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ABSTRACT

Gait retraining, a promising treatment for knee osteoarthritis, re-
quires the modification of three separate joint motions. In this pa-
per we present the results of three studies to inform the design of
a wearable haptic feedback system for this application. The first
study motivates our choice of feedback modality for each of the
motions. The latter two studies explore how to present haptic feed-
back to train three different motions concurrently. When feedback
is presented simultaneously, subjects have poor perception of three
or more haptic cues, tend to focus on only one motion at a time,
and require several steps to modify all three motions. These find-
ings suggest that vibrational feedback should be presented one joint
at a time for haptic gait retraining.

Keywords: gait retraining, haptic feedback, movement training

Index Terms: H.1.2 [Models and Principles]: User/Machine
Systems—Human information processing H.5.2 [Information In-
terfaces and Presentation]: User Interfaces—Haptic I/O

1 INTRODUCTION

A number of researchers have recognized the potential of haptic
feedback for motion training in applications such as swimming
[1], snowboarding [15], violin bowing [16], and drumming [8].
Haptics have also been used for rehabilitation and motor learning
[3, 11, 12]. Part of the motivation is these wearable haptic devices
lend themselves to use in real-world environments: the devices
leave sight and sound free for other tasks, an advantage over multi-
modal feedback systems and, in contrast with cumbersome robotic
training systems, the systems can be portable and do not constrain
motion.

We have focused on haptic feedback for gait retraining. It has
been demonstrated that by modifying gait parameters in walking,
subjects can achieve significant reductions in their knee adduction
moment, a clinical measure of knee joint loading that is associ-
ated with the onset and progression of osteoarthritis [5]. In prior
work, we determined that by making small modifications to multi-
ple gait parameters (e.g. foot progression angle, tibia angle, trunk
sway) subjects can achieve knee load reductions that would require
much larger modifications to a single parameter [14]. Moreover,
the multi-parameter gait modifications are subject-specific.

The need to monitor and provide independent feedback about
multiple gait parameters leads to the question of where to place
haptic feedback devices and how to coordinate their actions. In
contrast to some previous work, where one or two feedback chan-
nels are used to modify a motion (which may, however, be a coordi-
nated multi-degree of freedom motion), it is important in the present
case that subjects be able to identify and respond to feedback about
each gait parameter. We therefore conducted a series of studies to
determine where to place small vibrational devices and how to co-
ordinate their displays for modifying three gait parameters that are
particularly associated with knee loading in walking.

∗e-mail: klurie@stanford.edu

We used three specifications to guide our design: (1) perceptibil-
ity: can subjects accurately perceive desired movement changes?
(2) performance: can subjects perform desired movement changes?
(3) preference: do subjects prefer to use a given feedback config-
uration and do they find it intuitive during training? In a series of
experiments, we explored the design of the haptic feedback, first
for individual motions and then for multiple gait modifications.

• In Study 1, we exposed subjects to many feedback patterns for
each gait parameter and analyzed their performance and self-
reported preferences. The results of this study were used to de-
sign feedback systems for changes to individual gait parameters.

• In Study 2, we compared how subjects learned new gaits with
different schemes for presenting multiple haptic instructions. In
particular, we looked at schemes that presented all haptic feed-
back on each step versus schemes that distributed feedback over
multiple steps.

• In Study 3, we examined limitations in perception and perfor-
mance when subjects received all haptic feedback on each step.
The results of these tests corroborate our findings in Study 2
and lead to suggestions for the haptic feedback design for multi-
parameter gait retraining.

In the following sections, we present the general feedback and
motion tracking system and define the gait retraining objectives.
We then describe the three studies and results obtained from each.

2 GAIT RETRAINING WITH HAPTIC FEEDBACK
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Figure 1: Block diagram of the haptic feedback system

2.1 Haptic Feedback System
A real-time haptic gait retraining system requires sensing, model-
ing, computation and feedback (Figure 1). Sensing hardware gath-
ers raw human movement and force data, which is processed by a
real-time gait model and turned into useful kinematic parameters.
Our current model takes the positions of 13 reflective markers and
calculates foot, knee and trunk angles. Desired kinematic parame-
ters, which may be static or change with time or performance, are
compared with the measured kinematic parameters from the model.
Haptic feedback is initiated based on the parameter error signals.

