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Abstract—Tactile perception plays an important role in activities of
daily living, and it can be impaired in individuals with certain medical
conditions. The most common tools used to assess tactile sensation, the
Semmes-Weinstein monofilaments and the 128 Hz tuning fork, have poor
repeatability and resolution. Long term, we aim to provide a repeatable,
high-resolution testing platform that can be used to assess vibrotactile
perception through smartphones without the need for an experimenter
to be present to conduct the test. We present a smartphone-based vi-
bration perception measurement platform and compare its performance
to measurements from standard monofilament and tuning fork tests. We
conducted a user study with 36 healthy adults in which we tested each
tool on the hand, wrist, and foot, to assess how well our smartphone-based
vibration perception thresholds (VPTs) detect known trends obtained from
standard tests. The smartphone platform detected statistically significant
changes in VPT between the index finger and foot and also between the
feet of younger adults and older adults. Our smartphone-based VPT had a
moderate correlation to tuning fork-based VPT. Our overarching objective
is to develop an accessible smartphone-based platform that can eventually
be used to measure disease progression and regression.

Index Terms—Smartphone, vibration, tactile, perception.

I. INTRODUCTION

Tactile perception, including vibrotactile perception, plays a critical
role in enabling humans to perform various sensorimotor tasks such
as object manipulation, navigation, and playing sports [1], [2], [3],
[4]. We even use vibrotactile perception to balance during walking, a
pervasive activity of daily living [5], [6], [7], [8], [9]. Many underlying
health conditions and treatments including diabetes, chemotherapy, and
direct injuries to the body can impair our tactile perception [10]. Given
our reliance on tactile perception, deficits in perceiving tactile cues can
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have devastating consequences. Assessing tactile perception may help
us understand disease progression and recovery, especially in response
to treatment.

Frequent use of vibration perception testing occurs during routine
screenings of people experiencing peripheral neuropathy. The most
common clinical diagnostics for peripheral neuropathy are the Semmes-
Weinstein monofilament exam and the 128 Hz tuning fork exam [11].
Although these exams provide important information on tactile ability,
they have limited measurement resolution. Tuning forks often provide
inconsistent vibrations due to differences in how the clinician strikes the
fork [12]. Monofilaments suffer from variations in force delivered due
to variations in clinician application and overuse [13]. Also, when used
in many clinical settings, both of these tools only measure a binary
response (‘yes, can feel’ or ‘no, cannot feel’) to a single provided
stimulus.

Given the rise of smartphones with high-quality vibration actuators,
there has been a rising interest in conducting mobile haptics experi-
ments [14], [15]. We conducted preliminary work which showed that
smartphone vibrations are more repeatable than tuning fork vibrations
and that vibration perception threshold (VPT) could be reliably mea-
sured using a custom application employing a staircase algorithm [16].
Torres et al. [17] characterized smartphone vibrations and found that
smartphone-based VPTs correlate with monofilament-based pressure
thresholds in the index finger. Several researchers have also worked
toward validating the use of smartphone vibrations for diagnosing
diabetic peripheral neuropathy. May et al. [18] showed that vibrations
generated from a mobile phone could be used to detect diabetic pe-
ripheral neuropathy, and that the most accurate testing location was
the first metatarsal head (a bony prominence in the big toe). Jasmin
et al. [19] found that a vibration-based smartphone application has a
moderate to strong correlation to tuning forks in classifying participants
as experiencing neuropathy or not experiencing neuropathy, and that
the interrater reliability using the smartphone application is high. While
these studies are important steps towards developing an improved mea-
surement tool, they suffer from various limitations including confound-
ing factors in the study design, non-autonomous smartphone vibration
perception data collection (reliance on an experimenter to physically
conduct the exam), and the use of a binary measurement (yes/no) as
opposed to a continuous, numerical value.

In this work, we build upon our preliminary work by testing the
feasibility of an application designed to measure smartphone-based
vibration perception thresholds at different sites on the body (hand,
wrist, and foot) in a healthy, age-diverse population. We also assess
how the smartphone-based vibration perception thresholds correlate
to tuning fork vibration perception thresholds and monofilament force
perception thresholds at these locations. Our main goal is to confirm
that smartphones can be used for vibration perception measurements
and capture similar trends as currently used methods. In Section II, we
describe our methods in characterizing, designing, and administering
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Fig. 1. (a) Filtered smartphone vibration acceleration data for hapticIntensities of 0.15 and 0.25 using the setup described in detail in [16] and [14], with the
slight modification that the phone was placed on a pillow, not held in the hand. (b) Peak accelerations of the waveforms for each hapticIntensity (indicated with
pink points in (a)). (c) Sample perception data for one trial of the smartphone VPT exam showcasing the staircase method.

the smartphone-based VPT, performing the tuning fork and monofila-
ment exams, and conducting a user study and accompanying analyses.
We then discuss the study results in Section III and key takeaways
and future work, such as testing our smartphone application on various
patient populations and expanding this application to additional types
of smartphones, in Section IV.

