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Abstract—Vibration feedback is common in everyday devices,
from virtual reality systems to smartphones. However, cognitive
and physical activities may impede our ability to sense vibrations
from devices. In this study, we develop and characterize a
smartphone platform to investigate how a shape-memory task
(cognitive activity) and walking (physical activity) impair human
perception of smartphone vibrations. We measured how Apple’s
Core Haptics Framework parameters can be used for haptics
research, namely how hapticIntensity modulates amplitudes of
230 Hz vibrations. A 23-person user study found that physical
(p < 0.001) and cognitive (p = 0.004) activity increase vibration
perception thresholds. Cognitive activity also increases vibration
response time (p < 0.001). Our results indicate that cognitive
and physical activities impair vibration perception thresholds.
This work also introduces a smartphone platform that can be
used for out-of-lab vibration perception testing. Researchers can
use our smartphone platform and results to design better haptic
devices for diverse, unique populations.

Index Terms—vibration, perception, cognitive activity, physical
activity, smartphone

I. INTRODUCTION

Real-life, out-of-lab haptic applications, including virtual
reality, social interactions, wearables, and smartphones, are
becoming increasingly common. However, the transition from
in-lab to out-of-lab can present a variety of challenges for
researchers [1]. Traditionally, haptics research studies are con-
ducted in a highly controlled laboratory setting. This usually
requires participants to remain stationary and focused on the
provided haptic feedback. The use of haptic devices in the
real-world, such as through smartphones, inherently involves a
variety of cognitive and physical activities which may impede
the perception of haptic cues, diminishing the performance of
the haptic device [1]. A better understanding of how cognitive
and physical distractions affect human perception could inform
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Fig. 1. We developed an iOS app (inset) and case for an Apple iPhone
11 to determine how vibration perception changes with different levels of
cognitive (shape-recall task or no task) and physical (walking or sitting)
activity. Participants pressed a red button each time they felt a vibration and a
blue button every time they saw a repeated shape. Participant responses were
used to calculate vibration perception thresholds.

how laboratory studies and devices can be used in everyday
applications.

Research studying the effects of cognitive and physical
activity on haptic perception is limited. Some studies do focus
on evaluating the effects of distraction on various forms of
human perception and attention. Chapwouo et al. found that
auditory distractions inhibited subjects’ ability to differentiate
haptic “messages” stimulated in their feet [2]. Previous work
has also found that haptic distractions impede the completion
of cognitive tasks [3]. D’Addario et al. showed that cognitive
distraction increases reaction time to roadway hazards [4].

In this work, we evaluate how distractions in the form of
cognitive and physical activities impact vibration perception of
stimuli from a smartphone. We target the universally-available
smartphone because people frequently use their phones while
multi-tasking in daily life. For example, one might receive
and respond to notifications while walking to a location.
Furthermore, we believe that results from the commercially-
available smartphone would be useful for designing mobile-
apps to account for distractions, while also informing the
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designs for custom haptic devices.

Other researchers have also used smartphone vibrations to
study perception for clinical tests. For instance, Adenekan et
al. found that a staircase method could be used to measure
vibration perception [5], and Torres et al. found that smart-
phone vibration perception was correlated to perception from
a monofilament exam [6].

In this work, we aim to understand the effects of both cog-
nitive and physical activity on vibrotactile haptic perception
through stimuli of varying intensities provided by a smart-
phone. In Section II, we present the software and hardware
elements of our smartphone system. We then describe our user
study design and our results from a human-subjects user study
in Section III, followed by a discussion of those results in
Section IV. We conclude with future work in Section V.

II. SMARTPHONE PLATFORM

In this section, we describe the design of the smartphone
platform. First, we discuss the development of a smartphone
app that delivers a vibration-response task and shape-recall
task. Next, we introduce a phone case used to normalize
finger placement while participants hold the phone. Last, we
present the characterization of the vibrations occurring at each
finger location. This platform was then used for the user
study presented in Section III to test how vibration perception
changes with cognitive and physical activity.

