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Abstract—People with lower-limb amputation have reduced 
mobility due to loss of sensory information, which may be 
restored by artificial sensory feedback systems built into pros-
theses. For an effective system, it is important to understand 
how humans sense, interpret, and respond to the feedback that 
would be provided. The goal of this study was to examine sen-
sorimotor responses to mobility-relevant stimuli. Three experi-
ments were performed to examine the effects of location of 
stimuli, frequency of stimuli, and means for providing the 
response. Stimuli, given as vibrations, were applied to the thigh 
region, and responses involved leg movements. Sensorimotor 
reaction time (RT) was measured as the duration between appli-
cation of the stimulus and initiation of the response. Accuracy 
of response was also measured. Overall average RTs for one 
response option were 0.808 +/– 0.142 s, and response accura-
cies were >90%. Higher frequencies (220 vs 140 Hz) of vibra-
tion stimulus provided in anterior regions of the thigh produced 
the fastest RTs. When participants were presented with more 
than one stimulus and response option, RTs increased. Findings 
suggest that long sensorimotor responses may be a limiting fac-
tor in the development of an artificial feedback system for 
mobility rehabilitation applications; however, feed-forward 
techniques could potentially help to address these limitations.

Key words: amputation, biofeedback, lower-limb amputation, 
mobility rehabilitation, proprioception, reaction time, senso-
rimotor responses, sensory feedback, transfemoral, vibration.

INTRODUCTION

Individuals with lower-limb amputation (LLA) typi-
cally have a reduced ability, not only to control their artifi-
cial limb, but also to sense what the leg is doing, since 
parts of the peripheral sensory system are no longer pres-
ent. One aspect of this relates to the information that, in 
nondisabled individuals, is provided via the mechanore-
ceptors in the foot and muscles in response to the loading 
of the body, thus making gait and balance functions possi-
ble [1]. A second aspect relates to proprioception, or the 
awareness of one’s body position and movement in space, 
which enables humans to achieve complex motor activity 
and interact and move purposively within their physical 
surroundings [2]. Proprioception involves a multicompo-
nent sensory system that includes contributions from the 
vestibular and somatosensory system, as well as a variety 
of proprioceptors in the muscles and joints [3–4]. In the 
case of individuals with LLA, the loss of a limb involves 
the loss of proprioceptors within the affected part of the 
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lower limb [5–6]. While the provision of an artificial limb 
serves many important functions to facilitate the rehabilita-
tion of movement and mobility, current systems do not 
provide an artificial means to substitute for the losses in 
proprioception or information about the loading of the 
lower limbs. To compensate, individuals with LLA rely on 
alternate information and senses, such as the kinetic inter-
actions of the residuum at the prosthetic socket, vision, and 
hearing in order to maintain upright posture and safely and 
effectively execute complex mobility tasks [7–11]. How-
ever, despite these compensatory mechanisms, individuals 
with LLA have slower and less efficient gait [12], poorer 
balance and postural control, increased risk of loss of bal-
ance resulting in falls [8–9,13], and in general, the need for 
prolonged rehabilitation periods to enable a satisfactory 
level of functional mobility.

One way of addressing these challenges that individu-
als with LLA currently face is to attempt to restore sensory 
loss by providing artificial sensory feedback. A small 
number of studies have investigated providing sensory 
feedback to individuals with LLA in order to improve bal-
ance and postural control. Recently, Rusaw et al. demon-
strated that prosthetic users’ postural control may be 
improved by utilizing feedback applied unilaterally on the 
side of the prosthesis [8]. In similar studies, Fan et al. used 
a system that incorporated pneumatic balloons to provide 
mechanical stimulation to the residual limb [1,14], and 
more recently, Wentink et al. used vibratory stimuli in 
order to improve the speed with which the stimuli can be 
applied [15]. Wentink et al. further utilized the Visual Ana-
log Scale to investigate the effects of stimulus characteris-
tics as they relate to an individual’s ability to respond [15]. 
This is important since the feasibility of an artificial feed-
back system for individuals with LLA depends in large 
part on how effectively the feedback information can be 
utilized.

