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1. Introduction

Haptics is an integral part of our everyday experiences. Within and beneath our skin lies a diverse
set of tactile receptors that enable us to feel the warmth of a hug, that triggers us to rapidly move our hand
away from a hot plate, or that guides our fingers to turn off our car radio while driving. Haptics allows us
to feel different vibrations or assess the temperature, size, and texture of a set of diverse materials. Out of
our entire body, the hands, and particularly the glabrous (non-hairy) skin of the hands, are especially
equipped with cells dedicated to picking up and processing information from various tactile interactions.
Given that the hands are our main means of “touching” the world, it is only natural that most interfaces are
designed to be preferably used through tactile hand interactions, like pressing, touching, and swiping.

In contrast with the importance of our sense of touch in our everyday experience, empirical studies
focused on touch or haptic perception are scarce, and thus much is still unknown about its inner workings.
Furthermore, a common trend in consumer electronics over the wears was to replace the tactile buttons and
knobs of years past with virtual counterparts presented on display screens. While useful due to their ability
to present different types of interfaces and controls on the same screen, increasing the customization of
many devices to better fit the user’s needs and preferences, this adoption of virtual over physical controls
was not without its demerits. For example, by having an interface rely heavily on virtual buttons, users
could no longer navigate and interact with it by touch alone and had to instead deviate their eyes to aid in
this task, which in some scenarios, such as driving, could be dangerous. Furthermore, users seem to prefer
when haptic interaction is present on a device, as it is a natural and simple way of receiving and processing
information. Haptic interactions are also a more inclusive type of interaction, available to both blind and
deaf people.

To make better use of haptics, and vibrotactile stimuli in particular, designers and developers of
devices equipped with such feedback require academic information, such as that gathered by psychophysics,
to better inform their decisions. For example, having access to information regarding the minimum
amplitude needed for a vibration of a given frequency to be consciously perceived, i.e., the Vibration
Perception Threshold (VPT), can help designers and developers better decide which combinations of
frequencies and amplitudes to employ in their devices for different warnings, with the most perceptible
combinations being reserved for warnings of high importance. Additionally, by knowing which areas of the
hand are less sensible to vibrations under different interaction scenarios, designers and developers can better
distribute the placement of the device’s vibrotactile actuators inside its structure, so that the areas that
require more amplitude to trigger conscious perception can be considered under different interaction
scenarios. However, providing this information to professionals “as-is” can end up discouraging them from
using it, so it is critical to adapt it in a way that makes it easily accessible to them. Furthermore, while prior
psychophysical studies have been conducted that have accessed aspects such as VPTs, their focus has been
on frequencies below 125 Hz, as that is the maximum frequency encompassed by the normative data
provided in the relevant international standards. VPTs for an additional two frequencies, 250 Hz and 500
Hz, have also been assessed by different researchers, but considerably less attention has been given to the
frequencies within their range, which also encompasses the frequencies where humans are thought to be
the most sensitive to. Further debate can also be found regarding where different areas of the hand, such as
the pads of different fingers or palm areas, possess the same sensitivity to vibration, and whether different
psychophysical methodologies, such as the Staircase and von Békésy methods, two methods recommended
by the relevant international standards, albeit preference is given to the uses of the former, provide results
without significant differences between the two at these higher frequencies.

Given the above, this project intended to assess psychophysical characteristics of the perception of
vibrations with high frequencies (250 to 500 Hz) on the dominant hand, and to create design guidelines and
recommendations for the use of high frequency (250 to 500 Hz) vibrotactile actuation on devices with
haptic feedback.



2. Systematic review 1 (Silva, E., Lisboa, I. C., & Costa, N. (2024). How to determine hands’
vibration perception thresholds — a systematic review. Behavior Research Methods, 57(1), 27.
https://doi.org/10.3758/s13428-024-02534-w)

This systematic review, following the PRISMA methodology, was conducted to answer the research
question: “How are vibration perception thresholds assessed on the glabrous skin of the hands and fingers
of healthy humans?” As such, the focus of this review was on the methodological aspects of studies
assessing VPTs on the glabrous skin of the hands and/or fingers of healthy individuals.