All studies presented in this paper were conducted in the Stan-
ford Human Performance Laboratory. An eight-camera Vicon 3D
motion capture system was used for sensing human movements.
Reflective markers were adhered to the skin with hypoallergenic
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Figure 2: A: Description of gait parameters. B: Placement of vibration motors for each gait parameter for Study 1. TSM is trunk sway magnitude,
TA is tibia angle, and FPA is foot progression angle.

double-sided tape, and their placement defined foot, shank, thigh,
pelvis and trunk segments. We used Vicon Nexus software to read
in marker positions in real-time at 60 Hz. Ground reaction forces
were obtained through an instrumented Bertec treadmill at a rate of
1200 Hz. The treadmill also interfaced with the Nexus software to
provide these measurements in real-time.

For vibration feedback we used coin-type pager motors (Sam-
sung, 10 × 3.5 mm), which we encased in a urethane rubber
(VytaFlex 60) to improve durability [10]. Motors were actuated at
approximately 200 Hz, slightly below the peak sensitivity of fast-
acting mechanoreceptors [17]. A Matlab xPC real-time target com-
puter running at 1 kHz was used to control the pager motors in
real-time.

2.2 Gait Retraining
In our studies, gait retraining consists modifying three kinematic
parameters from their baseline values to a target range. We se-
lected foot progression angle (FPA), tibia angle (TA), and trunk
sway magnitude (TSM) (Figure 2A), because each of these param-
eters can reduce knee joint loading [14]. For all studies, subjects
modified FPA and TA on their left leg via haptic feedback and were
instructed to attempt to walk symetrically by making identical ad-
justments to their right leg. Foot progression angle is defined as the
average angle in the transverse plane between the heel and second
toe during the first 40% of the stance phase of a stride. Tibia angle
is the average angle in between the outer ankle and outer knee in the
coronal plane during the first 40% of the stance phase. Trunk sway
angle refers to the angle between the upper and lower spine in the
coronal plane. The trunk sway magnitude is the difference of the
minimum and maximum trunk sway angle over a complete stride.
Measurements were taken in the laboratory frame, so all values are
an approximation to measurements in the subject’s body-centered
coordinate system. Each gait parameter has two associated motions
based upon whether the parameter increases or decreases, as sum-
marized in Table 1.

Table 1: Gait parameters and related motions
Gait Parameter Motions
Foot Progression Angle (FPA) Toe In

Toe Out
Tibia Angle (TA) Knee In

Knee Out
Trunk Sway Magnitude (TSM) More Trunk Sway

Less Trunk Sway

3 STUDY 1: HAPTIC FEEDBACK DESIGN FOR INDIVIDUAL
MOTIONS

The haptic feedback design for individual motions requires defining
the location, pattern, duration and onset for each of the six motions.
We required that actuators be placed near the locations of motion,

as in previous studies [11, 12, 15]. Candidate locations are shown
in Figure 2B.

Feedback patterns need to be sufficiently long in duration so sub-
jects can perceive them while walking. However, they cannot last
longer than a single stride (< 1 s). We selected three possible actua-
tion patterns: single pulse (0.5 s ON), double pulse (0.15 s ON, 0.2
s OFF, 0.15 s ON) and saltation (0.03 s ON, 0.025 s OFF) with three
such pulses on a series of three actuators. Saltation involves actuat-
ing a spatially-separated line of vibrotactors in a closely sequenced
manner and tends to evoke a sense of movement along the line of
actuation [15]. Actuator groups were located along a horizontal or
vertical line.