II. METHODS

A. Measurement Methods

1) Smartphone VPT Exam: We developed an iOS application
that controls Apple’s Core Haptics parameters (hapticIntensity and
hapticSharpness) and autonomously implements a staircase algorithm
(reversals = 8) to measure VPT. We chose to implement a one-up/one-
down staircase method because it is a simple and fast way to calculate
an absolute threshold. The one-up/one-down staircase method targets
a performance level of 50% [20], [21], which is the standard perfor-
mance level for absolute thresholds [20]. We chose to implement a
one-up/one-down staircase instead of alternative one-up/two-down or
one-up/three-down staircase methods that target higher performance
levels because these alternatives require more trials and therefore more
time to calculate a threshold; we chose to prioritize time as our eventual
goal is to use this tool in a clinical setting where time is limited. Prior
work by Yoshida and Kiernan, et al. [14] characterized the acceleration
outputs at various locations on the phone; their results indicate that the
output accelerations occur at a constant frequency of 230 Hz and that
there is a positive, nonlinear relationship between the amplitude of the
output acceleration and commanded hapticIntensity value when hap-
ticSharpness is held constant at 1 and hapticIntensity is varied between
0.1 and 0.3. We further characterized this nonlinear relationship when
hapticSharpness is held at a constant value of 1 and hapticIntensity is
varied between 0 and 1 (Fig. 1).

Despite this minor nonlinearity, we designed our staircase algorithm
to output a continuous vibration for 0.1 seconds with the hapticSharp-
ness set at 1.0 and the hapticIntensity varying with each step. This results
in repeatable vibrations of varying amplitude with a constant frequency
of 230 Hz, to which users can quickly and easily respond (Fig. 1). We
chose to use hapticSharpness = 1 (230 Hz) since the Apple iPhone XS
Max (our phone model) uses a linear resonant actuator that is tuned to
operate at hapticSharpness = 1 (230 Hz). In addition to 230 Hz being
the resonant frequency for this phone model’s linear resonant actuator,
this frequency is also near the maximum sensitivity frequency of the

Pacinian corpuscles, the mechanoreceptors largely responsible for our
ability to feel high-frequency vibrations [22].

The vibration amplitude starts small (hapticIntensity = 0.05) and
increases with a step size of 0.05 until the vibration is detected by
the user. At this point, the user says ‘yes’ to indicate detection, the
spoken ‘yes’ is interpreted by the app using “Speech” (Apple’s voice
recognition framework), and a reversal is recorded in the app. The
vibration’s amplitude then decreases with a step size of 0.05 until the
user can no longer detect the vibration (does not provide a spoken
‘yes’ response). Then, another reversal is recorded, the vibration’s
amplitude increases again, and the staircasing of the hapticIntensity
values continues until eight reversals are complete. Once complete, a
CSV file containing the trial data is exported and stored in Google
Firebase. The vibration perception threshold is calculated by averaging
the hapticIntensity values at the eight reversal points (where the reversal
point is the average of the value of the response that triggered a reversal
and the value of the response prior to the reversal) as shown in Fig. 1.
Time intervals between vibrations for each trial were randomly selected
to reduce bias (ranging from 3–6 s), and responses had to occur within
2.5 seconds of the vibration in order to be recorded as a true positive
response (as this is the upper end of haptic response times reported in
literature [23], [24]). The smartphone VPT ranges from hapticIntensity
of 0.05 (smallest vibration detected) to 1 (largest possible vibration
output via Apple’s framework). As such, lower scores indicate better
perception. If the largest vibrations output by the phone (vibrations
generated by setting hapticIntensity to 1) were not felt three times in
a row, the threshold for that trial is recorded as NaN because their
threshold was outside the range of the smartphone-generated vibration
stimuli.

We measure VPT at six locations of interest: the index finger pad,
the back of the index finger, the pinky finger pad, the dorsal wrist, the
volar wrist, and the big toe pad (Fig. 2). These locations were chosen
both for clinical relevance and ease of smartphone placement [25]. In
Fig. 2(b) we also include the filtered vibration accelerations for the six
configurations shown in Fig. 2(a). For these measurements hapticInten-
sity was set to 0.25 and hapticSharpness was set to 1. We measure these
waveforms using the setup described in detail in [16] and [14], with the
modification that the phone was placed on a pillow while the body part
was placed on the phone in the six different configurations. For each
participant, smartphone-based VPT measurements are collected five
times at each location, so that we can report the participant’s average
smartphone-based VPT at each location.