2.1. Method

2.1.1. Studies acquisition

Studies were acquired through searches in five of the leading electronic databases, namely Web of
Science, Scopus, PubMed, IEEE Xplore, and the ACM Digital Library. The employed search terms were
“vibration”, “perception”, “threshold”, “hand”, and “finger.” Search strings were created using these terms
and the Boolean operators “AND” and “OR” and were adapted as needed to better suit the interface of each
database. Searches were restricted to results published in the English language and encompassed works
published between January 1%, 2012, and December 31, 2023. Studies were initially screened by the
contents of their title and abstract. Studies which were approved during this first screening were then
subjected to another round of screening focusing on their content. All data related to this systematic review
is available at the Open Science Framework (OSF), at the following URL: https://osf.io/zupxa/?
view_only=b883bc72e8d74553876¢786d339d3319.

2.2. Results

From the initial 2598 unique records found, 39 were included in the final review. Data on study
goals and various methodological aspects was categorized and analysed. It was found that 20 out of the 39
studies made use of custom-made apparatus to collect VPT data, while 18 studies employed commercially
available devices instead, with the last study not reporting information regarding the instrument used. The
main methods used to assess VPTs were found to be the von Békésy algorithm, used in 16 studies, the
Staircase method, used in 8 studies, the Alternative Forced Choice (AFC) task, used in 7 studies, and the
Method of Limits, used in 6 studies. Most studies collected data from the index finger of the right hand,
followed by the little finger of the right hand also, while data from the ring, thenar eminence, and distal
palmar flexion crease were studied considerably less, with no studies being found that had assessed VPTs
from the thumb. Furthermore, a greater number of studies were found to have assessed VPTs from
frequencies of 125 Hz (17 studies), 250 Hz (16 studies), and 500 Hz (10 studies). While VPTs have been
accessed from a total of 29 different frequencies between 4 Hz and 250 Hz, inclusive, only 6 different
frequencies have been the target of assessments between 261.6 Hz and 500 Hz, inclusive.

2.3. Conclusion

Given the information extracted from the 39 reviewed studies, a clear gap can be seen regarding the
available VPT information for vibration frequencies between 250 Hz and 500 Hz. Furthermore, areas of the
had besides the pulp of the index and little fingers have seldom been the target of VPT assessments on these
39 studies. While the relevant international standards give preference to the use of the Staircase method,
more than half of the reviewed studies employed the von Békésy method instead, potentially due to the
latter’s more expedite procedure despite the need for a higher number of participants for more reliable
results. Thus, future psychophysical studies should have these literature gaps in mind to further increase
our understanding of human haptic perception.

3. Systematic review 2 (Silva, E., Lisboa, 1. C., & Costa, N. (2025). Hand’s Vibration Perception
Thresholds—A Systematic Review. International Journal of Human—Computer Interaction,
41(14), 8769-8806. https://doi.org/10.1080/10447318.2024.2413312)

This systematic review, following the PRISMA methodology, was conducted to answer the research
question: “What are the Vibration Perception Thresholds assessed on the glabrous skin of the hands and
fingers of healthy humans?” As such, the focus of this review was on VPT results obtained from studies
which conducted assessments on the glabrous skin of the hands and/or fingers of healthy individuals.

3.1. Method

3.1.1. Studies acquisition
Studies were acquired through searches in three of the leading electronic databases, namely Web of
Science, Scopus and PubMed. The employed search terms were “vibration”, “perception”, “threshold”,
“hand”, and “finger.” Search strings were created using these terms and the Boolean operators “AND” and
“OR” and were adapted as needed to better suit the interface of each database. Searches were restricted to
results published in the English language between January 1%, 2012, and December 31, 2023. Studies were
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screening were then subjected to another round of screening focusing on their content. All data related to
this systematic review is available at the Open Science Framework (OSF), at the following URL:
https://osf.io/ht8ad/?view_only=289696ffac4747f6867¢3748908d7c2a.