Developing an understanding of the ways by which a 
participant perceives and responds to specific stimuli, or 
the sensorimotor response, will help to inform how artifi-
cial feedback systems may be most effectively utilized in 
lower-limb prostheses. One important aspect is the time it 
takes for an individual to sense and accurately respond to a 
stimulus. For relatively static activities such as standing 
postural control, which has to date been the primary focus 
of investigation for lower-limb artificial feedback systems 
[1,8,14], the requirements are not as stringent as for more 
dynamic activities such as walking. This is because stand-
ing requires slow and low-amplitude postural control 

adjustments in contrast to the highly dynamic characteris-
tics of gait. Hence, in order to gain a better understanding 
of how artificial feedback may be applied to prosthetic 
mobility rehabilitation, it is important to examine the sen-
sorimotor response of the lower limbs.

The aim of this study was to gain a better understand-
ing of how individuals with LLA respond to sensory feed-
back information provided to the lower limb. The 
objective was to evaluate voluntary reaction times (RTs) 
and accuracies following the introduction of a vibratory 
stimulus to the lower limb and examine the effect of loca-
tion, number of stimuli, properties of the stimuli (fre-
quency), and type of response (by movement of hand or 
using a leg). We hypothesized that (1) stimulus location, 
(2) stimulus frequency, (3) number of stimuli, and 
(4) whether responding with the hand or leg would have an 
effect on RT and accuracy. We also hypothesized that 
(5) distinguishing two stimuli that were farther apart from 
each other on the skin would result in shorter RTs and 
higher accuracy, as would (6) two stimuli with more dis-
similar frequencies.

METHODS

Participants
Two convenience samples, one of 12 nondisabled par-

ticipants and one of 3 participants with transfemoral ampu-
tation, were recruited for this study. All of the participants 
were recruited at Holland Bloorview Kids Rehabilitation 
Hospital in Toronto, Canada. Nondisabled participants 
consisted of staff and students at the hospital deemed to 
have no known neuromusculoskeletal-related health 
issues. The participants with amputation were clients 
recruited from the Clinical Technology Department at the 
hospital. Participants with amputation were included on 
the basis that they had no affiliated health issues, including 
neurological disease, diabetes, and peripheral vascular dis-
ease, and that their residual limbs were free from burns, 
scars, unhealed wounds, blisters, or skin problems. All par-
ticipants were required to effectively communicate in Eng-
lish. To limit potential confounding factors due to 
physiological development, participation was limited to 
adults (age 16 yr).

Equipment
Commercially available vibrotactile motors, similar to 

those used in cellular telephones for vibrations, were used 
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due to their small size and quick actuation RTs [1]. The 
motors (model 310–101) were obtained from Precision 
Microdrives Inc (London, England) (Figure 1). These 
motors have an offset mass, causing a centripetal accelera-
tion and force that are perpendicular to the axis of rotation. 
When attached to the skin as was done in this study, the 
action of the motor produces shear forces. The amplitude 
of the centripetal accelerations is linearly proportional to 
the speed of the motor and frequency. Each motor was pre-
configured and calibrated using a custom-designed Fast 
Fourier Transform (FFT) LabVIEW program (National 
Instruments Corp; Austin, Texas) and an ADXL 335 accel-
erometer (Dimension Engineering; Akron, Ohio) to oper-
ate at the vibratory frequencies required for the study. An 
Arduino Mega 2560 (Sparkfun Electronics; Boulder, Colo-
rado) was used as the main microprocessor unit, with N-
type metal-oxide-semiconductor field-effect transistors 
used to power and control the vibrotactile motors that pro-
vided the stimuli. Motors were strapped to the accelerome-
ter and fine-tuned using the FFT program to determine the 
relationship between voltage and vibration frequency.