We also defined possible combinations of actuators and patterns
to convey the two motions for each gait parameter (Table 1). These
combinations included a single actuator with distinct pulsing pat-
terns, two actuators with distinct pulsing patterns, two actuators
with the same pulsing pattern, and two distinct groups of actuators
in a sequence for saltation. We included a few additional combi-
nations for TSM, because it is a dynamic movement requiring con-
stant motion (unlike FPA and TA which are static measurements)
and requires proper phasing to perform correctly. We included
combinations with three motors on the left, center and right back.
The motor in the center would indicate less trunk sway. For more
trunk sway we actuated the left and right motors simultaneously or
actuated the left motor immediately and the right motor halfway
through the stride. This latter option was intended to convey proper
phasing of trunk sway.

The goal of this study was to inform the haptic feedback design
for individual motions based upon subjects’ performance and self-
reported preferences. We sought to achieve a feedback design that
is logical, perceptible and does not otherwise hinder performance
of the motions.

3.1 Experimental Procedure
We conducted a study with 9 participants (ages 19-26, 2 females);
none of the subjects had experience with our gait retraining sys-
tem. Stanford University’s Institutional Review Board approved
this study and the subsequent studies presented in this paper. Sub-
jects wore 13 total reflective markers and the array of 6 or 9 vi-
bration motors for each gait parameter. We explained each of the
movements and had the subject demonstrate the motions before the
tests began. The experiment took place in three parts for each gait
parameter. First, the subject felt each haptic pattern for the current
gait parameter while standing on the treadmill. The subject was
asked to rate how strongly each signal made them want to perform
a particular motion. Subjects rated the signal on a 7-point scale
where the extrema corresponded to a very strong desire to perform
one of the two motions for the given parameter. There were 16 sig-
nals for FPA and TA (2 pulsing patterns on each of 6 actuators and
2 groups of saltation motors actuated in 2 directions) and 30 signals
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Figure 3: Preferred haptic feedback patterns used for each gait motion in Studies 2 and 3.

for TSM (2 pulsing patterns on each of 9 actuators and 6 groups
of saltation motors actuated in 2 directions) Then, the subjects re-
ceived the same set of haptic signals again and had to react to them
following a pull (move toward the stimulus) or push (move away
from the stimulus) metaphor as indicated to the subject in the be-
ginning of the trial. From this study we were able to assess reaction
times and whether there was a difference in performance between
push and pull metaphors.

Finally, we asked the subjects to learn a gait modification using
several haptic feedback combinations comprising a range of fea-
tures. There were four trials for FPA and TA and six for TSM.
Subjects experienced: (1) a vertical saltation pattern, (2) a single
actuator with a distinct pulsing pattern for each of the two motions,
(3) two actuators with distinct pulsing patterns and (4) two actua-
tors with the same pulsing pattern. For TSM, subjects also experi-
enced (5) a horizontal saltation pattern and (6) pattern 3 or 4 where
a third motor was actuated halfway through the stride to provide
information about phasing. For FPA and TA, when there were mul-
tiple actuators, one was on the inside knee or foot and the other on
the outside. For TSM, distinct actuators were on the left (for more
trunk sway) and center (for less trunk sway); a right actuator was
added when there were three distinct motors. Actuator locations
were randomized when there were multiple options for a particular
trial. Based on performance data and user interviews, we were able
to assess benefits and drawbacks of the different signals.

3.2 Results

The majority of subjects (7 out of 9) felt that the haptic patterns
most naturally mapped to performing the motion in the direction
of the cue. That is, they preferred thinking of the haptic cues as a
pulling sensation in the correct direction. Of the other subjects, one
felt the push metaphor was a good mental mapping and the other
was inconsistent with her preferences.

We compared differences in reaction times with respect to ac-
tuator locations, patterns and mappings. There was a statistically
significant difference (p < 0.001) between push and pull. Subjects
performed motions with the pull mapping, on average, 70 ms faster
than the push motions. [9] has reported a similar discrepancy be-
tween reaction times in favor of the pull mapping.