All smartphone-based measurements are collected on an Apple
iPhone XS Max. Participants sit in a chair during the entire exam. For
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Fig. 2. (a) The six body locations were tested with all three measurement
methods. The smartphone was placed on a pillow and participants were asked
to contact the phone as shown in this figure. During the monofilament and
tuning fork tests, participants sat in a chair, and a pillow resting on a desk or
coffee table allowed participants to comfortably support their limbs. (b) The
filtered vibration waveforms for the six configurations shown in (a). For these
measurements hapticIntensity was set to 0.25 and hapticSharpness was set to 1.

the finger and wrist locations, the phone is placed on a pillow that is
placed on a desk. For the foot location, the phone is placed on a pillow,
that is placed on the floor. Participants wore headphones playing their
preferred music to prevent the use of auditory cues to identify vibrations.
All but two participants listened to a Disney Hits playlist. Because the
smartphone data collection component of the experiment took around
an hour for most participants, we did not use white noise, which was
found to make participants drowsy during piloting.

2) Tuning Fork Exam: We use a 128 Hz clinical tuning fork
(CynaMed) to test the same six body parts as the smartphone (Fig. 2).
Participants sit in a chair during the entire exam. For the finger and wrist
locations, the hand/wrist is placed on a pillow that is placed on a desk.
For the foot location, the foot is placed on a pillow, that is placed on
a coffee table. The experimenter strikes the tines of the tuning fork on
her knee and then places the base of the tuning fork on the body of the
participant. Prior to collection, participants are touched with a vibrating
tuning fork so they could get a sense of what it feels like and so that
they understand that the sensation is not painful. Participants wear a
blindfold so that they can not see when the tuning fork makes contact
with their body, but do not wear headphones as the sound of the tuning
fork vibrations are not easily discernible. Participants are instructed to
say “start” when they start feeling a vibration and “stop” when they no
longer feel any vibrations. A digital watch displaying seconds is used to
measure the amount of time that the participant feels the vibration. The

experimenter notes the second when the participant says “start” and
also the second when the participant says “stop” and then records the
difference in seconds, mimicking methods used in clinical settings. As
such, higher tuning fork perception times indicate better perception. At
each body part, tuning fork vibration perception time is measured five
times. The times are then averaged, so that each participant’s average
perception time at each of the body parts is reported.

3) Monofilament Exam: We use a 20-piece Semmes-Weinstein
monofilament set (Touch Test Sensory Evaluators, North Coast Med-
ical, Inc.) to assess light force perception. Monofilaments range from
0.008 grams-force to 300 grams-force. To assess light force perception
at each of the six body parts (Fig. 2), we begin with the monofilament
deemed normal for that location (0.07 grams-force for hands and dorsal
feet, 0.4 grams-force for the plantar feet) [26]. Participants sit in a
chair during the entire exam. For the finger and wrist locations, the
hand/wrist is placed on a pillow that is placed on a desk. For the foot
location, the foot is placed on a pillow, that is placed on a coffee
table. Prior to collection, participants were touched with a sample
monofilament so they could get a sense of what it feels like, and
so that they understand that the stimulus is not painful. Participants
wear a blindfold so that they can not see when the monofilament
makes contact with their body, but do not wear headphones as the
stimuli are inaudible. We then follow the protocol provided with the
monofilament kit, mimicking how the procedure would be performed by
clinicians [26]. The participants are instructed to say “yes” anytime they
feel the monofilament touching them. If the participant does not feel the
monofilament, we increase the monofilament evaluator size, otherwise
we decrease the monofilament evaluator size. Once the participant
does not feel a monofilament size (after three touches with the 0.008
grams-force to 1.000 grams-force monofilaments or one touch with
the 1.400 grams-force to 300 grams-force monofilaments), we record
the minimum evaluator size that they could feel as their monofilament
threshold for that location. If the participant does not feel the starting
monofilament, we increase the evaluator size until the subject can feel it
and then record that evaluator size as their monofilament threshold for
that location. As such, lower monofilament thresholds indicate better
perception.