Figure 2 shows a custom 

Figure 2.
Custom rig designed to hold participant’s residual limb and 

house push buttons and microprocessor. A = custom rig, B = 

push button and soft sponge, C = vibratory motor, D = laser 

pointer, E = Arduino Mega 2560 microprocessor unit (Sparkfun 

Electronics; Boulder, Colorado).

rig designed to house the 
participant’s leg, sensory feedback system, and push 
buttons. The rig consisted of a rigid platform for partici-
pants to rest their dominant-side leg. Push buttons were 
obtained (Buddy Button Gator Green, Bridges Canada Inc; 

Figure 1.
Vibratory motor in detail.
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Mississiauga, Canada), and used to record the RTs of 
response movements. The push buttons were affixed to a 
custom wooden rig using Velcro and were adjustable to the 
height of the participant’s knee. Soft sponges (similar to 
those used for cleaning dishes) were used to cushion the 
impact between the participant’s leg and push button. Pilot 
testing was conducted to ensure the sponges did not 
adversely affect RTs.

Protocol
Participant characteristics were recorded, which 

included body mass index (BMI), height, age, and shoe 
size. For the nondisabled participants, the distance from 
the greater trochanter to the lateral femoral condyle, dis-
tance from the lateral femoral condyle to the ankle, and 
knee width were measured. For the participants with 
amputation, the distance from the end of the residual 
limb to the greater trochanter was measured. Three 
experiments were performed in this study that looked at 
RTs of individuals to various vibratory stimuli and condi-
tions. Testing was done on the lower limb, since the work 
aims to address a lower-limb artificial feedback system 
for mobility rehabilitation applications. Specifically, par-
ticipants with transfemoral amputation were targeted, 
since they typically face greater mobility challenges than 
individuals with more distal amputations [16–17]. For a 
person with transfemoral amputation, a prosthesis inter-
faces via a prosthetic socket at the thigh region of the leg, 
thus making this a potentially practical location for pro-
viding sensory stimulation. Hence, the thigh was the cho-
sen location to apply the vibratory motors in this study. 
Similarly, responses were restricted to the movements of 
the leg and specifically the thigh segment (with the 
exception of the hand experiments), in consideration of 
the fact that musculature at the hip joint provides the pri-
mary means for controlling a transfemoral prosthesis dur-
ing mobility. Participants wore shorts and vibratory 
motors were adhered using double-sided tape directly to 
the unshaven skin. All participants were seated (Figure 
2). Testing was done on the dominant leg for nondisabled 
subjects. This was determined by having participants 
kick a rolling soccer ball and noting which leg they used 
first. For the participants with transfemoral amputation, 
testing was done with the amputated limb since, as 
explained earlier, this is where an artificial sensory feed-
back system would most likely be applied as part of a 
prosthesis. Data collection occurred during a single ses-
sion of approximately 2 h in duration per participant. 

Short rests (<5 min) were provided between sets of trials 
and experiments.

Experiment 1
The motors were affixed on the thigh (Figure 3). The 

first motor was placed on the anterior of the thigh mid-
way between the greater trochanter and lateral femoral 
condyle or on the distal end of the residual limb in the 
case of the participants with amputation. Using the cir-
cumference of the thigh, subsequent motors were placed 
one-fourth of the total circumference equidistant around 
the thigh, 90° apart.

During testing, one of three frequencies (140, 180, or 
220 Hz) was applied randomly to one of the four loca-
tions, and the participant was instructed to push the push 
button by moving his or her leg as quickly as possible in 
the lateral direction upon detecting a vibratory stimulus. 
A laser pointer ensured that participants lined up their leg 
in the same position between each trial (Figure 2). A 
total of 36 random trials were conducted for each itera-
tion of the experiment (3 frequencies × 4 locations 
repeated 3 times).

The experiment was repeated a second time, but 
instead of responding with leg movement, participants 
used their hand. For this, participants were comfortably 
seated at a table and the push button was placed on the 
table directly in front of the participant about 2 cm from 
their dominant hand. RT was assessed as the time 
between the onset of the stimulus on the thigh and the 
movement of the hand to depress the button.