A. Smartphone App

We developed an i0S app (Swift, v5.7.1; XCode v14.1) that
executes a vibration-response task and/or a shape-recall task
in three modes:

o Vibration-Response Task: The app delivers vibrations of
varying intensities at semi-random time intervals. The
user presses a button every time they feel a vibration.

e Shape-Recall Task: The app flashes a shape image in 3
second intervals. The user presses a button every time
they see a shape consecutively shown.

o Vibration-Response and Shape-Recall Task: The app de-
livers both modes at the same time and records user
responses to both tasks.

1) Vibration-Response Task: We created the vibration-
response task to measure vibration perception thresholds. We
used the Core Haptics Framework (Apple) [7] to create the
smartphone vibrations. hapticlntensity and hapticSharpness
are two unitless parameters in the Core Haptics Framework
that can be used to control phone vibrations [5], [6]. hapticln-
tensity can be set to values between 0-1 to control vibration
amplitude, with a larger value resulting in an increased am-
plitude. hapticSharpness can also be set to values between
0-1 and is used to modulate frequency, creating a more
“crisp” signal when increased. In this task, the app uses
the method of constant stimuli [8] and delivers vibrations
with a hapticlntensity ranging from 0.100 to 0.300 in 9
equally-spaced 0.125 step increments. hapticSharpness is held
constant at 1 for all 9 vibration intensities. The duration of
each vibration is 0.1 seconds. The 9 vibration intensities are
played 10 times each, with each intensity being delivered
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Fig. 2. Vibrations were measured at finger contact locations (A: pointer, B:
middle, C: ring, D: pinky) from our custom, 3D-printed phone case, which was
used to normalize hand placement for participants (top). Vibration amplitude
(bottom left) increased with hapticntensity and was highest at the pinky,
where the faptic engine is located. Fast Fourier transforms (bottom right)
show that peak vibrations occur at 230 Hz.

exactly once before being repeated for a total of 10 sets of
9 vibration intensities. Vibrations are played at random 3-6
second intervals to minimize false positives. Participants are
instructed to press the red button (Fig. 1) when they feel a
vibration. Vibration response is recorded at the onset of the
button press.

2) Shape-Recall Task: We created the shape-recall task
to simulate increased cognitive activity for participants. The
shape-recall task uses a 1-back version of the n-back task [9],
commonly used to simulate cognitive load in neuroscience
and user interface studies [3], [10], [11]. One of 4 distinct
shapes (circle, square, triangle, or hexagon) is displayed for
0.5 seconds every 3 seconds. The participant is instructed to
press the blue button (Fig. 1) if the current shape matches the
shape previously displayed (1-back task). The shape-recall task
is grouped into 10 sets of 15 shapes. Within each set, there are
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exactly 3 randomly distributed shape matches, and therefore
3 times per set when the participant should press the shape
response button. This standardizes the quantity and distribution
of responses required from the participant. Additionally, this
spacing allows for each set of 15 shapes to align with the
timing of a set of 9 vibrations.

3) Vibration and Shape-Recall: In the vibration and shape-
recall option, both the shape-recall task and the vibration-
response task play concurrently. The participant must press
the appropriate response buttons for each task. The time it
takes to play a set of 15 shapes equals the time for a set of 9
vibrations. As with the other tasks, 10 sets of each vibration (9
intensities) and shape-recall (15 shapes with 3 shape matches)
are played.

B. Smartphone Case

In this work, we use an iPhone 11 (Apple) smartphone.
The iPhone 11 has a custom linear resonant actuator at the
bottom left side of the phone, commonly known as the taptic
engine [12]. The vibration stimuli are generated by the actuator
and then propagate through the phone. Thus, due to damping
and other mechanical properties of the phone, the vibration
stimuli will vary with respect to the phone contact location. To
standardize the vibrations experienced by participants during
a user study, we designed a custom phone case to guide
participants in holding the phone during the user study (Fig. 2,
top).