A few comments arose frequently as subjects tried to learn the
gait modifications. Subjects were unable to distinguish between
patterns that used the same motor to indicate different motions.
When the actuators and motor patterns were different for each mo-
tion, subjects more easily discerned the location of the actuator, not
the pattern. When walking, saltation became less perceptible and it
was more difficult to identify the location. About half the subjects
reported that the addition of a third motor was helpful for perform-
ing the proper trunk sway motion. Beyond these observations, there
were no strong trends for where subjects preferred to place the ac-
tuators.

3.3 Discussion
The goal of this study was to provide a suitable feedback design
for each individual motion. The study did not exhaust all possible
feedback configurations but focused on those that appeared most
promising in early tests. In addition, it is not assured that the pre-
ferred feedback method for each gait parameter individually will
also be the best choice when parameters are combined. However,
the gait parameters are separated sufficiently on the body that con-
fusion is not a large problem, and it appeared in pilot tests that the
best feedback patterns for each parameter individually also gave the
best results in combination.

The results of this study led to the haptic feedback patterns used
for each gait parameter in Studies 2 and 3. All haptic patterns used
a pull mapping, as subjects performed faster and felt actuators more
naturally mapped to a pull analogy. All motions used distinct ac-
tuators with a single pulse pattern, because subjects had difficulty
perceiving the difference between the haptic cues with saltation and
patterns that used the same actuator for both motions. For trunk
sway, we added a third motor to provide phase information; the
leftmost motor is actuated at the beginning of a stride and the right-
most is actuated halfway through. All other motors are actuated at
the beginning of a stride. Subjects did not have a strong preference
for vibration motor location in the vicinity of the joint (Figure 2B).
We chose to place motors in locations which made the largest mo-
ment arm with the joint and are maximally spaced on the body. The
final design for each motion is shown in Figure 3 and is used in the
subsequent two studies.

4 STUDY 2: HAPTIC FEEDBACK DESIGN FOR COMBINED
MOTIONS

The second study investigated how the feedback should be pre-
sented when a subject is learning a new gait that combines multiple
motions. The goal of this study was to identify feedback schemes
for multiple motions that allowed subjects to readily learn and re-
tain a new gait, despite the perceptual and coordination challenges
of walking on a treadmill.

We developed four feedback schemes for combining motions,
utilizing the feedback design for individual motions identified in
Study 1.
• All Feedback scheme gives subjects a haptic cue on each incor-

rect gait parameter on every stride. In this scheme, the subject is
aware of his performance of the entire gait at all times.

• Block scheme gives subjects feedback about only a single param-
eter in fixed blocks. We selected blocks of 25 steps each because
subjects can modify a single gait parameter easily in 25 steps,
as noted in previous experiments. The basis for this feedback
scheme aligns with motor learning theory that states that learn-
ing each parameter individually improves learning rate [13].

• Priority scheme presents at maximum one haptic cue on each
stride by prioritizing TSM, then TA, then FPA feedback. That is,
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Figure 4: A: Example data of one subject’s learning rate. Maximum accuracy is normalized to 100%; B: Learning rate versus feedback scheme;
C: Example data of one subject’s gait parameters in block scheme over 100 steps. Each 25 steps the subject receives feedback on a different
gait parameter. The green shaded regions are the desired parameter ranges.

if TSM is incorrect, then TSM feedback is given; if TSM is cor-
rect and TA is incorrect, TA feedback is given, etc. This scheme
allows the the subject to focus on perfecting one gait parameter
at a time before moving onto the next. TSM was chosen to have
highest priority because it is most difficult to master.

• Switching scheme also gives at maximum one haptic cue on each
step, but in this scheme feedback cycles among TSM, TA, and
FPA on each stride. If a parameter is correct (no haptic feedback
is necessary), feedback about the next incorrect parameter in the
cycle is given. This scheme limits feedback to one haptic cue
per stride, and allows subjects to receive information about each
parameter over the course of three steps.

Each of these schemes either presents all feedback simultane-
ously or one feedback cue per stride. Stimuli for each scheme is
actuated at the beginning of a stride (except for the rightmost trunk
motor which is actuated mid-stride). We experimented with stag-
gering the start of each haptic cue over each stride in order to max-
imize the information given to the subject on each step. However,
pilot testing revealed that the rapid within-stride switching was dif-
ficult to perceive and interpret, as some feedback came too late in
the gait cycle for subjects to utilize.