Figure 3.
Motor placement on thigh depicted by black circles for experi-

ments 1 and 2.
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Experiment 2
In the second experiment, participants were asked to 

respond to two stimuli delivered by a single motor. The 
motor placement on the thigh was the same as in experi-
ment 1. Participants were given a vibratory stimulation 
for 1.5 s, followed by a 1.5 s pause, and then a second 
vibratory stimulation at a different frequency. They were 
asked to respond as quickly as possible to whether they 
believed the second stimulation was a higher or lower 
frequency than the first stimulation that they felt by either 
pressing the right button (if it was higher) or left button 
(if it was lower). Various frequency permutations (140 vs 
180 Hz, 140 vs 220 Hz, 180 vs 140 Hz, 180 vs 220 Hz, 
220 vs 140 Hz, and 220 vs 180 Hz) were tested and 
repeated for all four locations, for which the participant 
was given a priori knowledge of the location of the 
expected stimulation. RTs, as well as their choice (i.e., 
which button they pressed), were recorded for each trial. 
A total of 48 trials (4 locations × 6 frequency permuta-
tions repeated 2 times) were collected for this experiment 
for each participant.

Experiment 3
In experiment 3, the motors were repositioned on just 

the anterior region of the thigh. This experiment is a 
modified version of Wentink et al.’s experiment 2, where 
their results affirmed that the anterior region had greater 
sensitivity and specificity than the posterior region [15]. 
Seven motors were spaced 3 cm apart along the midline 
of the anterior thigh. A baseline reference motor was cen-
tered with three motors in proximal and distal directions 
(Figure 4). P9 indicates the most proximal motor, while 
D9 indicates the most distal motor. Participants were told 
that they would always feel the reference motor vibrate 
first, followed by any of the other six motors. They were 
asked to respond as quickly as possible to whether they 
believed the second motor that vibrated was more distal 
or more proximal to the central motor, by pushing a des-
ignated button corresponding to their selection (right but-
ton if it was more distal, left button if it was more 
proximal). RTs and responses were recorded for each 
trial. A total of 18 random trials (6 motor locations 
repeated 3 times) were collected for each participant.

Data Analysis
RTs were recorded and captured using a customized 

LABVIEW program (National Instruments Corp) inter-
faced with the Arduino Mega 2560 microprocessor (Spark-

fun Electronics). Data were exported as ASCII text files to 
Excel (Microsoft Corp; Redmond, Washington) and 
restructured to an SPSS format. Statistical analysis was 
performed using SPSS version 20 (IBM Corp; Armonk, 
New York). To test our hypotheses as stated previously, a 
repeated-measures analysis of variance (ANOVA) was per-
formed for each of the experiments for the nondisabled 
participants. Statistical significance was determined using 
a critical alpha level of 0.05 for all primary analyses. Pair-
wise comparisons with Bonferroni adjustment were used to 
identify significance in the dependent variable test condi-
tions. Two levels of conditions were set for the repeated-
measures ANOVA setup: baseline (control) and using the 
hand to respond. Four levels of location were set: anterior, 
lateral, posterior, and medial regions. Three levels of fre-
quencies were set: 140, 180, and 220 Hz. Due to the small 
sample size, descriptive statistics were used for the data of 
the participants with amputation.

RESULTS

The nondisabled participants (7 male, 5 female) had 
a mean ± standard deviation age of 27 ± 2 yr, weight of 

Figure 4.
Motor placement on anterior thigh depicted by black circles for 

experiment 3. Labeling refers to distal (D) or proximal (P) loca-

tion from reference (Ref) motor. Numerical value represents 

distance in centimeters.
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69.45 ± 17.31 kg, height of 1.72 ± 0.11 m, and BMI of 
23.3 ± 1.2. Table 1 provides characteristics of the partici-
pants with amputation.

