall and Kentala
[32], several control signals were used to activate vibrotactile
trunk feedback during computerized dynamic posturography
in a subject population with vestibular loss. Specifically, they
evaluated the following control signals: proportional to the
measured tilt angle (P), proportional to the rate of change of tilt
angle (D), and a combination of the P and D signals (PD). Their
findings demonstrated that all evaluated control signals reduced
trunk tilt, but that the PD control signal produced significantly
smaller trunk tilt values compared to either P or D feedback.

This paper describes the design, development, and initial
assessment of a wearable, wireless, IMU-based expert–trainee
motion error detection and vibrotactile instructional cuing
technology called MIMIC (mobile instrument for motion in-
struction and correction). This technology enables an expert to
map his/her movements to a trainee in hands-free fashion using
IMUs, microcontrollers, and vibrating actuators. The goal of
this technology is to provide vibrotactile instructional cues to a
trainee based on the motion of an expert. In what follows, we
1) describe the MIMIC’s hardware and software components,
2) quantitatively assess a simplified version of the MIMIC’s
effectiveness in a young healthy pilot subject population during
simple trunk bend exercises, and 3) determine the best control
signal and movement error threshold for slow trunk-based
vibrotactile instructional cuing.

II. METHODS

A. MIMIC Design Overview

An overall schematic representation of the MIMIC is given in
Fig. 1. The wearable IMU-based expert–trainee motion error de-
tection and vibrotactile instructional cuing device is composed
of an expert module (EM) and trainee module (TM) that are
utilized by a physical therapist and patient, respectively. Each
module includes a six-degree-of-freedom IMU, microcontroller

Fig. 1. System configuration.

unit (MCU), Bluetooth module, data-saving module, and bat-
tery. The TM additionally has an array of tactors that provide vi-
brotactile stimulation to the skin. The expert’s body motions are
sensed by the EM IMU and processed by an extended Kalman
filter (EKF) estimation algorithm embedded in the MCU. The
estimated expert motion is transmitted wirelessly to the TM
through Bluetooth communication, and based on the computed
difference between the expert and trainee motion, directional in-
structions are displayed via vibrotactile stimulation to the skin.
The trainee is instructed to move in the direction of the vibra-
tion until the stimulus ceases. All information related to the body
motion of the expert and trainee and the tactor stimulation his-
tory are recorded in the data-saving module for postprocessing
and analysis.

B. Hardware

The hardware architecture is organized in layers to minimize
size and enable easy access for replacement or maintenance. The
main layer is equipped with an MCU, Bluetooth module, and
data-saving module. Communication between the main layer
and sensor layer is achieved with serial data communication
through a wired connection.

The primary purposes of the MCU are to log IMU data, cap-
ture raw angular rates and linear accelerations, estimate body
motion using an EKF, generate a control signal for vibrotactile
stimulation, manage data communication, and store data in text
format on a data-saving module. For embedded application sys-
tems, MCUs such as the ATMEL ATmega 128 provide accept-
able computational performance with minimal power consump-
tion and low cost.

The sensory layer comprises a tri-axial linear accelerometer
(Freescale Semiconductor, Inc., MMA7260Q) and two gyro-
scopes (InvenSense, Inc., IDG-300). The accelerometers used
in this prototype have a sensitivity range of g with a band-
width of 350 Hz along each axis. The gyroscopes have a range
of . IMU data is sampled at 300 Hz.

Two coin-style eccentric mass pager motors (Samsung
Electro-Mechanics, DMJBRK30O), shown in Fig. 2(c) and
subsequently referred to as tactors, were selected to provide
vibrotactile stimulation based on their small size and weight,
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Fig. 2. Hardware architecture. (a) Hardware layers. (b) Hardware system
components. (c) Coin-style pager motors and belt. (d) Trainee wearing MIMIC
device.

low cost, and minimal power consumption. The spin-up time
for the selected tactors to reach maximum rotational vibration
is on the order of 90 ms. Each has an operating voltage range of
2.5–3.5 V at 65 mA, a frequency of 200 Hz at 3.0 V, a weight
of 1.2 g, and a vibration quantity of 0.84 g root-mean-square.