4.1 Experimental Procedure

Twelve subjects (ages 23-34, 6 females) participated in the exper-
iment. Three subjects had used the gait retraining system before.
Seven vibration motors (Figure 3) and thirteen optical markers as
in the previous experiment were placed on the subjects. Subjects
determined a comfortable walking speed and walked at this speed
for twenty steps to measure their baseline gait parameters. To gain
familiarity with the gait parameters and corresponding haptic feed-
back, the subject received an explanation of the different motions
and was trained to each of the six possible motions in trials last-
ing twenty steps each. Subjects repeated the trials until they could
successfully perform the desired motion. For the last part of the
warm-up, subjects walked for 100 steps, training to a new gait using
the Switching scheme, which was not used in later trials. For each
of the subsequent three trials, subjects learned one of three unique
gaits with different feedback schemes. The order of the gaits was
the same for each subject, but the feedback scheme order was ran-
domized and balanced over the subjects. Before each trial, the test
administrator explained how the subject would be receiving feed-
back, but gave no indication about the new gait. Subjects walked
for 300 steps with haptic feedback and were instructed to perform
the gait as accurately as they could over all steps. At the conclusion
of this learning phase, two 40-step retention trials were performed
without haptic feedback: one immediately following the 300 step
trial and the other after an approximately three minute break. Sub-
jects responded to a series of questions about their experience with
each of gaits and feedback schemes between each trial and at the
conclusion of the experiment.

4.2 Results
Subjects were able to learn and retain gait modifications. In more
than 97% of learning trials (each parameter is considered sepa-
rately) and 93% of retention trials, subjects achieved an average
modification in the correct direction from baseline during the last
40 steps of the trial. However, there was significant variation in ac-
curacy (55.6% ± 20.2%) over the trials. Performance accuracy is
computed as the average percentage of parameters that are within
the desired region on each step (e.g. two parameters correct is
66.7% accurate). We computed ANOVA analyses comparing accu-
racy with subject number, gait, and feedback scheme for the learn-
ing and two retention trials. For each of the three types of trials,
there is a statistically significant (p < 0.05) difference between sub-
jects and gaits, but not for feedback scheme.

One notable difference between the feedback schemes was how
quickly subjects were able to learn the new gaits. Learning time is
defined as the number of steps before a steady cumulative accuracy
is achieved, and was calculated at 80% of the maximum accuracy
(Figure 4A). Accuracy data were low pass filtered with a window
size of 20 steps. Figure 4B shows that on average subjects are able
to learn gaits most rapidly with the All Feedback scheme, followed
closely by the Priority scheme and finally the Block scheme. We
performed an ANOVA analysis comparing the accuracy between
feedback schemes. There were statistically significant differences
between the Block scheme and the other two (p < 0.005), and
nearly a statistically significant difference between All Feedback
and Priority schemes (p < 0.0860).

Even when the learning rate may be increasing, different subsets
of parameters may be correct over time. This is particularly appar-
ent in the Block scheme. Figure 4C shows example data from a
subject learning a gait with this scheme. The subject achieves high
accuracy with the parameter he is receiving feedback on, but when
the feedback on this parameter stops he quickly returns to near his
baseline level.

Subjects were asked to respond to a series of questions about
their experiences learning new gaits with different feedback
schemes. A summary of common strategies for learning, grouped
by feedback scheme, is shown in Table 2. Additionally, subjects
indicated with which scheme it was easiest to learn a new gait.
The All Feedback scheme was selected by 4 subjects, Priority by
5, Block by 2, and Switching by 1.

