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Abstract—Artificial tactile feedback systems can improve
prosthetic function for people with amputation by substituting
for lost proprioception in the missing limb. However, limited
data exists to guide the design and application of these systems
for mobility and balance scenarios. The purpose of this study
was to evaluate the performance of a noninvasive artificial sen-
sory feedback (ASF) system on lower-limb function in the
presence of a cognitive load and a liner interface. Reaction
times (RTs) and accuracy of leg-movement responses to vibra-
tory stimuli at the thigh were recorded for 12 nondisabled indi-
viduals and 3 participants with transfemoral amputation using
a custom-built testing apparatus. The results indicate that the
addition of a cognitive load increases response times relative to
the baseline condition by 0.26 to 0.33 s. The prosthetic liner
produced a less pronounced increase in RT of 0.06 to 0.11 s.
Participants were able to correctly identify the stimulus loca-
tion with nearly 100% accuracy. These increased RTs are non-
trivial and must be considered in designing ASF systems.

Key words: amputation, biofeedback, cognitive load, lower-limb
amputation, mobility, proprioception, sensorimotor responses,
sensory feedback, transfemoral, vibration.

INTRODUCTION

Individuals with lower-limb amputation (LLA) com-
monly use an artificial limb or prosthetic device to at least
partially restore function and enable the completion of
everyday tasks. However, even state-of-the-art prostheses
do not effectively compensate for the sensory deprivation
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from the missing limb, including information about the
loading and position of the residual limb. While some sen-
sory feedback does come through kinetic interactions at
the prosthetic socket and the residuum interface, individu-
als with LLA have to rely on alternate senses, such as
sight and hearing, to safely and efficiently perform ordi-
nary mobility tasks [1-2]. Sensory feedback from the
lower limbs is integral to maintaining upright gait [3-4],
as well as executing complex tasks such as navigating
around obstacles [5]. Reduced sensory input is at least
partially responsible for the balance and mobility impair-
ments recognized in the amputee population, including
abnormal and less efficient gait kinematics [6-8] and
increased risk of loss of balance resulting in falls [4].
Therefore, mitigating these impairments and enabling an
acceptable level of functional mobility for individuals
with LLA is a primary goal in prosthetic rehabilitation.
One approach in pursuit of this goal has targeted ways to
provide additional artificial sensory information to the
user as a substitute for the lost proprioception in the miss-
ing limb [9].

Abbreviations: ASF = artificial sensory feedback, BMI = body
mass index, LLA = lower-limb amputation, RT = reaction time.
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While most research into artificial sensory feedback
(ASF) systems has involved the upper limbs, a number of
recent studies have begun to examine the application of
such systems to lower limbs to improve balance and
mobility. The studies have identified important design
requirements for such systems and even demonstrated
their potential to improve certain aspects of balance in
individuals with LLA [4,9-10]. Specifically, these studies
have explored the efficacy of different mechanisms for
delivering artificial sensory information, assessing the
influence of factors such as stimulus location and stimulus
type on both the sensitivity to stimulus and time to volun-
tary muscle response [11-12]. The time delay between
stimulus detection at the mechanoreceptors and voluntary
muscle action is especially important for mobility applica-
tions, such as gait, where reactions to external stimuli
must fall within a small time window to ensure continu-
ous fluid motion. Reaction times (RTs) to signals from
ASF systems have previously been explored, but these
studies are by no means exhaustive and several important
factors remain to be investigated. One particularly inter-
esting factor with relevance to everyday mobility is the
presence of cognitive distractions that can alter an indi-
vidual’s ability to accept and utilize sensory information
in a timely manner.