Wireless communication of estimated expert motion data is
provided by the Bluetooth module (Comfile Technology Inc.,
ACODE 330). This module supports Bluetooth 2.0 with SPP
interface and also supports simultaneous operation of multiple
devices, thereby enabling an expert to engage with more than
one trainee. The Bluetooth protocol provides sufficient band-
width to transmit data—approximately 0.23 Mb/s in symmetric
mode.

The data-saving module allows the main processor to store
numeric data such as raw or state space representation 3D
motion data on an SD memory card for postprocessing. Each
module is powered by a rechargeable lithium ion battery with a
rating of 900 mAh.

C. Software

To maximize the embedded MCU performance, a compo-
nent-based software architecture was designed to carefully
manage computational resources, prioritizing real-time motion
capture and estimation, data transmission, and data-saving
capabilities. The core software architecture implemented in the
MCU is the same in both the EM and TM. The only software
difference between the two modules is the number of data
packets communicated to/from peripheral interfaces; the TM
acquires raw linear accelerations and angular velocities from
the trainee IMU as well as estimated tilt data from the EM.

Tilt estimates were computed based on an Euler-angle-based
EKF [33] with four state variables. Two of the state variables
(roll and pitch angular positions) were calculated from the
output of the tri-axial accelerometer [34]. The remaining two
state variables (roll and pitch angular velocities) were acquired
directly from the gyroscopes. The EKF, based on a first-order
linear state transition model and nonlinear measurement model,
estimated tilt at a rate of 100 Hz with accuracy better than

0.25 confirmed by tilt table testing. The implemented EKF
continuously measures tri-axial accelerations in order to cor-
rect for drift error based on the assumption that human trunk
acceleration is bounded and averages to zero over an extended
period of time [35]. The real-time estimation algorithm can
support both Euler angle and quaternion computations.

For the two control signals chosen for separate evaluation
in this study, the difference in position between the expert and
trainee was used to generate the error term for the proportional
(P) control signal, while differences in both position and ve-
locity between the expert and trainee were used to generate error
terms for the proportional plus derivative (PD) control signal

(1)

where represents the estimated tilt angle in degrees and rep-
resents the angular velocity of tilt in ms. The angular velocity
was calculated by subtracting sequential tilt angle estimates and
dividing by the 10 ms estimation interval (corresponding to the
100 Hz tilt estimation rate). is a constant chosen to be 0.5
ms based on a previous study [32], [36]. Because this control
signal incorporated velocity as well as position error terms, it
effectively reduced the tactor activation threshold, theoretically
enabling the subjects to quicken their response. The use of a
control signal based solely on velocity error was eliminated
from consideration based on the results of a pilot study in which
this signal produced excessive oscillatory trunk movements in
subjects. If the absolute value of the error signal exceeded the
specified expert–trainee error threshold, an “attractive” vibro-
tactile cue was provided to the trainee until the error signal
dropped below the threshold value. Vibrotactile stimulation was
not graded according to the magnitude of the error signal; tactor
activation was binary in nature (either on or off).

D. Subjects

The first of two proof-of-concept studies using the MIMIC
employed five young years healthy naïve subjects
(three male, two female). The follow-up study employed eight
young years healthy naïve subjects (five male,
three female). The University of Michigan Institutional Review
Boards approved the experimental protocol, which conformed
to the Helsinki Declaration. Informed consent was obtained
from each subject prior to the start of the experiment.

E. Experimental Protocol

The first study was designed to investigate the effects of
changing the vibrotactile stimulation activation threshold and
varying the nature of the control signal. The follow-up study
used the best-performing activation threshold and control
signal determined from the first study to investigate subject
performance when the motion task complexity and speed
were increased. Subjects participating in both studies were
instrumented with the TM and instructed to 1) stand with their
feet parallel approximately 15 cm apart (indicated by floor
markings) and 2) “move in the direction of the vibration until
the vibration stops.” This latter instruction represents attractive
cuing. Standard foam earplugs and earmuffs were provided to
eliminate environmental and tactor noise. One tactor was placed
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Fig. 3. Representative sample data when the expert–trainee activation
threshold was set at 0.5 and a PD control signal was provided. Solid, dashed,
and dotted lines represents the expert motion, subject motion, and vibration
instruction, respectively. Positive values indicate movement in the anterior
direction.

near the navel and another near the spine at approximately the
L4/L5 lumbar level. Prior to data collection, subjects were
provided with acclimatizing tactor stimulation.