Table 2: Common self-reported strategies for learning new gaits
Feedback Scheme

Self-reported strategy All Priority Block
Tried to make all modifications at once 4 1 0
Focused on one or two parameters 5 8 9
at a time
Focused only on parameters when 1 1 0
feedback was received
Tried to maintain gait parameters even 1 3 5
when feedback was not received
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4.3 Discussion
Most subjects were unable to achieve near perfect accuracy during
the learning trials. The gaits were intentionally challenging to learn,
highlighting variations between the different feedback schemes. In
practice, we expect the amount of time to learn a new gait accurately
should take on the order of hours, not 5-10 minutes as allotted in
this experiment [4]. However, subjects were able to learn new gaits
approximately, which suggests that the design of the haptic feed-
back for individual motions remains sufficient when motions are
combined.

We found it striking that results for the All Feedback and Priority
schemes were similar. Subjects learned at about the same rate in
each and were split on which scheme was easiest to use, despite
less information being available in the Priority scheme during each
stride. One reason why these schemes may have had similar results
lies in the strategies subjects employed to the learn new gaits. In the
All Feedback scheme subjects often focused on a single parameter
at a time, even though they were receiving additional performance
information. Thus subjects often used the All Feedback scheme
the same way as the Priority scheme. A few subjects also reported
feeling overwhelmed by the All Feedback scheme.

These results indicate that the Priority scheme, or one that re-
duces the amount of information of each step, is a suitable method
of providing feedback for combined multi-parameter motions. To
shed further light on this finding, we conducted a third study to
explore feedback timing and frequency.

5 STUDY 3: A DEEPER LOOK INTO HAPTIC FEEDBACK DE-
SIGN FOR COMBINED MOTIONS

A follow-up experiment was performed to understand why subjects
performed similarly for the All Feedback and Priority schemes. We
investigated the perception of haptic cues and performance speed
of modifying gait. We hypothesized that subjects’ perception of
haptic cues would degrade and that their performance speed for gait
modification would increase as more feedback cues were presented
together. This would suggest that receiving all feedback on each
stride is more information that the subject is able to process, and
the Priority scheme may more closely match a subject’s information
processing capabilities.

To address these conjectures, three methods of presenting haptic
feedback were explored:
• All feedback together repeated once (T1) We included this

method to mimic the All Feedback scheme.
• All feedback together repeated three times (T3) This method

roughly imitates the All Feeback scheme when a subject does
not respond to the feedback, and thus gets the same feedback on
sequential steps.

• Feedback for each motion on separate strides repeated once for
each parameter (S1) We included this method to mimic schemes
where, at most, feedback is given for a single parameter on each
stride, as with the Block or Priority schemes.

5.1 Experimental Procedure
Twelve people (ages 22-35, 6 females) participated in this exper-
iment; three subjects had used the gait retraining system before.
The subject setup and baseline calibration were identical to those in
Study 2. Subjects each received an explanation of the haptic feed-
back and gait motions before the experiment began, and the test
administrator insured that the subject was able to perform the indi-
vidual motions. The experiment consisted of 3 tests of 52 cycles
each. For each test, subjects received feedback with the T1, T3 or
S3 method. The order of the feedback schemes was randomized
and balanced amongst the subjects. Each cycle consisted of a de-
sired gait modification, one of 26 combinations of changes to each
of the three gait parameters (excluding no change to all parame-
ters). Combinations were randomized and repeated twice for each

test. For each cycle, subjects received haptic feedback and were in-
structed to modify their gait accordingly as quickly as possible and
maintain the modification. After eight strides, an audible cue indi-
cated to subjects to report the feedback they had felt. Five strides
later, a second cue alerted subjects to return to their normal gait.
Subjects had two strides to return to their baseline gait before the
next cycle began. Before the start of each new feedback method
subjects performed three practice cycles to acclimate to the feed-
back.

5.2 Results

Figure 5A shows perception accuracy versus feedback method and
number of feedback cues. We defined a subject to be accurate
when he correctly identified all feedback instructions (both param-
eter and motion). We conducted an ANOVA analysis comparing
accuracy with respect to subject, number of feedback cues, and
feedback method. This analysis revealed that the effect of number
of feedback cues on perception accuracy is statistically significant
(p < 0.001). Additional ANOVA analyses examined pairs of feed-
back methods with a single number of feedback parameters actu-
ated. These revealed that there was nearly a statistically significant
difference between the S1 scheme and both the T1 (p = 0.070) and
T3 schemes (p = 0.104) when there were three feedback parame-
ters actuated. This result is similar to that reported in [7], which
shows that subjects make significant errors in detecting the number
of actuators on when three or more actuators are vibrated.