Multitasking, or being cognitively occupied, has been
shown to impede and distract individuals from achieving
simple everyday tasks [13-14]. Williams et al. describes
how ambulating with a prosthesis often requires greater
cognitive attention in challenging conditions, which may
consist of walking on uneven terrain, conversing while
walking, or negotiating crowded environments [13]. In con-
trast to nondisabled adults, who typically manage such con-
ditions with ease, ambulating with a transfemoral prosthesis
requires significant cognitive effort because of the loss of
proprioception and motor control at the ankle and knee
joints, which diminishes the normal motor and balance
mechanisms relative to nondisabled individuals [13,15-16].
The literature also describes how people with amputation
must rely on visual cues in order to monitor the prosthetic
device, which interferes with their ability to perform other
tasks and is considered an additional cognitive burden
[13,17-19]. For example, persons with LLA are often
required to physically look at their prosthesis when
descending stairs to prevent themselves from tripping.
While cognitive loads clearly play an important role in the
mobility of individuals with LLA, the specific effects of
these distractions on their ability to utilize sensory informa-

tion, and consequently the potential performance of ASF
systems in everyday situations, remains to be investigated.

A second practical point of interest when considering
the application of an ASF system in a prosthesis is the
effect of the interface of the prosthesis and the residuum
where the stimuli would most likely be applied. Compliant
prosthetic liners are commonly prescribed to individuals
with LLA to provide cushioning, safety, and comfort to the
residual limb within the prosthetic socket [20-21], as well
as to prevent ulcerations and other skin conditions [21].
Since these liners are commonly used by people with LLA
[22], it is important to understand the influence of these
liners on the mechanical transmission of sensory informa-
tion. Specifically, one would expect that the presence of a
liner between the stimulators within the prosthetic socket
and receptors in the residual limb would result in potential
signal attenuation and therefore a decreased performance
of ASF systems.

The goal of this study was to inform the design of
an ASF system to compensate for lost mechanoreception
in individuals with LLA, as well as potentially other
mobility-impaired patient populations. Specifically, we
focus on assessing the effects of a cognitive load and
prosthetic liner on the ability of a noninvasive ASF sys-
tem to elicit timely and correct movements of the lower
limbs, vis-a-vis the RTs and accuracy of responses asso-
ciated with the stimulation of the lower-limbs. We
hypothesize that adding a cognitive load will increase the
time and decrease the accuracy of voluntary responses to
stimuli and that adding a prosthetic liner between the skin
and stimulator will have a similar effect. Furthermore, we
examine how stimulation location and frequency affect
these outcome measures for each condition to help guide
the design of a potential ASF system to minimize any
potential cognitive load or liner-induced detriments on
RT and accuracy.

METHODS

Participants

The study involved a convenience sample of 12 non-
disabled individuals and 3 individuals with transfemoral
amputations. Participants were included if they had no affil-
iated health issues including neurological disease, diabetes,
or peripheral vascular disease and were free from burns,
scars, unhealed wounds, blisters, or skin problems on their
lower limbs. The nondisabled participants included
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five females and seven males with a mean age of 27 £ 2 yr,
weight of 69.5 £ 17.31 kg, height of 1.72 £ 0.11 m, and
body mass index (BMI) of 23.3 + 1.2. Participant 1 was a
20 yr old male, with a weight of 73 kg, height of 1.78 m,
and BMI of 22.9. Participant 2 was a 22 yr old male, with a
weight of 86 kg, height of 1.78 m, and BMI of 27.2. Par-
ticipant 3 was a 35 yr old male, with a weight of 60 kg,
height of 1.65 m, and BMI of 22.0. Participants 1 and 2 had
congenital amputations, while participant 3 had a trauma-
induced amputation. Time since amputations was 18,
20, and 4 yr, respectively, for the three participants. The
study was approved by the Holland Bloorview Kids Reha-
bilitation Hospital Research Ethics Board, and informed
written consent was obtained from each participant before
commencing.