3.2. Results

From the initial 294 unique records found, 37 were included in the final review. VPT data from 37
studies was extracted and organized according to various variables, namely gender, age, probe size, contact
pressure, psychophysical method, room temperature, skin temperature, and hand location. This data was
organized into a table, the Organization Table, that was made available for readers. Next, VPT data was
converted to the unit of measurement employed by the relevant international standards, decibels relative to
10°° m/s? root-mean-squared (dB re. 10°m/s? r.m.s., henceforth referred to simply as dB, for brevity). This
conversion was necessary to better compare results across multiple sources. This process resulted in the
data from 24 studies being included in the review’s final analysis, while VPT data from the remaining 13
studies could not be converted to dB without concerns towards accuracy. VPT data were first organized by
frequency, followed by a further organization according to 8 factors: (a) “Gender” (b) “Ages [Grouped],”
(c) “Pressure [Grouped],” (d) “Probe size [Grouped],” (¢) “Psychophysical method [Grouped],” (f) “Room
temperature [Grouped],” (g) “Skin temperature [Grouped],” and (h) “Hand location.” Different categories
were created for each factor group to better organize data. Results were organized by frequency and 1-
factor group only, in sequence, followed by the creation of 391 unique combinations of frequency and all
factor groups. For each combination, including by frequency alone, median VPTs, the total number of data
points, the total number of encompassed data rows, the maximum and minimum values, quartiles 1 and 3,
and the inter-quartile range, were calculated. In the same vein, mean VPTs, weighted mean VPTs, and
standard deviation, were also calculated for each unique combination that encompassed 3 or more data rows
of the Organization Table. These results were made available as supplementary material.

3.3. Conclusion

Organizing the acquired information showed the importance of clarifying the variables surrounding
VPT data acquisition, as analyzing VPTs by frequency alone was shown to result in large differences
between the minimum and maximum values for the same frequency, especially for frequencies that have
been the target of more research focus. On the other hand, organizing VPTs according to different factors
is difficult, as not all studies provide data to compartmentalize their results in each of the different factors.
Furthermore, some categories were found to be way less represented inside the same factor group than
others.

4. Study 1 (Silva, E., Costa, N., & Lisboa, I. C. (2026). Vibration perception threshold assessments:
Comparing the Staircase and von Békésy methods. Attention, Perception, and Psychophysics,
88(2), 49. https://doi.org/10.3758/s13414-025-03190-8)

The original approved project planned Study 1 with the aims of (a) comparing vibration perception
thresholds for different high frequency vibrations, obtained through two psychophysical algorithms, the
Staircase and von Békésy algorithms, at two finger pad locations; so as to (b) select the most appropriate
psychophysical method (in terms of accuracy of the determined threshold in relation to the duration of the
experiment), so as to use said method for the VPT assessments of Study 2. Thus, this study compared VPT
results assessed using the Staircase and von Békésy psychophysical methods, at the frequencies of 250 Hz,
375 Hz, and 500 Hz. Data was assessed at two glabrous skin locations: the finger pads of the right index
and ring fingers. The right index finger was selected due to being the most prevalently studied hand location
in various prior VPT assessment studies, while the right ring finger, in turn, was chosen due to being one
of the least studied.

4.1. Method

4.1.1. Participants
The original approved project planned to conduct data gathering with at least 15 participants between
20 and 50 years old (y.0.). Data was acquired from 32 participants (18 male) recruited from around the
University of Minho’s Guimaraes (Portugal) campus. Participants were aged between 22 and 46 y.o., with
an average height of 1.73 + 0.07 m and an average weight of 73.70 + 10.72 kg.