We also analyzed how many strides it took a subject to respond to
all the feedback during a cycle. The number of strides for each cycle
is how many strides it takes for the subject to modify (i.e., deviate
from a fixed “normal” range) all parameters for which she received
feedback. An example of determining the number of strides for
motion is shown in Figure 5B. Note that it often took subjects less
than three steps to modify their gait with three haptic cues with S1.
This is because the FPA and TA are correlated leading subjects to
often make significant changes to both parameters while intending
to modify only one. Subjects on average were unable to complete
the full gait modification by the next stride for any number of gait
parameters (Figure 5C). Additionally, as the number of parameters
increased from 1 to 3 it took on average a stride longer to adjust.
The number of parameters actuated significantly affects the number
of strides to complete a motion (p < 0.001).

5.3 Discussion

Using performance and perception data, this study helps confirm
why the All Feedback scheme from Study 2 sometimes felt over-
whelming and why the Priority scheme was frequently preferred.

Perception accuracy is nearly perfect for three gait parameter
modifications when subjects receive one haptic cue per step (Fig-
ure 5A), as with the S1 method. Even though the S1 method may
take up to three times as long to deliver all the performance infor-
mation, there is a significant gain in perceptual accuracy by doing
this as the number of gait parameters increases. In particular, a
subject can almost perfectly extract all information when feedback
is presented on separate strides, but is not able to extract all the
information from the haptic cues when all feedback is presented
together and repeated three times (T3 method). The difference be-
tween getting all feedback at once and getting it over separate steps
may be more pronounced while the subject is learning a new gait.
Here, the subject can not expect to get the same feedback pattern
on each subsequent stride, and perceptual accuracy may continue
to decrease due to tactile change detection limitations; the ability
to detect slight changes in feedback patterns over adjacent strides is
poor when there are at least two simultaneous feedback cues [6].

In addition to a decrease in the perception accuracy, the subject is
unable to use information about each parameter in one stride’s time.
It requires on average more than two strides for a subject to modify
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Figure 5: Study 3 results A: Ability to perceive haptic feedback. Data is plotted against number of parameters about which subject receives
feedback and feedback method. B: Example of number of steps required for performance of motion. Feedback is given on step 0 and values
inside the green regions correspond to a significant change in parameter; C: Number of steps required for performance based on number of
feedback parameters and feedback method.

his gait in response to the all feedback when receiving two or three
haptic cues. Therefore, presenting all feedback on each stride pro-
vides too much information to users. Further, presenting feedback
on separate strides does not increase the amount of time it takes the
subject to make the desired modifications. Thus, spacing feedback
out over several strides better matches the amount of information
subjects are able to process and reduces the overwhelming feeling
experienced when all feedback is presented simultaneously.

One limitation of our study is that we did not train subjects for
the length of time required to adopt a new gait. For long-term
gait adoption, participants would train for several hours (typically
at least 4 hours over the course of 8 weeks [2]) and may train in
real world environments while doing other tasks simultaneously.
Factors such as frequency and duration of training need to be deter-
mined to ensure good perceptibility of stimuli over time, to mini-
mize learning time and to maximize retention. Further work is nec-
essary to determine whether our conclusions translate to long-term
training and, if it is preferable to provide limited information on
each stride, when feedback for each parameter should be presented.