Equipment

Sensory feedback was provided via a vibratory stimu-
lus using vibrotactile motors [9]. The motors (Model 310-
101, Precision Microdrives, Inc; London, United Kingdom)
employ a rotating offset mass that when attached to the
body produce shear forces in plane with the skin surface
and proportional to the speed (frequency) of the motor.
Each motor was calibrated to operate at the vibratory fre-

quencies required for the study: 140, 180, and 220 Hz [12].
The Arduino Mega 2560 processor from Sparkfun Inc
(Niwot, Colorado) was used with an N-type MOSFET
(metal-oxide—semiconductor field-effect transistor) to con-
trol the vibrotactile motors.

A custom-built testing frame was fabricated as shown
in Figure 1(a), consisting of a rigid platform to support the
participants’ legs and push buttons (Buddy Button Gator,
Bridges Canada Inc; Mississauga, Canada) to record the
RTs of response movements. The height of the push but-
tons was adjustable to the height of the participant’s knee,
and soft sponges were used to cushion the impact with the
push buttons. For participants with amputation, the push
buttons were height-adjusted to keep the leg level.

Protocol

The age, height, and weight of all participants were
recorded. Since testing was done on the lower limb, all par-
ticipants wore shorts. Testing was performed on the domi-
nant and amputated legs of the nondisabled and amputee
participants, respectively. It should be noted that data pre-
sented in this study were collected as a part of another study
described in a previous article exploring the effects of
vibration frequency and location on RTs and were collected

Figure 1.
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(a) Custom platform was constructed to support participant’s residual limb and house hardware required for experiments, including
push buttons and microprocessor. Experiment 1 utilized only lateral button, while Experiment 2 required both medial and lateral.
(b) Thigh portion of leg (right leg shown) showing motor placement for Experiments 1 and 2. Motors were placed on anterior, poste-
rior, lateral, and medial sides of thigh for Experiment 1 and only lateral and medial sides for Experiment 2. (c) Placement of silicone
gel liner on individual with transfemoral amputation showing motor mounted on surface of liner. In nondisabled individuals, liner was
simply wrapped around surface of thigh.
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using similar experimental protocols [12]. The following
experiments were performed.

Experiment 1

Four motors were placed around the circumference
of the thigh, located approximately halfway down the
length of the anterior, posterior, medial, and lateral sides,
as seen in Figure 1(b); the arrangements were similar to
those used previously by Wentink et al. [11] and Rusaw
et al. [4]. The motors were programmed to operate at one
of three vibratory frequencies: 140, 180, or 220 Hz. In
each trial, one of the three frequencies was applied ran-
domly to one of the four locations, and participants were
instructed to push a single button by laterally moving the
leg as quickly as possible in response to the vibratory
stimulus (lateral button position in Figure 1(b)). A laser
pointer was used to align and center the limb before each
trial. The experiment was conducted under three condi-
tions: (1) baseline control condition, with the motors
attached directly to the participant’s skin; (2) liner condi-
tion, with a 3 mm-thick silicone gel socket liner placed
between the motor and the participant’s skin (Figure
1(c)); and (3) cognitive load condition, with the cognitive
task of counting down out loud by seven from a ran-
domly assigned number (with no liner). This cognitive
task has previously been demonstrated to effectively pre-
occupy and distract subjects during postural control [22].
A total of 36 random trials were conducted for each of
the three conditions (3 frequencies x 4 locations repeated
3 times).

Experiment 2

The second experiment utilized the same setup as in
Experiment 1, but with the anterior and posterior motors
removed, so that only the medial and lateral sides of the
participant’s thigh could be stimulated. Participants were
asked to respond as quickly as possible to vibratory stim-
uli on either the lateral or medial side of the leg by using
the same leg to push the button corresponding to the side
being excited. For example, if the medial side was stimu-
lated, the participant would move the leg to press the
button on the medial side. Two stimulation frequencies,
140 and 220 Hz, were tested at both locations for a total
of 40 random trials (2 frequencies x 2 locations repeated
10 times). Response times and selections (medial or lat-
eral button) were recorded for each trial. The experiment
was conducted under the same control, cognitive load,
and liner conditions as in Experiment 1.