Based on the nondisabled participants in experiment 
1, the experimental conditions (leg and hand responses) 
were found to be significant on RTs (F(1, 11) = 34.97, p <
0.001). Hand RTs (0.568 ± 0.029 s) were found to be sig-
nificantly shorter than the baseline leg response (0.712 ± 
0.032 s) (p < 0.001). Location of the motors was also 
found to be significant on RTs (F(3, 33) = 6.325, p = 
0.01). The anterior region (0.599 ± 0.028 s) was particu-
larly shorter in RTs than the lateral (0.657 ± 0.032 s) and 
posterior (0.658 ± 0.032 s) regions. Frequency was also 
shown to be significant on RTs (F(2, 22) = 55.09, p < 
0.001). The 220 Hz RT (0.584 ± 0.025 s) was signifi-
cantly shorter than the 140 Hz RT (0.711 ± 0.034 s) (p < 
0.001) overall. Similarly, the 180 Hz RT (0.623 ± 0.027 s)
was significantly shorter than the 140 Hz RT (p < 0.001) 
and significantly longer than the 220 Hz RT (p < 0.001) 
overall. Figures 5 to 7 display the graphical representa-
tion of descriptive statistics for experiment 1.

In experiment 2, location of the motors was shown to 
be nonsignificant on RTs (F(3, 33) = 2.12, p = 0.12). 
However, the various frequency permutations were found 
to be significant overall on RTs (F(2.59, 28.47) = 5.09, 
p = 0.01). In particular, RTs were significantly faster for 
an 80 Hz increase from 140 to 220 Hz (1.19 ± 0.14 s) than 
to a 40 Hz decrease from 180 to 140 Hz (1.47 ± 0.15 s) 
(p = 0.02). Participants also responded faster to a 80 Hz 
increase from 140 to 220 

Figure 5. 
Results for experiment 1 showing reaction times based on 

vibration frequency. Mean ± 1 standard deviation shown for 

sample of nondisabled participants.

Hz than a 40 Hz increase from 
180 to 220 Hz (1.39 ± 0.13 s) (p = 0.03) and a 40 Hz 
decrease from 220 to 180 Hz (1.47 ± 0.19 s) (p = 0.03). 
Overall, participants averaged 91 percent accuracy in cor-
rectly identifying whether the frequency of the second 
stimulus was higher or lower than the first for experiment 
2. Analysis showed that location did not have any effect 
on accuracy (F(3, 33) = 1.070, p = 0.38). Similarly, pair-
wise comparisons of the frequency permutations showed 
no effect on accuracy (p > 0.05), signifying that changes 

in frequency also had no effect on accuracy. Figures 8 to 
9 display the descriptive statistics for experiment 2.

In experiment 3, there was a significant difference in 
leg RTs between the most distal motor (D9, 1.11 ± 0.07 s) 
and motor D3 (1.47 ± 0.01 s), which was closer to the ref-
erence motor, with shorter RTs for the D9 motor (p = 0.01). 
Similarly, participants responded faster to the D6 motor 
(1.13 ± 0.08 s) than the D3 motor (p = 0.01). Participants 
also reacted faster to the most proximal motor (P9, 0.94 ± 
0.09 s) than the P3 motor (1.49 ± 0.15 s) (p = 0.05) and the 
D3 motor (p = 0.01). Overall, participants averaged 
97.7 percent accuracy for correctly identifying whether the 
motor was more proximal or more distal than the reference 
motor. Figure 10 highlights the results for experiment 3.

DISCUSSION

Artificial sensory feedback systems in prostheses may 
ultimately help to improve mobility function of individu-
als

Participant
Age
(yr)

Mass
(kg)

BMI
Height

(m)
Cause of

Amputation
Time Since Amputation

(yr)
Residual Limb Length

(cm)
1 20 72.6 22.9 1.78 Congenital 18 32
2 22 86.2 27.2 1.78 Congenital 20 28
3 35 60.0 22.0 1.65 Acquired 4 35

 with LLA by restoring certain elements of sensory 

Table 1. 
Characteristics of participants with amputation. All participants were male.