4.1.2. Apparatus
As planned in the original approved project, data assessments were conducted using the Hand
Vibration Threshold Mapper (HaViThreMa) tool. This tool was upgraded with TDK 1204H018V060 model
piezoelectric actuators. Software upgrades were made to allow for assessments to be conducted not only
with the Staircase method, as was originally possible, but with the von Békésy method as well.

4.1.3. Procedure
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The study was carried out with a total of 6 experimental conditions created from the possible
combinations of hand location and frequency (Index—250; Index—375; Index—500; Ring—250; Ring—375;
Ring—500). All six conditions were implemented in both the von Békésy and the Staircase method portions
of the study. The order of conditions was randomized for each method, while the order of methods was
counterbalanced between participants to avoid any learning or order effects. In both methods, all conditions
were presented once. Piezo cradles were placed under the subject’s five fingers, and they were not informed
about which locations assessments would be conducted at. Data was also collected at each trial regarding
how much time had passed since the start of the condition. These data were used to calculate how much
time participants took to complete each trial (time in seconds to complete, or TTC). To improve results
comparison between both methods, an initial change rate/step size of 5%, and a follow-up change rate/step
size of 2%, were used for both methods. Due to hardware and software limitations, a change rate of 1.25 s
between trials was the smallest rate that could be implemented for the von Békésy method, as shorter rates
proved unreliable during pilot testing. For both methods, a reversal was considered to have occurred
whenever the participant’s “not detected” and “detected” answers triggered a change from stimulus
amplitude going from increasing to decreasing, or vice-versa. Participants took part in one session lasting
around 50 min, conducted in a quiet room. Participants were equipped with noise-canceling headphones
(Sony WH-1000XM4). All data, analysis code, and research materials are available on the Open Science
Framework repository at the following link: https://osf.io/3ugsb/overview?view only=03e228cl5a
274cb781045e3b61ccb052.

In the von Békésy procedure phase, a vibration was constantly actuated while a condition was
running. During a condition, participants were asked to tap the Down-arrow key as soon as they felt
(“Detected” answer) and stopped feeling (“Not detected” answer) a vibration. Participants were informed
that if they felt unsure regarding what their last answer had been, at any point during a condition, they were
allowed to press the answer button again. The stimuli amplitude of each condition started at 0% (i.e., no
vibration) and increased by 5% every 1.25 s until participants answered “Detected,” marking the first
reversal. Following this, stimuli amplitude began to decrease by 5% every 1.25 s. After a “Not detected”
answer, stimuli amplitude began to increase once again (i.e., after the second reversal occurred), now with
areduced change rate of 2% every 1.25 s. For the remainder of the condition, this change rate was in effect,
with amplitude decreases occurring after every “Detected” answer, and increases occurring after every “Not
detected” answer. Conditions with this method were set to end after one of three events occurred: (a) 30 s
or more passed since stimuli onset, and at least eight reversals occurred (172 occurrences); (b) stimuli
amplitude remained at 100% for 15 s, with the last answer being “Not detected” (0 occurrences); or (c)
stimuli amplitude remained at 0% for 15 s, with the last answer being “Detected” (eight occurrences).

In the staircase procedure phase, a vibration stimulus was actuated for 2 s during each trial of a
condition. A red LED turned on 1 s after the stimulus ended, indicating to participants to input their answers,
using the Up-arrow key for “Detected” answers and the Down-arrow key for “Not detected” answers. The
following trial started 1 s after each answer. The stimuli amplitude was increased after one “Not detected”
answer and decreased after three consecutive “Detected” answers (3 Down/1 Up rule). For each condition,
stimulus amplitude started at 0% and was changed in step sizes of 5% until the second reversal occurred,
after which the step size was reduced to 2%. To shorten the training phase of this portion of the study, a 1
Up/1 Down rule was implemented, with only the initial step size of 5% being in effect throughout.
Conditions with this method ended after one of three events occurred: (a) eight total reversals occurred (178
occurrences); (b) three “Not detected” answers were given with stimulus amplitude at 100% (0
occurrences); or (c) three “Detected” answers were given with stimulus amplitude at 0% (1 occurrence).