B. User Study Design

1) Participants: Thirty-six adult participants with no known his-
tory of diabetes or other disorders linked to peripheral neuropa-
thy completed this study. Participant demographics are displayed in
Table I. This study was approved by the Stanford University Institu-
tional Review Board under Protocol 22514, and written consent was
provided by all participants. Prior to completing the study, participants
completed a pre-survey that inquired about demographic information
as well as hobbies or injuries that may impact touch sensitivity at the
hands or feet. Hand and foot dominance (defined as the foot one would
use to kick a ball) were also inquired about via the survey.

2) Procedure: Participants completed a two-day protocol with a
one-hour session each day. The same time block was used for each day.
Monofilament and tuning fork perception data were collected in the
same session on one day and smartphone perception data was collected
in the session on the other day. The ordering of the sessions was
randomized, and the ordering of the monofilament and the tuning fork
data collection within the session was also randomized. For each given
modality, the ordering of the body parts tested was randomized. All
perception measurements were collected on the participant’s dominant
side body parts.
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TABLE I
PARTICIPANT DEMOGRAPHICS, N = 281

C. Statistical Analyses

Perception data obtained from the smartphone, tuning fork, and
monofilaments are presented as both individual and group-level data.
Smartphone, tuning fork, and monofilament thresholds for 6 partici-
pants were removed from further analysis due to the presence of too
many false positives during the monofilament or tuning fork exam (say-
ing they felt a touch or vibration from the filament or tuning fork when
it was not touching them). Smartphone, tuning fork, and monofilament
thresholds for two participants were removed from further analysis as
a different tuning fork was used during their trials. This resulted in
13 younger adults and 15 older adults with usable data. Group level,
smartphone-based data and tuning fork-based data are presented as
means and standard deviations as smartphone and tuning fork thresh-
olds are both continuous data. Group level, monofilament-based data
are presented as medians and quantiles (25th and 75th) as monofilament
thresholds are discrete.

Differences in thresholds measured at the index finger and big toe
(H1 and F from Fig. 2) are analyzed using paired single-sided t-tests
with Bonferroni correction for the smartphone and tuning fork and a
single-sided Wilcoxon signed rank test (the nonparametric equivalent)
for the monofilament.

Differences in thresholds measured between younger adults and
older adults at the index finger are analyzed using unpaired single-sided
t-tests with Bonferroni correction for the smartphone and tuning fork
and a single-sided Wilcoxon rank sum test with Bonferroni correction
(the nonparametric equivalent) for the monofilament. Differences in
thresholds measured between younger adults and older adults at big toe
are analyzed in the same manner.

The corresponding effect sizes are reported for each statistical test.
Namely, Cohen’s d effect sizes (d) are reported for the t-tests, and
Wilcoxon effect sizes (r) are reported for the Wilcoxon tests.

Correlations between the three modalities are performed using Pear-
son’s correlation coefficient for smartphone and tuning fork and Spear-
man’s rank correlation coefficient for smartphone and monofilament
as well as monofilament and tuning fork to account for the discrete
monofilament thresholds. While Pearson’s correlations result in a line of
best fit, Spearman’s correlations do not result in a line of best fit because
it is used to describe monotonic, not necessarily linear relationships.

1Although we tested 36 participants, we only present data from 28 partici-
pants. Eight participants are excluded from the table; their results were not used
in the analyses as explained in Section II-C.

All statistical analyses except quantile and Wilcoxon effect size
calculations for the monofilament data are conducted using MATLAB
2022b. The quantile and effect size calculations for the monofilament
data are performed using R (Version 4.0.3). This allows for quantiles to
be calculated for discrete and non-normal data that are unsuitable for
linear interpolation. We used R’s type 1 quantile calculation algorithm.

III. RESULTS AND DISCUSSION

A. Discrimination Between Hands and Feet

To investigate the resolution limits of our smartphone-based tool,
we first sought to determine whether our tool could detect known
trends in vibration perception of different body locations in healthy
humans. As shown in Fig. 3(a), our participants had a smartphone
threshold value of 0.20± 0.09 hapticIntensity (mean± std) at the
index finger and 0.38± 0.20 hapticIntensity at the big toe. From our
statistical analysis, we found that our smartphone-based tool detected
a statistically significant VPT difference between the index finger and
big toe (p = 1.28× 10−5). We also found that our smartphone-based
tool detected a large effect size between the index finger and the big toe
(d = −1.09).

For clinical comparison, we conducted these same analyses on the
tuning fork perception data. Tuning fork perception values were 4.86±
1.57 s at the index finger and 2.55± 1.45 s at the big toe (Fig. 3(b)).
Similar to the smartphone, there was a statistically significant difference
between index finger and big toe (p = 3.28× 10−7) in the tuning fork
threshold measurements. We also found that the tuning fork detected a
large effect size between the index finger and the big toe (d = 1.49).