To determine the design of the case, we conducted a
phone-holding preference pilot study on 10 participants (4
female, 6 male). We painted an off-the-shelf iPhone 11 case
with thermochromic paint (Atlanta Chemical Engineering) that
changes from black to yellow at 77°F. We attached the painted
case to the phone and asked participants to hold the phone
comfortably in their right hand. After holding the phone for
enough time for the thermochromic paint to change color,
participants then placed the phone on a document scanner,
and a color scan was taken to capture finger locations shown
by the thermochromic paint. The images for each participant
were processed using functions within MATLAB’s Image
Processing Toolbox to convert the images from color to black
and white. Using image thresholds, contact locations were
converted to white, while the rest of the case was converted
to black. We then used these black and white images to create
a heat map showing the most common phone contact points.
The heat map informed the construction of a phone case with
constrained finger placement that would be comfortable for
most participants.

The case has three finger holes along the back for the
participant’s pointer (Fig. 2, A), middle (Fig. 2, B), and ring
finger (Fig. 2, C), along with a divot at the bottom for pinky
finger placement (Fig. 2, D). The case constrains participants’
fingers such that all participants contact the phone in the
same places. The middle and ring finger holes have ramps
next to them, ensuring participants bend those fingers. The
pointer finger is allowed to lay flat against the case, with the
finger pad directly contacting the phone. Since the case forces
participants to place their fingers on the back and underside of

the phone, participants are unable to squeeze the phone. This
ensures that participants avoid imparting extraneous forces
on the phone since this could potentially change vibration
perception.

C. Vibration Characterization

We used a process similar to Adenekan et al. [5] to
measure smartphone accelerations. An accelerometer (Analog
Devices, EVAL-ADXL.354CZ, 3-axis, 2 g) and DAQ (National
Instruments, N19220) were used to measure the accelerations
at each finger location on the phone case (Fig. 2, top) in
0.125 increments of hapticlntensity ranging from 0.100 to
0.300 with hapticSharpness held constant at 1, matching
the vibrations output during the vibration-response task. For
each measurement, the phone was placed on a pillow (screen
down) and the accelerometer was placed on one of the finger
locations [5]. Data was filtered with a bandpass frequency of
60-500 Hz using MATLAB (Mathworks).

Figure 2 shows the filtered acceleration signals and fast
Fourier transforms for all hapticlntensity values at each lo-
cation. The highest vibration amplitudes were at the pinky,
which is near where the faptic engine is located. The vibration
amplitudes decrease towards the pointer finger, further from
the taptic engine. At the pointer finger, amplitudes ranged from
0.003 to 0.03 g. At the pinky, amplitudes ranged from 0.015
to 0.15 g. The frequency peaked at 230 Hz for all values of
hapticIntensity.

III. USER STUDY

We conducted a human subjects user study to better under-
stand the effects of cognitive and physical load on vibration
perception. We used the smartphone platform described in the
previous section to determine participant vibration thresholds
while completing physical and/or cognitive activities.

A. Procedure

Prior to the study, participants were informed that they had
to be right-handed and able to walk for at least 30 minutes.
Upon arrival, participants completed a pre-survey form to
report their experience with haptic systems in addition to
confirming that they met the study requirements and had no
other conditions that would impact their performance.

The study was completed in an hour and conducted in
five phases (approximately 10 minutes each), corresponding
to five different conditions. We measured vibration perception
threshold using the vibration-response task during four of these
conditions (Fig. 3), and we added an additional condition for
a shape-memory task while sitting to acquaint participants
with the shape-memory task format and to establish a baseline
to potentially screen out participants who would be unable
to complete the task properly. The four conditions in which
we measured vibration threshold tested low (c) and high (C)
amounts of cognitive activity, combined with either low (p)
or high (P) amounts of physical activity. Conditions with low
cognitive activity (c) consisted of doing the vibration-response
task without the shape-memory task. Conditions with high
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Fig. 3. Vibration perception thresholds were measured while the participant
had low (c) and high (C) cognitive activity, combined with low (p) or high
(P) physical activity. This yielded four test conditions. A shape-recall task
introduced cognitive activity (C), while walking on a treadmill introduced
physical activity (P).