Data Analysis

Data (RTs) were captured using a customized Lab-
VIEW (National Instruments Corp; Austin, Texas) pro-
gram interfaced with the Arduino and exported as ASCII
text files to Microsoft Excel (Microsoft Corp; Redmond,
Washington) and restructured to SPSS format. To examine
differences among the three tested conditions, a repeated
measures analysis of variance was performed in IBM
SPSS version 20 (IBM; Armonk, New York) for each of
the experiments for the nondisabled participants. Statistical
significance was set at an alpha level of 0.05 for all pri-
mary analyses and pairwise comparisons, with Bonferroni
adjustment used to identify significance in the dependent
variable test conditions. Intrasubject variables were
defined for the test conditions: baseline control, liner, and
cognitive load; motor location: anterior, lateral, posterior,
and medial regions; and excitation frequency:140, 180,
and 220 Hz. Interactions between the test condition and
frequency, as well as the test condition and stimulus loca-
tion were also examined to further isolate the effects of fre-
quency and location, respectively within condition. The
results of Experiment 1 agree with previous research [12]
showing that RTs from the 180 Hz stimulation consistently
fall between RTs from the 140 Hz and 220 Hz frequencies.
Therefore, Experiment 2 included only these latter two fre-
guencies for statistical analysis. Descriptive statistics were
used for the amputee data.

RESULTS

For the nondisabled group in Experiment 1, all three test
conditions were found to significantly affect RTs (p = 0.002,
F =12.985, df = 2). The mean RT was longest for the cogni-
tive task condition (1.048 + 0.075 s), followed by the liner
(0.853 £ 0.044 s) and baseline (0.712 £ 0.032 s) conditions,
as shown in Figure 2(a). Stimulation location, however, did
not significantly affect the RTs in either the cognitive load or
liner conditions (p = 0.37, F = 1.195, df = 3), as shown in
Figure 3(a). Frequency did exhibit a significant overall
effect on RTs (p < 0.001, F = 109.893, df = 2), with the
220 Hz stimulation resulting in the shortest RT within each
condition (Figure 3(b)). The amputee population showed
a similar trend as the nondisabled population, with the cog-
nitive condition resulting in longer RTs than the baseline.

For the nondisabled group in Experiment 2, the exper-
imental conditions significantly affected RTs (p < 0.001,
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Figure 2.
(a) Overall mean reaction times for each condition of Experi-

ment 1. *Statistically significant differences from Control group
at p < 0.05. #Statistically significant difference from Cognitive
group at p < 0.05. Raw data from each participant with amputa-
tion are shown as individual datapoints. (b) Overall mean reac-
tion times for each condition of Experiment 2. “Statistically
significant difference from Control group at p < 0.05. #Statisti-
cally significant difference from Liner group at p < 0.05. Raw
data from each amputee are shown as individual datapoints.

F = 16.986, df = 2), as shown in Figure 2(b). The cogni-
tive condition (1.813 £ 0.081 s) showed longer RTs com-
pared to the baseline (0.920 £ 0.050 s) (p = 0.001). The
RTs for liner condition (0.973 + 0.040 s) were found to be
nonsignificant in comparison to the baseline condition (p =
0.11), but were significantly shorter compared to the cog-
nitive condition (p = 0.02). Location did not have a signifi-
cant overall effect on RTs (p = 0.23, F = 1.618, df = 1), but
the interaction between location and experimental condi-

(a)
12 [ Anterior [ Lateral [ Posterior [l Medial
1
0
£
£ 08
c
k=]
o
o6
<
8
=04
0.2
0 — -
Control Cognitive Task Liner
15| 'p<0.05 [CJ140Hz
#p<0.05 180 Hz
# 220 Hz
*
G
@
E 4 * #
L *
c
£ . #
S "
D
4
c
o
[+}
=05
0 — -
Control Cognitive Task Liner
Experimental Condition
Figure 3.