We conducted similar analyses using nonparametric equivalents on
the monofilament perception data. The monofilament force perception
values were as follows: 0.07 [0.07, 0.16] grams-force (median [25th,
75th quantiles]) at the index finger and 0.6 [0.4, 0.6] grams-force at
the big toe (Fig. 3(c)). We again found that there was a statistically sig-
nificant difference between the monofilament threshold measurements
at the index finger and at the big toe (p = 2.85× 10−5). We also found
that the monofilaments detected a large effect size between the index
finger and the big toe (r = −0.854).

In short, all three modalities yielded data that align with previous
research findings that hands are more sensitive to vibrations and force
than feet [27]. The ability to replicate known trends further strengthens
the hypothesis that smartphones may be able to provide high enough
resolution data to classify vibrotactile perception at an even finer scale
than just neuropathic or non-neuropathic.

B. Discrimination Between Younger and Older Adults

We also investigated the smartphone’s ability to measure known
effects of age on vibrotactile perception (Fig. 4(a)). From our statistical
analyses, we found that the smartphone could not discriminate between
younger (0.19± 0.07 hapticIntensity) and older (0.22± 0.10 hap-
ticIntensity) adults at the index finger location (p = 0.52) but could
discriminate between younger (0.28± 0.10 hapticIntensity) and older
(0.47± 0.23 hapticIntensity) adults at the big toe (p = 0.02). We also
found that the smartphone detected a small effect size between the
index fingers of the younger and older adults (d = −0.35). There was
a large effect size between the big toes of the younger and older adults
(d = −1.04).

We ran the same statistical tests on the tuning fork exam data for
clinical comparison. As shown in Fig. 4(b), we found that the tuning
fork exam could not discriminate between younger (5.42± 1.23 s) and
older (4.37± 1.71 s) adults at the index finger location (p = 0.12).
However, the tuning fork exam could discriminate between younger
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Fig. 3. Perception thresholds at the index finger and the big toe for measurement method. Individual thresholds (left) as well as group mean and standard deviation
(right) are shown for the smartphone (a) and tuning fork (b). Individual thresholds (left) as well as group median and 25th and 75th quantiles (right) are shown for
the monofilaments (c). All three modalities detect statistically significantly poorer perceptual resolution at the big toe than at the index finger.

Fig. 4. Perception thresholds in younger adults (left) and older adults (right) at the index finger (a), (b), (c) and big toe (d), (e), (f). Individual thresholds as well
as group mean and standard deviation are shown for the smartphone (a) and (d) and tuning fork (b) and (e). Individual thresholds as well as median and 25th and
75th quantiles are shown for the monofilaments (c) and (f).

(3.29± 0.73 s) and older (1.90± 1.61 s) adults at the big toe location
(p = 0.01). We also found that the tuning fork detected a moderate
effect size between the index fingers of the younger and older adults
(d = 0.67). There was a large effect size between the big toes of the
younger and older adults (d = 1.05).

We conducted similar analyses using the nonparametric equivalents
on the monofilament perception data (Fig. 4(c)). The monofilament
exam could distinguish between both younger (0.07 [0.04, 07] grams-
force) and older (0.16 [0.07, 0.40] grams-force) adults at the index finger
(p = 0.01), and could identify a significant difference at the big toe
between younger (0.40 [0.40, 0.60] grams-force) and older (0.60 [0.40,
2.00] grams-force) adults (p = 0.04). There was a moderate effect size
between the index fingers of the younger and older adults (r = −0.54).
There was a moderate effect size between the big toes of the younger
and older adults (r = −0.42).

To summarize, the smartphone was able to replicate the known trend
of older adults having worse vibrotactile perception than younger adults

in the feet [28]. The tuning fork and monofilament exams were also able
to replicate this same known trend.

C. Correlation Between Smartphone VPT and Clinical
Measurements

To better understand how our smartphone perception values correlate
to clinical standards, we calculated correlation coefficients (Fig. 5).
As shown in Fig. 5(a), we found a statistically significant, but weak,
negative correlation between the smartphone-based VPT and the tun-
ing fork VPT (Rp = −0.270, p = 4.25× 10−4) (Fig. 5). We also
found a non-statistically significant, but very weak, positive correla-
tion (Rs = 0.146, p = 0.061) between the smartphone-based VPT
and the monofilament force threshold (Fig. 5(b)). Finally, we found
a statistically significant, but weak, negative correlation between the
monofilament force threshold and the tuning fork VPT (Rs = −0.298,
p = 8.85× 10−5) as shown in Fig. 5(c).
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Fig. 5. Correlations between each of the measurement methods. Pearson’s correlation coefficient is shown for the smartphone and tuning fork data (a). Spearman’s
correlation coefficient is shown for correlations between the smartphone and monofilaments data (b) and between the monofilaments and tuning fork data (c). As
a reminder, (b) and (c) do not have best fit lines because Spearman’s correlation is used to describe monotonic, not necessarily linear relationships. (d), (e), and
(f) are the corresponding figures for (a), (b), and (c), when only the index finger (a convenient location for perception testing) and big toe (a clinically relevant
location) are included.