cognitive activity (C) consisted of the vibration-response task
alongside the shape-memory task. Low physical activity (p)
meant that participants were seated, and high physical activity
(P) meant that participants were walking on a treadmill. After
completing the pre-survey, participants were asked adjust the
treadmill speed to a comfortable walking pace that they could
sustain for 30 minutes. In addition to using the treadmill for
the high physical activity condition (P), the treadmill was also
used during all sitting tasks to create white noise throughout
the study, since walking with headphones presented a safety
hazard.

The first two conditions during the study took place with
the subject sitting and consisted of the shape-memory task
and the vibration-response task (cp, as shown in Fig. 3). The
order of these two conditions was randomized such that half
of the subjects would receive the vibration-response task first,
and the other half would receive the shape memory task first.
Though internal pilot studies found no effects of ordering or
learning, these two conditions were provided first to acquaint
users to the system in a safe, seated manner in case they had
questions.

The remaining three conditions (Cp, cP, and CP, as shown
in Fig. 3) test how the remaining combinations of cognitive
and physical activity impact vibration perception threshold.
The ordering of these three conditions were also pseudo-
randomized to test an equal number of participants for each
ordering.

During each condition, participants were instructed to hold
the iPhone 11 with the pre-loaded app with their right hand
conforming to the finger placement indicated by the phone
case (Fig. 2). Participants were also instructed to keep their
elbow at 90° during all conditions (Fig. 1) and to avoid
contacting the phone with their left hand. Participants were
told to try their best not to prioritize one task over another.
After each condition, participants filled out a short task-
load index survey ranking mental demand, physical demand,
temporal demand, performance, effort, and frustration on a
10-point Likert scale. At the end of the study, participants
were asked to rank the conditions in order of difficulty and to
provide any additional comments or feedback about the study.

B. Statistical Analysis

Vibration perception thresholds were calculated by fitting
a sigmoid curve to the percentage of vibration detections
as a function of hapticlntensity. The hapticlntensity value
on the curve that passes through the point at which 50%
of vibrations were detected, known as the 50% threshold,
was used as the vibration perception threshold [8]. Any user
responses that occurred more than 1.5 seconds after the onset
of a vibration cue were discarded as false positives because
this was beyond the upper end of haptic response times in
literature [13], [14]. User response time was calculated by
taking the difference between the start of the vibration cue
and when the participant pressed the vibration response button.
A two-way repeated measures ANOVA was used to identify
any significant main effects or interaction, followed by post-
hoc t-tests with Bonferroni correction. Plots were created in
MATLAB (Mathworks) and statistical analysis was conducted
in R [15] using the tidyverse package [16].

C. Results

We conducted a user study with 24 participants (12 male,
12 female; aged 20-40). Four participants were very familiar
with haptic devices and 20 were not. No participants had
neurological disorders, injuries to the hand or arm, or other
conditions that may have affected their performance in this
experiment. This protocol was approved by the Stanford
University Institutional Review Board and participants gave
informed consent. Participants were compensated with a $15
gift card for their time. One participant was removed from
the corresponding analysis because their data could not be
sufficiently fit to the psychometric function.