BMI = body mass index.
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function. However, 

Figure 6.
Results for experiment 1 showing reaction times based on 

motor location. Mean ± 1 standard deviation shown for sample 

of nondisabled participants. Mean shown for participants with 

amputation.

little 

Figure 7.
Results for experiment 1 comparing reaction times at leg and 

hand. Mean ± 1 standard deviation shown for sample of nondis-

abled participants. Mean shown for participants with amputation.

is known about how artificial 
feedback should be provided and how it might be utilized 
by people with amputation. In this study, we investigated 
a number of different ways for providing sensory infor-
mation to the body in order to better understand the design 
variables that can affect the utility and effectiveness of 
artificial feedback systems for mobility applications. As 
described in the “Introduction” section, one potential 
application that has previously been investigated is for 
postural control. However, another useful application of 
artificial feedback systems may be during more dynamic 
and challenging conditions involving mobility. For exam-
ple, kinematic information about the artificial limb 

Figure 8.
Results for experiment 2 showing reaction times based on 

motor location. Mean ± 1 standard deviation shown for sample 

of nondisabled participants. Mean shown for participants with 

amputation.

(posi-

tion and movement) 

Figure 9.
Results for experiment 2 showing reaction times for various fre-

quency permutations. Mean ± 1 standard deviation shown for

sample of nondisabled participants. Mean shown for partici-

pants with amputation.

may be relayed to the prosthetic user 
in real time to, in effect, substitute and improve their sense 
of proprioception. The feasibility of such an approach, 
however, depends on a number of factors that have not 
previously been investigated. Most specifically and 
importantly, these include the speed and accuracy with 
which artificial sensory feedback can be applied to elicit 
an appropriate response in the form of a compensatory 
movement.

From all of the conditions assessed, the fastest RTs 
achieved with the leg were around 0.6 s for the anterior 
region of the leg for the nondisabled subjects, with the indi-
viduals with LLA ranging from below 0.5 to over 0.7 s for 
the same conditions based on the results of experiment 1. 
Under other conditions, including lower stimulation 
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frequencies as well as other locations on

Figure 10.
Results for experiment 3 showing reaction times for various 

locations of motors. Mean ± 1 standard deviation shown for 

sample of nondisabled participants. D = distal, P = proximal.

 the thigh, the RTs 
were higher, approaching 0.7 s for the nondisabled partici-
pants and up to 1.0 s for the participants with amputation 
(i.e., subject 3). For experiments 2 and 3, where the partici-
pant was required to complete a more complex task, 
including receiving multiple stimuli and deciding which of 
two buttons to correctly press, the RTs generally doubled 
from those measured in experiment 1 to around 1.5 s. 
Given the dynamic nature of walking, these relatively long 
RTs are likely to present some limitations in the develop-
ment application of artificial feedback systems.

During activities such as standing, relatively slow 
postural adjustments are needed to maintain balance with 
cycle times in terms of center of pressure frequency that 
are on the order of 0.5 Hz [18]. In contrast, one gait cycle 
time typically takes about 1.0 s, with various subphases 
of the gait cycle occurring in a fraction of this time [19]. 
Given the relatively long RTs found in this study (i.e., 
0.6 s), an artificial feedback system aimed at improving 
postural control as has been investigated thus far has 
much more feasibility than one aimed at gait and mobil-
ity [8,20–21]. For gait and mobility applications, an arti-
ficial system as investigated here would be subject to 
considerable delay times, thus potentially limiting its 
effectiveness. The use of feed-forward techniques may be 
one way to address the delays, whereby information from 
previous phases or gait cycles are used to predict appro-
priate corrective actions in a subsequent gait cycle. From 
the results, it seems likely that such an approach may be 
more feasible and effective with a feedback system that is 
based on a single stimulus and response than one that 

involves dealing with two or more inputs and responses 
because of the lengthened RTs in the case of the latter.