In the first study, subjects were asked to replicate a pre-speci-
fied anterior–posterior (A/P) trunk movement, subsequently re-
ferred to as “expert motion,” by moving toward the vibrotactile
instructional cues. The expert motion consisted of an anterior
20 trunk bend followed by a 6 s static hold at 20 and a poste-
rior trunk bend to return to neutral upright stance (refer to solid
line in Fig. 3). The anterior and posterior 20 trunk bends were
performed at a rate of approximately . Note that each
subject was asked to bend only at the waist in response to the
vibrotactile cues while they were performing the task.

Three expert–trainee error thresholds (0.5 , 1.0 , and 1.5 )
and two control signals (P and PD) were evaluated in this study.
Each subject performed three repetitions of the six possible con-
trol signal and error threshold combinations, totaling 18 trials.
The presentation of trial type was randomized and no practice
trials were provided. In addition, pre-/post-baseline data were
collected to assess any potential training effects. All experi-
mental trials were performed with eyes closed.

In the follow-up study, subjects were presented with the
same pre-specified anterior–posterior (A/P) trunk movement
used during the first study, but at three different speeds: slow
(approximately ), medium (approximately ),
and fast (approximately ). Subjects were also asked to
use the vibrotactile cues to replicate four additional and more
challenging A/P expert trunk motion patterns with variable
speeds (Fig. 4). The follow-up study leveraged the results from
the first study and therefore only the best performing control
signal (PD) and error threshold (0.5 ) were used. Each subject
performed three repetitions for each speed of the simple motion
and three repetitions of each of the four more challenging
patterns, totaling 21 trials. The presentation order of both speed
and pattern type were randomized. One practice trial for each
speed and pattern was provided.

Fig. 4. Representative sample data in which the four different patterns were
provided. Solid, dashed, and dotted lines represent the expert motion, subject
motion, and vibration instruction, respectively. Positive and negative values in-
dicate movement in the anterior and posterior directions, respectively.

F. Data Analysis Methodologies

All postprocessing was performed using MATLAB (The
MathWorks, Natick, MA). To characterize subjects’ ability to
replicate the expert motion, a cross-correlation analysis of the
expert and subject trunk tilt angle was performed. The output of
the cross-correlation analysis was 1) a cross-correlation value
ranging between 0 and 1, with 1 indicating perfectly matched
motion and 2) a time delay, with a positive delay indicating a
time lag between the expert and trainee motion. Position error
was defined as the average difference between the expert and
subject position in degrees. For the purpose of data analysis,
each trial from the first study was split into outbound, static,
and inbound regions (shown in Fig. 3) corresponding to the
anterior trunk bend, static hold at 20 , and posterior trunk bend
to the neutral upright position, respectively. The composite
movement was defined as the entire sequence of regions. The
position error in the outbound and inbound regions character-
izes performance during dynamic motion, while the position
error in the static region characterizes performance during the
static trunk bend.

Statistical analysis was performed using linear mixed effects
models (LMM). One particularly desirable feature of this ana-
lytical methodology is that it takes into account the likely corre-
lation of repeated measurements performed on the same subject.
Dependent variables were cross-correlation value, time delay,
and position error. The primary focus of the analysis was to
estimate the effects of activation threshold and control signal
on the dependent variables while accounting for the correla-
tion of the observations’ random intercepts associated with sub-
jects and replicated measures. Hypotheses for the main effects
of activation threshold and control signal and their interactions
were tested using an F-test. Post-hoc analysis for each depen-
dent variable was performed using Sidak’s method. To assure
the assumptions of the LMM (in particular normality and con-
stant variance of residual variance for the time delay and po-
sition error), the dependent variable was expressed on a loga-
rithmic scale.
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TABLE I
STATISTICAL ANALYSIS RESULTS �� � �� FOR ACTIVATION THRESHOLD (AT)

AND CONTROL SIGNAL (CS). RESULTS FOR ALL DEPENDENT VARIABLES

EXCEPT CROSS-CORRELATION ARE EXPRESSED ON A LOGARITHMIC SCALE. *IN

THE PRESENCE OF SIGNIFICANT CONTROL SIGNAL BY ACTIVATION THRESHOLD

INTERACTION, ESTIMATES OF MAIN EFFECTS ARE NOT INTERPRETABLE AND

THEREFORE NOT REPORTED

TABLE II
STATISTICAL ANALYSIS RESULTS �� � �� FOR SPEED (S) AND PATTERN (P).
RESULTS FOR ALL DEPENDENT VARIABLES EXCEPT CROSS-CORRELATION