1) Vibration Perception Threshold: Figure 4 shows the
proportion of detected vibrations with respect to hapticlnten-
sity during the four test conditions for a single participant.
Aside from the one participant who was removed, vibration
perception data from all other participants could be fit ade-
quately (R2,, = 0.959). Vibration perception thresholds were

avg
extracted from individual subject data for analysis.
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Fig. 4. Participant data from a single subject shows the proportion of

detected vibrations and the corresponding sigmoid fit for each condition. The
hapticlntensity corresponding to the intersection of each curve with the 50%
detection point (dashed black line) is the vibration perception threshold. The
vibration perception threshold is lower for conditions with low cognitive and
physical activity (cp) and moves higher (to the right) for conditions with
high cognitive and physical activity (CP). This indicates that increases in
cognitive and physical activity impair vibration perception, because a higher
hapticlntensity is needed for detection.
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Fig. 5. Individual participants (left) and the group average and standard error
(right) show that vibration perception threshold significantly increases with
high cognitive activity (C) and physical activity (P). Low cognitive (c) and
physical (p) activity results in the lowest vibration perception threshold.
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Fig. 6. Individual participants (left) and the group average and standard error
(right) shows that vibration response time increases significantly with high
cognitive activity (C), but not high physical activity (P). Low cognitive (c)
and physical (p) activity results in the fastest response time.

Figure 5 reports the calculated vibration perception thresh-
olds for each participant for each condition as well as the mean
threshold and standard error for each condition. The mean
vibration perception threshold was lowest (hapticlntensity =
0.142) in the condition with low cognitive and physical activity
(cp) and the highest (hapticlntensity = 0.178) with high
cognitive and physical activity (CP). A two-way, repeated-
measures ANOVA with physical activity (low; high) and
cognitive activity (low; high) as independent factors, revealed
a significant main effect of physical activity (F'(1,22) = 25.2,
p = 503 x 1075 72 = 0.534) and cognitive activity
(F(1,22) = 7.58, p = 1.20 x 1072, n2 = 0.256) on vibration
perception threshold. These main effects were not qualified
by an interaction between cognitive and physical activities
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Fig. 7. Mean and standard error of participant responses to the task load index
surveys. Mental and temporal demand was higher with high cognitive activity
(C) as opposed to low cognitive activity (c). Physical demand increased
during high physical activity (P) as opposed to low physical activity (p).
High cognitive activity (C) resulted in higher frustration and effort, but also
made participants feel like they performed better.

(F(1,22) = 3.04 x 107%, p = 0.986, 72 = 1.38 x 107°).
Post-hoc pairwise comparisons with Bonferroni correction
confirmed that higher cognitive activity (p = 0.004) and
higher physical activity (p = 2.03 x 10~7) results in increased
vibration perception thresholds.

2) Response Time: Figure 6 presents the response time
for each participant for each condition as well as the mean
response time and standard error for each condition. Similar
to vibration perception thresholds, the mean response time
was lowest (0.662 s) in the condition with low cognitive and
physical activity (cp) and the highest (0.825 s) with high cogni-
tive and physical activity (CP). A two-way, repeated-measures
ANOVA with physical activity (low; high) and cognitive
activity (low, high) as independent factors, revealed a main
effect of cognitive activity (F(1,22) = 30.5, p = 1.49x 1075,
n2 = 0.136) and not physical activity (F'(1,22) = 3.46,
p =T7.60 x 1072, n2 = 0.581) on response time. These main
effects were not qualified by an interaction between cognitive
and physical activities (F'(1,22) = 0.019, p = 0.891, 77?, =
8.75 x 10~*). Post-hoc pairwise comparisons with Bonferroni
corrections confirmed that higher physical activity results in
increased response times (p = 4.2 x 1077).

3) Survey Responses: Figure 7 shows the mean and stan-
dard error of the participant responses to the task-load index
surveys. Participants reported increased mental and physical
demands during our higher cognitive and physical conditions,
respectively. Although participants report more effort, frustra-
tion, and temporal demand during the conditions with higher
cognitive activity, participants thought that they performed
better in these conditions.