Fig. 6. Threshold vs. body location for the smartphone (a) and tuning fork (b). Colored circle outlines indicate individual threshold values, black-filled circles
represent the group mean, and the bars indicate the standard deviation. The trend across body parts for the smartphone is inverted from that of the tuning fork, as
expected, with the exception of the W2 location.

The correlation between the smartphone and tuning fork is negative
as expected. The correlation between the smartphone and monofila-
ments is positive as expected. Both the smartphone and tuning fork
measure vibrotactile ability, so we expect those to be more closely
correlated than the monofilaments (which measure force, not vibration
perception). However, the correlations are quite weak. One possible
reason for this result is that the tuning fork and monofilament perception
values are subject to inconsistencies, such as variation in how hard the
experimenter struck the tuning fork and how hard the experimenter
pressed the monofilaments. Another possible reason is that we chose
locations that did not yield much spread in the VPT data. To better assess
this idea, we calculated correlations for the smartphone VPT vs. tuning
fork perception time when one focuses solely on the index finger and

foot locations. The index finger is a convenient and common vibration
perception testing location and the foot is an important testing location
for clinical applications. We noticed that when one isolates the index
finger and foot location, there is a much stronger correlation between
the phone and the clinical tools. As shown in Fig. 5(d), we found
a statistically significant, and moderate, negative correlation between
the smartphone-based VPT and the tuning fork VPT (Rp = −0.459,
p = 4.20× 10−4). As shown in Fig. 5(e), we found a statistically signif-
icant, and moderate, positive correlation between the smartphone-based
VPT and the monofilament threshold (Rs = 0.560, p = 8.74× 10−6).
As shown in Fig. 5(f), we found a statistically significant, and moderate,
negative correlation between the monofilament threshold and the tuning
fork perception time (Rs = −0.511, p = 5.82× 10−5).
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We also visualized how vibration perception changes across different
body parts with the phone and the tuning fork in Fig. 6. As one would
expect, the trend across body parts for the smartphone is inverted from
the trend across body parts for the tuning fork. The one exception is the
W2 location, and we believe this may be due to a confounding factor
of the experimental setup. Later in the data collection, we realized
that many participants could feel W2 vibrations in their fingers as well
as through the wrist because of how vibrations from the phone are
propagated through the pillow to the fingers in the W2 configuration
(Fig. 2). This would have caused the W2 smartphone-based VPTs to
be more similar to the hand smartphone-based VPTs.

IV. CONCLUSION

Using Apple’s Core Haptics Framework along with standard psy-
chophysical methods, we developed a smartphone-based vibration
perception threshold test that can be used to identify known trends
in vibrotactile ability. Fingers are known to be more touch-sensitive
than feet [27]. Additionally, younger adults are known to have more
touch-sensitive feet than older adults [28]. Our smartphone successfully
identified these trends.

We also found that our smartphone-based vibration perception mea-
sures were weakly correlated to clinical tuning fork-based vibration
perception measures across all measured body locations and moderately
correlated to clinical tuning fork-based vibration perception measures
when we isolate the index finger (a convenient testing site) and foot (a
clinically relevant site).