6 CONCLUSION

In this paper, we demonstrate our approach for designing feedback
for a haptic gait retraining system. We first determined the feedback
design for individual gait motions by analyzing user performance
and self-reported preferences to a wide range of potential patterns.
We then investigated methods for training a user to perform the
individual gait motions together. When multiple motions are con-
trolled by separate haptic feedback channels and are required to be
executed at a quick pace (as in walking), it is necessary to con-
sider the perceptual and performance limitations of the user. For
gait retraining, this means staggering haptic feedback over multiple
strides instead of presenting all feedback together. Although infor-
mation is now presented more gradually, the overall change in gait
is nearly as fast and the level of confusion is lower. For an appli-
cation like gait retraining, where the benefits accrue over thousands
of steps, this is a compromise easily made.
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sistant for swimmer. Proc. of the 11th International Conference on
Ubiquitous Computing, pages 215–224, 2009.

[2] J. A. Barrios, K. M. Crossley, and I. S. Davis. Gait retraining to reduce
the knee adduction moment through real-time visual feedback of dy-
namic knee alignment. Journal of Biomechanics, 43(11):2208–2213,
2010.

[3] A. Bloomfield and N. I. Badler. Virtual Training via Vibrotactile Ar-
rays. Presence: Teleoperators and Virtual Environments, 17(2):103–
120, 2008.

[4] H. Crowell and I. Davis. Reducing Lower Extremity Loads through
Gait Retraining Using Real-Time Feedback Methods. In Proc. 30th
Annu. Meeting Am. Soc. Biomech, 2006.

[5] B. Fregly, J. Reinbolt, K. Rooney, K. Mitchell, and T. Chmielewski.
Design of patient-specific gait modifications for knee osteoarthri-
tis rehabilitation. IEEE Transactions on Biomedical Engineering,
54(9):1687–1695, Sept. 2007.

[6] A. Gallace, H. Z. Tan, and C. Spence. Tactile Change Detection. 1st
Joint Eurohaptics Conf. and Symposium on Haptic Interfaces for Vir-
tual Environment and Teleoperator Systems, pages 12–16, 2005.

[7] A. Gallace, H. Z. Tan, and C. Spence. Numerosity judgments for tac-
tile stimuli distributed over the body surface. Perception, 35(2):247–
266, 2006.

[8] S. Holland, A. J. Bouwer, M. Dalgelish, and T. M. Hurtig. Feeling
the beat where it counts. Proc. of the 4th international conference on
Tangible, embedded, and embodied interaction, page 21, 2010.

[9] C. Jansen, A. Oving, and H.-j. V. Veen. Vibrotactile movement initia-
tion. Proceedings of Eurohaptics, pages 110–117, 2004.

[10] L. A. Jones and D. A. Held. Characterization of Tactors Used in Vi-
brotactile Displays. Journal of Computing and Information Science in
Engineering, 8(4):044501, 2008.

[11] P. Kapur, M. Jensen, L. J. Buxbaum, S. A. Jax, and K. J. Kuchen-
becker. Spatially distributed tactile feedback for kinesthetic motion
guidance. 2010 IEEE Haptics Symposium, pages 519–526, Mar. 2010.

[12] J. Lieberman and C. Breazeal. TIKL: Development of a Wearable
Vibrotactile Feedback Suit for Improved Human Motor Learning.
Robotics, IEEE Transactions on, 23(5):919–926, 2007.

[13] R. A. Schmidt and C. A. Wrisberg. Motor Learning and Performance.
Human Kinetics, 3rd edition, 2004.

[14] P. B. Shull, K. Lurie, M. Shin, T. Besier, and M. Cutkosky. Haptic gait
retraining for knee osteoarthritis treatment. In IEEE Haptics Sympo-
sium, pages 409–416, 2010.

[15] D. Spelmezan, M. Jacobs, A. Hilgers, and J. Tactile motion instruc-
tions for physical activities. In CHI: ACM Conference on Human Fac-
tors in Computing Systems, pages 2243–2252, New York, New York,
USA, 2009. ACM Press.

[16] J. van der Linden, E. Schoonderwaldt, and J. Bird. Towards a real-time
system for teaching novices correct violin bowing technique. In IEEE
Haptic Audio Visual Environments and Games, pages 81–86, Lecco,
Italy, Nov. 2009.

[17] R. T. Verrillo. Age related changes in the sensitivity to vibration. Jour-
nal of gerontology, 35(2):185–93, 1980.

24