Mental Load: A two-way, repeated-measures ANOVA re-
vealed a main effect of cognitive activity (F'(1,22) = 45.3,
p = 914 x 1077, »2 = 0.673) and not physical activity
(F(1,22) = 273 x 10739, p = 1.00, n2 = 1.24 x 1073
on participant-reported mental load. These main effects were
qualified by an interaction between cognitive and physical
activities (F'(1,22) = 4.52, p = 0.045, 772 = 0.171). Post-
hoc comparison with Bonforroni corrections confirmed that
the simple main effect of cognitive load was significant at
high (F(1,22) = 47.5, p = 1.28 x 107%, 2 = 0.431) and low
levels of physical activity (F(1,22) = 28.3, p = 4.88 x 107>,
772 = 0.245). Pairwise comparisons show that participant-
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reported mental load was significantly different between low
and high cognitive activity for low physical activity (p =
6.38 x 10~7) and high physical activity (p = 2.44 x 107°).

Physical Load: A two-way, repeated-measures ANOVA
revealed a significant main effect of physical activity
(F(1,22) = 6.29, p = 0.020, ng = 0.222) and cognitive
activity (F'(1,22) = 12.6, p = 0.002, 17127 = 0.363) on
participant-reported physical load. These main effects were
not qualified by an interaction between cognitive and physical
activities (F'(1,22) = 0.566, p = 0.460, n = 0.025).
Post-hoc pairwise comparisons with Bonferroni correction
confirmed that higher cognitive activity (p = 0.006) and
higher physical activity (p = 4.23 x 1075) results in higher
participant-reported physical load.

Temporal Demand, Performance, Effort, and Frustration:
Two-way, repeated measures ANOVAs showed that only
cognitive activity had a main effect on participant-reported
temporal demand, performance, effort, and frustration
(p < 0.05). Post-hoc analysis for all of these participant-
reported measures confirmed that higher levels of cognitive
activity resulted in increases in participant-reported temporal
demand, performance, effort, and frustration (p < 0.05).

IV. DISCUSSION

This study found that cognitive and physical activities result
in increased vibration perception thresholds and that cognitive
activity results in slower response times to these vibrations.
The average vibration perception threshold range in our study
(hapticlntensity of 0.142 to 0.178) was lower than that found in
a study that used a smartphone for absolute threshold clinical
testing using the staircase method [5]. These differences could
be due to differences in the phone model and psychophysical
method used for measuring vibration threshold. Similar to
another study using smartphones for clinical testing, our
study found that the 50% vibration perception threshold fell
between a hapticIntensity of 0.100 to 0.300, with most subject
perception saturating above a hapticlntensity of 0.300 [6]. Our
method also produced better psychometric fits than Torres et
al. [6], indicating that our range and finer resolution should
be used for future studies on smartphone vibration perception
thresholds.

The response time to vibrations in our study (averages
from 0.662 to 0.825 s) were similar to other setups (0.150
to 0.900 s), with minor differences likely due to the amount
of time required to physically move to respond [13], [14].
Our study showed that response time is primarily affected
by cognitive activity and not physical activity. Although the
button was placed in the same location for all test conditions,
participants may have needed extra time when multiple buttons
are present to further process which button needed to be
pressed.

The accelerometer measurements showed that vibration
amplitudes can be well-controlled in 0.125 hapticlntensity
increments, and has a peak frequency at 230 Hz. Our phone
case, created by identifying a common holding position for
the iPhone 11, can be used and adapted for other studies to
control for hand positioning, as vibration accelerations vary
throughout the phone.

V. CONCLUSION

We found that cognitive and physical activities increase
vibration perception thresholds and that cognitive activity
results in slower response times. Our results show that when
engineers and haptics researchers design devices, they should
account for changes in the environment, as cognitive and
physical activity both contribute to changes in perception.

We also develop and characterize a smartphone platform
that can be used for future experiments in haptics that use a
smartphone. Our phone case used to control for differences in
holding positions to normalize vibrations across users and our
acceleration characterizations can be used to better understand
the parameters in the Apple Core Haptics Library.

In the future, we will develop more studies using smart-
phones that can be widely distributed to diverse populations.
We are also working on future studies that use the phone to test
for clinical sensory tests and to examine the effect of haptic
intensity on reaction times, among many others.
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