Sensorimotor response measured in this study as the 
RT is a function of a number of factors, including the time 
it takes to sense the stimuli and transmit this information 
to the brain, motor planning, sending the commands to the 
muscles, and the ability of the muscle to respond and gen-
erate the appropriate movement. Some of the factors that 
have an influence on sensorimotor responses include the 
state of attention of arousal [22], age [23–26], and sex 
[27–28]. The type of stimuli also plays a role, and it has 
been shown that the reaction to touch (tactile stimuli) is 
about 155 ms, which is comparable with auditory RTs 
(140–160 ms) but slower than visual RTs (180–200 ms); 
the main differences are attributed to the time it takes the 
brain to receive the signal [29].

In terms of sensing and transmitting stimulus infor-
mation, we examined stimulus frequency and location. 
Four types of mechanoreceptors in the skin play a role in 
providing sensory information to the user: Merkel disks, 
Meissner’s corpuscles, Ruffini cylinders, and Pacinian 
corpuscles [15,30]. Each of these mechanoreceptors have 
their own specific responsive frequency range: 5 to 15 Hz 
for Merkel disks, 20 to 50 Hz for Meissner’s corpuscles, 
15 to 400 Hz for Ruffini cylinders, and 60 to 400 Hz for 
Pacinian corpuscles [15,30]. Table 2 summarizes the vari-
ous attributes associated with each of the mechanorecep-
tors. Various studies have confirmed that the best-detected 
frequency for skin vibration lies around 250 Hz, targeting 
the Ruffini cylinders and Pacinian corpuscles [13,15,30–
34]. The use of higher frequencies (>200 Hz) also have a 
larger discriminable frequency increment (Δf = ~20 Hz) 
than lower frequencies (at 20 Hz, Δf = ~5 Hz), particu-
larly for the fingertip and forearm [15,33]. In this study, 
the Ruffini cylinders and Pacinian corpuscles in the upper 
thigh were targeted around the anterior, posterior, lateral, 
and medial regions by stimulating at frequencies that were 
higher (140, 180, and 220 Hz) than those previously 
investigated by Wentink et al. (30–80 Hz) [15] so as to 
better match the response frequency range of Ruffini cyl-
inders and Pacinian corpuscles (60–400 Hz). 

From the four locations tested around the thigh, the 
anterior location resulted in quicker RTs than the lateral, 
medial, and posterior regions. From the literature, three 
main nerves of interest within the thigh region interact 
with the skin mechanoreceptors to relay information back 
to the peripheral and central nervous system. These are 
primarily the anterior femoral cutaneous nerve, lateral 
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Receptor Location Response
Frequency 

(Hz)
Perception

Receptive 
Field Size

Responds Best To

Merkel Receptor (SA1) Epidermis (near dermis 
border)

Slow 0.3–3 Pressure Small Steady pressure from small 
objects.

Meissner’s Corpuscle (RA1) Dermis (just below 
epidermis)

Rapid 3–40 Flutter Small Rubbing against skin or skin 
movement across surface.

Ruffini Cylinder (SA2) Dermis Slow 15–400 Stretching Large Steady pressure and stretching 
of skin (e.g., joint movement).

Pacinian Corpuscle (RA2) Dermis (deep in subcutane-
ous fat)

Rapid 10–500 Vibration Large Changing stimulation.

femoral cutaneous nerve, and posterior femoral cutane-
ous nerve [29]. From nerve conduction studies of the 
cutaneous femoral nerves, researchers have been able to 
quantify conduction velocity of some of these nerves. 
This conduction velocity is the speed an impulse travels 
along a nerve [35], and it has been shown that the ante-
rior femoral cutaneous nerve has a faster conduction 
speed than the lateral and posterior femoral cutaneous 
nerves. While this corroborates with our findings in that 
the anterior location resulted in the fastest RT, it only par-
tially explains the differences since the conduction time 
differences are much smaller [36–38] than the RT differ-
ences found here that are on the order of 100 ms.

The longest part of the RT is attributed to the time it 
takes the brain to process the information and to plan a 
motor response. This time increases in the case when 
multiple stimuli are presented or when there is uncer-
tainty about the stimulus that is forthcoming. This is 
commonly referred to as “Hick’s law,” which states that 
as the number of stimuli-response alternatives increase, 
RTs also increase in a linear form [39].