While we observe a moderate correlation in the thresholds obtained
between our smartphone-based tool and the clinical tools (tuning forks
and monofilaments), there are a few reasons we don’t expect a very
strong correlation. One reason is that the tools use different stimulus
directions (staircase for smartphone, ascending series for standard
clinical monofilament exam). Perception thresholds are known to vary
with stimulus series direction. And while we aimed to obtain a more
accurate measure of perception (using staircase method with the phone),
we aimed to compare to a standard clinical monofilament exam (which
uses an ascending series). Another reason could be that monofilaments
measure pressure perception which is different from our smartphone-
based tool which measures vibration perception. Differences between
the phone and tuning fork may be attributed to the fact that the tuning
fork is difficult to hit reliably. The vibrations vary with how much force
the fork was stuck with and also how much time the experimenter
took to place the fork on a given body site. The aim of this initial
work was to confirm the feasibility of the iPhone XS Max and app
platform to accurately measure vibration perception thresholds. To
more rigorously test the clinical relevance of our tool, in future research
we will compare our smartphone-based vibration perception threshold
measurements to measurements of sensory function as measured by
nerve conduction studies and Rydel Seiffer tuning forks which are more
specialized clinical tools that provide higher fidelity measurements than
the clinical tuning fork and monofilament exam. We will also conduct
larger studies comparing healthy controls and participants with different
levels of risk of developing peripheral neuropathy. This will enable us
to assess whether our platform can be used to measure progression and
regression of nerve damage. If successful, our platform could be used to
identify those at risk of developing irreversible nerve damage, and could
motivate at-risk individuals to adhere to treatment and management
plans. Given the ubiquitous nature of smartphones, the tool could be
used both in and outside of clinics to increase access to reliable sen-
sory diagnostic tests. However, different types of smartphones contain
varying hardware and control variables. Thus, in order to make this
vision a reality, future work must be done to characterize additional

smartphones and expand the make and models of smartphones that can
be used within our platform.

ACKNOWLEDGMENT

The authors thank the participants for their time and efforts in
providing us with a rich dataset, J. Mucini, M.S., OTR/L for her clinical
advice regarding the monofilament and tuning fork protocols, Bryce
N. Huerta, M.S. and Alexis J. Lowber, M.S. for their contributions to
the early iPhone application development, and Adeyinka E. Adenekan,
Ph.D. for insightful discussions regarding the data visualization.

REFERENCES

[1] A. U. Alahakone and S. M. N. A. Senanayake, “A real time vibrotactile
biofeedback system for improving lower extremity kinematic motion
during sports training,” in Proc. IEEE Int. Conf. Soft Comput. Pattern
Recognit., 2009, pp. 610–615.

[2] G. Evreinov, T. Evreinova, and R. Raisamo, “Mobile games for training
tactile perception,” in Proc. IFIP Int. Conf. Entertainment Comput., 2004,
pp. 468–475.

[3] J. K. Koehn and K. J. Kuchenbecker, “Surgeons and non-surgeons prefer
haptic feedback of instrument vibrations during robotic surgery,” Surg.
Endoscopy, vol. 29, pp. 2970–2983, 2015.

[4] P. B. Shull, W. Jirattigalachote, M. A. Hunt, M. R. Cutkosky, and S. L. Delp,
“Quantified self and human movement: A review on the clinical impact
of wearable sensing and feedback for gait analysis and intervention,” Gait
Posture, vol. 40, no. 1, pp. 11–19, 2014.

[5] J. K. Richardson, C. Ching, and E. A. Hurvitz, “The relationship between
electromyographically documented peripheral neuropathy and falls,” J.
Amer. Geriatrics Soc., vol. 40, no. 10, pp. 1008–1012, 1992.

[6] J. L. O’Loughlin, Y. Robitaille, J.-F. Boivin, and S. Suissa, “Incidence of
and risk factors for falls and injurious falls among the community-dwelling
elderly,” Amer. J. Epidemiol., vol. 137, no. 3, pp. 342–354, 1993.

[7] P. Era, M. Schroll, H. Ytting, I. Gause-Nilsson, E. Heikkinen, and B.
Steen, “Postural balance and its sensory-motor correlates in 75-Year-Old
men and women: A cross-national comparative study,” J. Gerontol.: Med.
Sci., vol. 51A, no. 2, pp. M53–M63, 1996.

[8] A. Tiedemann, S. R. Lord, and C. Sherrington, “The development and
validation of a brief performance-based fall risk assessment tool for use
in primary care,” J. Gerontol.: Med. Sci., vol. 65, no. 8, pp. 896–903,
2010.

[9] A. Hafström, “Perceived and functional balance control is negatively
affected by diminished touch and vibration sensitivity in relatively healthy
older adults and elderly,” Gerontol. Geriatr. Med., vol. 4, pp. 1–10,
2018.

[10] A. G. Maiya, A. Parameshwar, M. Hande, and V. Nandalike, “Relation-
ship between glycated hemoglobin and vibration perception threshold in
diabetic peripheral neuropathy,” Int. J. Lower Extremity Wounds, vol. 19,
no. 2, pp. 120–124, 2020.

[11] R. Pop-Busui et al., “Diabetic neuropathy: A position statement by the
american diabetes association,” Diabetes Care, vol. 40, pp. 136–154, 2017.

[12] T. D. Rossing, D. A. Russell, and D. E. Brown, “On the acoustics of tuning
forks,” Amer. J. Phys., vol. 60, no. 7, pp. 620–626, 1992.