Mean reaction times for Experiment 1 are shown for each con-
dition, frequency, and location. (a) Intracondition effects of loca-
tion, showing no statistical differences within each condition.
(b) Intracondition effects of stimulation frequency. “Statistically
significant difference from 140 Hz stimulation at p < 0.05. #Statis-
tically significant difference from 180 Hz stimulation at p < 0.05.

tion (p = 0.02, F = 5.879, df = 2) indicates stimulation
location may be preferentially important in some experi-
mental conditions. Specifically, the RTs in the liner condi-
tion were longer for medial stimulation than for lateral
stimulation. Frequency exhibited a significant main effect
on RTs (p < 0.001, F = 30.209, df = 1), but the interaction
between frequency and experimental conditions did not
show a significant impact on RT (p = 0.26, F = 1.549, df =
2). The latter result suggests frequency affects RT similarly
for all three conditions. Participants reacted more quickly
to the 220 Hz (0.914 + 0.043 s) than the 140 Hz frequency
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(1.140 £ 0.068 s, p < 0.001). Overall, participants averaged
100 percent accuracy in the baseline condition for choos-
ing which side the stimulus originated from. Nondisabled
participants averaged 99.38 percent accuracy during the
liner condition, and 98.33 percent in the cognitive condi-
tion. Analysis showed that neither location nor frequency
had any effect on accuracy (p > 0.15, F = 2.295, df = 2).
Unlike Experiment 1, the participants with amputation
showed a high level of variability in RTs, with no clear
trend compared with the nondisabled population.
Response accuracies were 100 percent for all three partici-
pants with amputation in all three conditions. Figure 4
shows the results for Experiment 2.

DISCUSSION

The goal of this study was to examine several poten-
tial factors affecting the design and performance of an
ASF system. Building on previous work, which investi-
gated variables relating to the stimulator type and loca-
tion [12], the focus of this work was to specifically
examine the effects of a cognitive load and the presence
of a liner on volitional responses to feedback stimuli.
Overall, the findings suggest that both conditions do have
an effect on increasing RTs.

Previous work using similar protocols as in this study
determined that lower-limb response times to stimuli pro-
vided on the leg were upwards of 0.6 s. In this study, as
anticipated, both the addition of a liner and cognitive load
were found to increase the response times, with the cogni-
tive load having a much more pronounced effect than the
liner. Specifically, the cognitive load increased response
times on average by about to 0.26 to 0.33 s (29%—47%)
from the baseline for the nondisabled group, compared
with a 0.06 to 0.11 s (6%-15%) increase with the liner.
Although there was much more variability in the data,
similar trends were seen for the subjects with amputation.
The increase in RTs with accompanying cognitive load
agrees with previous investigations, which found that bal-
ance and mobility tasks performed under a high cognitive
load took significantly longer than the same tasks per-
formed without the distractions [23-24]. In their review of
postural control in young adults and attentional demands,
Woollacott and Shumway-Cook found no significant dif-
ference in the postural sway during a cognitive task. In
another dual-task paradigm review, they found that RTs
slowed during walking when compared with sitting for
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Figure 4.

Mean reaction times for Experiment 2 are shown for each con-
dition, frequency, and location. (a) Intracondition effects of loca-
tion, showing no statistical differences within each conditions.
(b) Mean reaction times for each frequency and condition,
showing shorter reaction times for 220 Hz frequencies within
each of three conditions. “Intraconditional significant difference
from 140 Hz reaction times (p < 0.004).

young and older adults [24]. Ultimately, they concluded
that postural control is attentionally demanding and this
demand increases with the complexity of the postural task
being performed. Fundamentally, understanding these dis-
traction-related delayed RTs is important in testing the
usability and effectiveness of ASF systems, and we there-
fore recommend that dual-task protocols continue to be
employed as part of ongoing and future research.