ARE EXPRESSED ON A LOGARITHMIC SCALE

III. RESULTS

Tables I and II summarize the results of the LMM for all de-
pendent variables. Table I reports the estimates for the effects of
activation threshold and control signal conditions used during
the first study and Table II reports the estimates for the effects
of three speeds and four patterns used during the follow-up
study. Fig. 5 depicts the average cross-correlation results for
the three activation thresholds and two control signals used
during the first study. Analysis of the cross-correlation of
the expert–trainee movement showed significant main effects
of the activation threshold and control signal

conditions. However, the analysis did not show
a significant interaction of the activation threshold control
signal conditions . A post-hoc analysis showed
that the best cross-correlation values were achieved with the
PD control signal regardless of the activation threshold and

Fig. 5. Average expert–trainee cross-correlation results �� � �� as a function
of activation threshold and control signal. White and gray bars represent P and
PD control signals, respectively. Error bars represent standard error of the mean.

Fig. 6. Average expert–trainee position error results �� � �� in degrees as a
function of activation threshold and control signal by region. White and gray
bars represent P and PD control signals, respectively. Error bars represent stan-
dard error of the mean.

with the smallest activation threshold regardless of the control
signal.

Fig. 6 depicts the average expert–trainee position error for
the outbound region (a), static region (b), inbound region (c),
and entire movement (d). Analysis of the position error of the
expert–trainee movement showed significant main effects of
the activation threshold condition and control signal condi-
tion, respectively, for the outbound region ( and

), static region ( and ),
inbound region ( and ), and entire move-
ment ( and ). However, the analysis did
not reveal a significant interaction of the activation threshold
control signal conditions for the outbound region ,
static region , or entire movement .
Only the inbound region revealed a significant interaction of
activation threshold control signal conditions .
A post-hoc analysis for the outbound and static regions and
entire movement showed that subjects had smaller average
position errors when using the PD control signal regardless of
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Fig. 7. Average expert–trainee time delay results �� � �� in seconds as a
function of activation threshold limit and control signal. White and gray bars
represent P and PD control signals, respectively. Error bars represent standard
error of the mean.

the activation threshold and when using the smallest activation
threshold regardless of the control signal. For the inbound
region, however, a post-hoc analysis showed that the 0.5
activation threshold with the PD control signal resulted in the
smallest average position error, but the three post-hoc pair-wise
comparisons were not significant.

Fig. 7 represents the average time delay between the expert
and subject movements over the entire movement. Analysis of
the time delay of the expert–trainee movement showed signifi-
cant main effects of activation threshold and con-
trol signal conditions, respectively. However, the
analysis did not reveal a significant interaction of the activation
threshold control signal conditions . A post-hoc
analysis showed that subjects had the shortest time delays with
the PD control signal regardless of activation threshold and with
the smallest activation threshold regardless of control signal.

Fig. 8 depicts the average expert–trainee position error for
the entire movement as a function of speed [Fig. 8(a)] and
motion pattern [Fig. 8(b)]. Analysis of the motion replica-
tion data showed significant main effects on cross-correlation

and position error . Average
cross-correlation values were found for slow (0.998), medium
(0.992), and fast (0.985) speeds. A post-hoc analysis showed
that subjects had the least amount of position error and the best
cross-correlation value when they replicated the motion with
the slowest speed. However, time delay was not significant

. Average time delays were found for slow (0.55
s), medium (0.63 s), and fast (0.52 s) speeds.

Analysis of the four motion patterns revealed significant main
effects on cross-correlation , position error

, and time delay . Fig. 8(b) depicts the av-
erage expert–trainee position error for the entire movement by
motion pattern. A post-hoc analysis showed that neither pattern
1 versus pattern 2 nor pattern 3 versus pattern 4 were signifi-
cant in terms of position error. However, the subjects showed
the least amount of position error when they performed either
pattern 1 or 2 compared to pattern 3 and 4. In the case of cross-
correlation performance, a post-hoc analysis showed the best

Fig. 8. Average expert–trainee position error results �� � �� in degrees as a
function of (a) different speed conditions and (b) different pattern conditions.
Error bars represent standard error of the mean.

cross-correlation value when the subjects performed pattern 1
versus patterns 2, 3, and 4. However, the pair-wise comparisons
between patterns 2, 3, and 4 were not significant. The post-hoc
analysis on time delay revealed that only the pair-wise compar-
ison between patterns 1 and 2 was significant demonstrating that
the subjects performed motion replication with the shortest time
delay for pattern 1.