The aforementioned is important to consider since a 
practical feedback system may need to provide multiple 
inputs while still eliciting responses in a timely manner. 
For the balance-augmenting biofeedback system by 
Rusaw et al., the group utilized multiple pressure sensors 
at the various locations on the plantar foot to provide infor-
mation on foot loading; this multichannel information was 
relayed to multiple stimulators at the residuum [8]. Simi-
larly, in upper-limb prosthetic applications, the systems 
typically comprise multiple signals to effectively relay 
sensory information from the prosthetic hand back to the 
user [40]. In this study, we examined several aspects relat-
ing to multisignal sensory feedback, including 
(1) providing stimuli via multiple vibrators that are located 
in close proximity to each other (i.e., spatial resolution) 

and (2) providing multiple signals via a single stimulator 
simply by changing the frequency. In general, having stim-
uli too close together, either physically or characteristi-
cally, impedes the decision-making process and ultimately 
slows RTs. Response accuracy is also affected by the way 
stimuli are provided. Specifically, providing multiple 
inputs via two individual motors produced higher accuracy 
than via a single motor at two frequencies.

The final factor affecting RT is dictated by the time it 
takes for the brain to send motor signals and for the mus-
cles to respond and generate a movement. The present 
study compared the RTs between the upper and lower 
limbs and found the latter to be significantly longer. A 
number of factors are likely at play, including differences 
in the neurophysiology and physiology of the muscles, as 
well as the inertial characteristics of the involved anat-
omy, whereby the higher mass of the leg could lead to 
higher acceleration times [35,41]. It should be noted that 
while it is interesting to examine the differences in RTs 
between the hand and thigh, corrective actions during 
mobility would likely be effective only when initiated 
within the lower limbs (instead of the upper limbs), so it 
remains of a primary interest to consider the sensorimo-
tor responses associated with the lower limbs.

One of the limitations of this study is that the ampli-
tude and frequency of the vibratory motors were coupled. 
Specifically, based on the manufacturers’ data sheets, for 
the tested frequencies of 140, 180 and 220 Hz, the corre-
sponding vibration amplitudes were 1.22, 1.58, and 1.92 g,
respectively. In future studies, frequency and amplitude 
should be independently controlled and retested to vali-
date the results of this study. Also, in this study the 
motors were precalibrated to produce a specific fre-
quency at a certain voltage, but it was not possible to 
confirm that this frequency was maintained when the 
motors were applied to the participant’s skin. It should 

Table 2.
Summary of main attributes for each of four mechanoreceptors found in skin.

RA = rapid adapting, SA = slow adapting.
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also be noted that the actuation period of the motors to 
bring them to full speed adds a slight delay to the system, 
and therefore, the RTs. We tested this delay, measured as 
the time it took the motor to reach full speed (measured 
by an accelerometer) from the time a voltage was 
applied. The duration of the delay was, on average, 
25 ms. Other limitations include the variability in the 
study participants, especially in the individuals with 
LLA. Some of these include factors such as age, BMI, 
and cause of amputation (congenital vs acquired), which 
could not be examined in detail here due to the small 
sample size. Also, all of the participants performed the 
experiments with limited training, whereas in an applica-
tion such as an artificial feedback system, the user’s sen-
sorimotor RTs may be expected to decrease with use over 
the long-term.

CONCLUSIONS

Providing artificial sensory feedback may be a useful 
way of improving the mobility function of people with 
LLA, but limited information is available to inform the 
design and development of such systems. In this study, 
we investigated the sensorimotor response of individuals 
in a way that would potentially make it applicable to 
prosthetic mobility rehabilitation. The findings suggest 
that certain approaches may be utilized to shorten RT and 
increase accuracy. However, despite this, the feasibility 
and effectiveness of artificial feedback systems for gait 
may still be in question due to relatively long RTs. Fur-
ther work should examine more sophisticated control 
strategies, e.g., those used in feed-forward systems.
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