In addition to cognitive loads, the smaller contribu-
tion from the liner is likely due to a subtle attenuating
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effect on the vibrations produced by the motor as they
pass through the material. This effect is comparable to
reducing the vibration amplitude, which has previously
been shown to increase response times [12]. It should be
noted that the vibration frequency and amplitude gener-
ated by motors used in this study are highly coupled, with
higher amplitudes accompanying increases in frequency.
Therefore, it is unclear whether the significant decrease
in response times at 220 Hz relative to 140 Hz is due to
the increased amplitude or frequency or a combination of
these parameters. Since higher frequencies are attenuated
more than lower frequencies as they pass through soft
materials, it is possible that lower frequencies with higher
amplitudes would be less affected by the addition of a
liner. However, the different frequencies affected RTs
fairly proportionally for both the liner and control condi-
tions, suggesting that the liner-induced increase in RTs is
a result of the damped vibration amplitude rather than
frequency-based attenuation.

This work provides insights into important factors to
be considered in the development of noninvasive ASF
systems for lower-limb applications; however, further
work remains to determine how such systems may be best
utilized. Given the relatively long RTs that exist with and
without additional cognitive loads, incorporating informa-
tion from these ASF systems in mobility applications
requiring real-time decision making may present addi-
tional challenges. For example, with a typical gait cycle
lasting approximately 1.0 s [25], the RTs presented in this
study may be too long to make timely adjustments to the
gait cycle based on the sensory feedback. Conversely,
postural sway during standing requires adjustments on the
order of 0.5 Hz [26], which may be sufficiently slow to
incorporate the information from an ASF system. ASF
applications to balance and postural stability are particu-
larly interesting because of the combination of volitional
and nonvolitional movements required to maintain the
body upright. Previous research has demonstrated the
potential for ASF systems to improve postural stability in
both nondisabled and impaired adults during standing
[27-30]; however, few studies have explored the effects
of these systems on balance in people with LLA. Simi-
larly, little work has been done to examine how ASF
affects balance during dynamic mobility conditions, such
as walking, in which both voluntary and involuntary mus-
cle control is required. Future work will focus on evaluat-
ing the performance of ASF systems in improving balance

in people with LLA under both static and dynamic mobil-
ity conditions.

LIMITATIONS

The primary limitation of this study arises from the
relatively small sample size, especially of the participants
with amputation, who evidenced a large degree of vari-
ability in age and BMI, with both congenital and acquired
amputations. The specific effects of each of these parame-
ters could not be examined with the small sample size.
The static tests performed in these experiments pose an
additional limitation. Real-world applications of ASF sys-
tems would be used in dynamic environments that pro-
duce additional vibrations and noise that could partially
mask the stimuli from the motors, potentially further
increasing RTs. Recent work by Crea et. al. showed that
vibratory feedback could be detected at different phases of
the gait cycle, as well as changes to the stimuli pattern,
including missing and delayed signals [31]. These results
suggest at least some of this dynamic noise can be over-
come. However, future studies exploring users’ responses
to vibratory stimuli in the presence of noise would better
guide the application and design of ASF systems. Finally,
while care was taken to randomize the combinations of
stimulus frequency and location, the trials for each condi-
tion (control, liner, cognitive task) were performed
sequentially. While this ordering may have introduced
some systematic error, randomization of the conditions
would require complete detachment, repositioning, and
reattachment of the motors between every trial, poten-
tially adding further variability and significantly increas-
ing the testing time required for each participant.

CONCLUSIONS

The efficacy of ASF in improving gait and posture is
dependent on the time required for individuals to process
feedback information and adjust their gait or posture
accordingly. Our results indicate that cognitive loads, and
to a lesser degree the stimulator-skin interface, increase
this RT and therefore need to be considered in the design
of the ASF systems. Future studies should build on this
work to develop and evaluate ASF systems under the
intended applications conditions, including mobility and
balance tasks.
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