[13] J. Dros, A. Wewerinke, P. J. Bindels, and H. C. v. Weert, “Accuracy of
monofilament testing to diagnose peripheral neuropathy: A systematic
review,” Ann. Fam. Med., vol. 7, no. 6, pp. 555–558, 2009.

[14] K. T. Yoshida et al., “Cognitive and physical activities impair perception of
smartphone vibrations,” IEEE Trans. Haptics, vol. 16, no. 4, pp. 672–679,
2023.

[15] J. R. Blum et al., “Getting your hands dirty outside the lab: A practical
primer for conducting wearable vibrotactile haptics research,” IEEE Trans.
Haptics, vol. 12, no. 3, pp. 232–246, 2019.

[16] R. A. G. Adenekan, A. J. Lowber, B. N. Huerta, A. M. Okamura, K.
T. Yoshida, and C. M. Nunez, “Feasibility of smartphone vibrations as
a sensory diagnostic tool,” Haptics: Sci. Technol. Appl.: 13th Int. Conf.
Hum. Haptic Sens. Touch Enabled Comput. Appl., 2022, pp. 337–339.

[17] W. O. Torres, M. E. Abbott, Y. Wang, and H. S. Stuart, “Skin sensitivity
assessment using smartphone haptic feedback,” IEEE Open J. Eng. Med.
Biol., vol. 4, pp. 216–221, 2023.

[18] J. D. May and M. W. J. Morris, “Mobile phone generated vibrations used
to detect diabetic peripheral neuropathy,” Foot Ankle Surg., vol. 23, no. 4,
pp. 281–284, 2017.

Authorized licensed use limited to: IEEE - Staff. Downloaded on June 26,2025 at 14:25:28 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON HAPTICS, VOL. 17, NO. 4, OCTOBER-DECEMBER 2024 977

[19] M. Jasmin, S. Yusuf, S. Syahrul, and E. A. Abrar, “Validity and reliability
of a vibration-based cell phone in detecting peripheral neuropathy among
patients with a risk of diabetic foot ulcer,” Int. J. Lower Extremity Wounds,
vol. 22, pp. 687–694, 2023.

[20] H. Levitt, “Transformed up-down methods in psychoacoustics,” J. Acous-
tical Soc. Amer., vol. 49, no. 2B, pp. 467–477, 1971.

[21] M. R. Leek, “Adaptive procedures in psychophysical research,” Percep.
Psychophys., vol. 63, no. 8, pp. 1279–1292, 2001.

[22] R. T. Verrillo, “Vibration sensation in humans,” Music Percep., vol. 9,
no. 3, pp. 281–302, 1992.

[23] A. R. Peon and D. Prattichizzo, “Reaction times to constraint violation
in haptics: Comparing vibration, visual and audio stimuli,” in Proc. IEEE
World Haptics Conf., 2013, pp. 657–661.

[24] P. Era, J. Jokela, and E. Heikkinen, “Reaction and movement times in men
of different ages: A population study,” Perceptual Motor Skills, vol. 63,
no. 1, pp. 111–130, 1986.

[25] Z. Yang et al., “Simple tests to screen for diabetic peripheral neuropa-
thy,” Cochrane Database Systematic Rev., vol. 2018, no. 7, pp. 1–35,
2018.

[26] Touch Test Sensory Evaluator, “North coast medical,” Inc. 2011. Accessed:
Feb. 08, 2023. [Online]. Available: https://www.ncmedical.com/wp-
content/uploads/2011/07/Touch-Test-Sensory-Evaluator_11_web.pdf

[27] M. Morioka, D. J. Whitehouse, and M. J. Griffin, “Vibrotactile thresholds
at the fingertip, volar forearm, large toe, and heel,” Somatosensory Motor
Res., vol. 25, no. 2, pp. 101–112, 2008.

[28] C. Wells, L. M. Ward, R. Chua, and J. T. Inglis, “Regional variation and
changes with ageing in vibrotactile sensitivity in the human footsole,” J.
Gerontol.: Biol. Sci., vol. 58A, no. 8, pp. 680–686, 2003.

Authorized licensed use limited to: IEEE - Staff. Downloaded on June 26,2025 at 14:25:28 UTC from IEEE Xplore.  Restrictions apply. 

https://www.ncmedical.com/wp-content/uploads/2011/07/Touch-Test-Sensory-Evaluator_11_web.pdf
https://www.ncmedical.com/wp-content/uploads/2011/07/Touch-Test-Sensory-Evaluator_11_web.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