IV. DISCUSSION

Based on the results of the first proof-of-concept study con-
ducted in five healthy young adults, we demonstrated that sub-
jects could accurately mimic the simple task of slowly bending
at the waist using attractive vibrotactile instructional cues. The
smallest error threshold (0.5 ) combined with a proportional PD
control signal resulted in the greatest correlation between the ex-
pert and trainee motion, the least amount of time delay, and the
least amount of average position error. Subjects showed lower
position errors during the static component of the entire move-
ment than during the dynamic (inbound/outbound) components.

The PD control signal consistently produced significantly
better motion replication in terms of cross-correlation, time
delay, and average position error values compared to the P
control signal for all error thresholds. This finding was not
unexpected given that there is an inherent delay associated with
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perceiving, processing, and responding to vibrotactile cues
[18]. The inclusion of a rate of change of position term in the
control signal effectively reduces the tactor activation threshold
limit so that subjects receive information regarding their per-
formance earlier than they would with a proportional-based
control signal alone. Based on the average time delay results,
the PD control signal decreased the lag in subject motion
replication by 0.15 s, 0.34 s, and 0.47 s, for the 0.5 , 1.0 , and
1.5 error thresholds, respectively. In other words, as the error
threshold increased, the PD control signal increasingly reduced
the time lag compared to the P control signal. It may be possible
to achieve equivalent performance using only a P control signal
if the threshold limit were further reduced; however, if the
limit is too small, motion will no longer be smooth. The choice
of 0.5 ms as the constant weighting factor for the difference
between expert and trainee velocity was chosen based on the
study of Wall and Kentala [32]; it may be possible to further
improve performance by manipulating this weighting factor
since it was chosen arbitrarily in their study.

To date, vibrotactile feedback displays for standing balance
[21], [37], [38] have used repulsive cues in which subjects are
instructed to move away from the vibration. For the MIMIC, we
chose to use attractive cues in which subjects were instructed
to move toward the vibration. This decision was based on the
results of an experiment that provided random nonmeaningful
vibrotactile stimulation (i.e., no instructions provided regarding
meaning of vibrotactile cues) to the trunk at the approximate
level of the navel to naïve subjects. This study showed that tac-
tors placed on top of the internal obliques and erector spinae
resulted in small tilt deviations on the order of 1.0 in the direc-
tion of the tactor [39].

The results of the follow-up study in eight healthy young
adults showed that the ability to accurately replicate motion de-
creased with increasing motion speed and complexity. Average
position error increased as the required speed of the task in-
creased. The slow speed from the first study was included as
a control for the second study given that different subjects were
involved. The average position error for the slow motion was
smaller for the first study subjects compared to the second study
subjects. This is likely due to the fact that the first group per-
formed 18 practice trials compared to the three practice trials
performed by the second group of subjects.

V. CONCLUSION

The results presented above indicate that subjects can
successfully replicate prerecorded expert motions using the
MIMIC, but that performance is dependent on the speed and
complexity of the motion. The MIMIC platform has potential
applications in both physical therapy settings and the athletic
arena; it may be used to simultaneously instruct a classroom of
trainees or by an individual at home to perform balance rehabil-
itation exercises either previously recorded in the presence of a
physical therapist or distributed via the internet. Additionally,
it may be used to gather data on the degree of replication and
compliance to exercise schedule over months of training for
analysis by a physical therapist. Although the MIMIC was de-
signed to improve the ability of a trainee to mimic the motion of
an expert using vibrotactile instructional cues, future versions

of the technology might use stiffness or impedance control to
enable the replication of forces and joint torques.

The main advantage of this design over that of either
Lieberman [24] or Kapur [25] is that the IMUs eliminate the
need for external apparati such as mechanical links, cameras,
or magnetic emitters that are widely used in mechanical, op-
tical, and electromagnetic tracking systems. From the device
performance standpoint, this system supports accurate (better
than 0.25 ) and fast (100 Hz) motion estimation based on an
EKF and component-based software architecture.
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