4.2. Results

Data gatherings were completed with 32 participants. However, data from the first 2 participants
was excluded from analysis, one due to an initial lack of hand-temperature control methods, and the other
due to a software error resulting in data not being recorded during one of the study’s experimental phases.
Data from the remaining 30 participants (18 male) were included for analysis. Figure 1 presents a visual
representation of the distribution of VPTs.
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Figure 1 - Distribution of vibration perception threshold results, organized by frequency, method, and hand location.
A represents mean. @ represent individual participant data. “n” indicates the number of participants that achieved at
least 8 total reversals for each condition.

Linear mixed model analyses were performed to investigate within-person differences over all three
frequencies, the two methods, the two finger locations, and both genders. The final model
(Final VPT Model) predicting VPTs was established as the one containing only the fixed effects of
Frequency, Method, and Hand Location, with random intercepts for each Participant. Analysis of this model
revealed the intercept to correspond to condition Index—250 Hz, von Békésy method, with a value of 112.17
dB. Table 1 provides a summary output of the model’s effects.

Table 1 - Summary output of the Final VPT Model.

b 95 % CI SE df t-value p-value r
Intercept 112.17 [109.09, 115.24] 1.54 316 71.78 <.001 0.97
375 Hz 7.78 [6.19,9.36] 0.81 316 9.66 <.001* 0.48
500 Hz 13.80 [12.20, 15.39] 0.81 316 17.04 <.001* 0.69
Staircase method -4.91 [-6.22,-3.61] 0.66 316 -7.42 <.001* 0.39
Ring finger -1.47 [-2.77,-0.17] 0.66 316 -2.22 .027** 0.12

Note: * Significant at p < .01; ** Significant at p < .05; b = beta value; CI = 95% Confidence Interval; SE = Standard Error; DF
= Degrees of Freedom, r = Pearson correlation coefficient; b and CI values expressed in dB relative to 107 m/s’.

TTC results were also analyzed through Ilinear mixed models. The final model
(Final Timings Model) predicting TTC was established as the one containing only the fixed effects of
Method and Hand Location. Analysis of this model revealed the intercept to correspond to the von Békésy
method on the Index finger, b = 48.25, SE =5.21, t(318) = 9.27, p < .001, r = 0.46. The model’s summary
output regarding the fixed effect of Method was b = 90.35, SE = 3.26, t(318) = 27.70, p < .001, r = 0.84,
and b =-11.60, SE = 3.25, t(318) =-3.56, p <.001, r = 0.20 for the Hand Location fixed effect.

4.3. Conclusions

The findings from this study highlight the importance of method selection during experimental
design and when interpreting or comparing findings between studies using different VPT assessment
techniques. While the Staircase method, following a 3 Down/ 1 Up rule, can seem less attractive to
researchers than the von Békésy method to collect VPT data, due to its slower process arising from the
necessary rules and pauses between trials, it was found to collect more reliable data overall, with a higher
degree of certainty in the obtained results, as the Staircase method, with this rule, targets a 79.4% detection
rate compared to the von Békésy’s 50% detection rate, i.e., chance level probability. Consequently, while
the von Békésy method can gather data faster, it requires a much bigger sample pool to give credence to its
results, which are nonetheless not as reliable as the Staircase method’s. Thus, the decision was made to
employ the Staircase method, following the same 3 Down/1 Up rule, collect data throughout Study 2.

5. Study 2 (Silva, E., Lisboa, 1. C., & Costa, N. (2026). Vibration Sensitivity of the Human Hand:
Implications for Haptic Design [Manuscript submitted for publication].)

The original approved project planned Study 2 with the aims of (a) assessing normative values of
vibration perception thresholds for different high frequency vibrations, at five finger pad locations and at
two locations at the base of the palm of the hand; and (b) assessing if significant differences can be found
between vibration perception thresholds, for different high frequency vibrations, obtained at finger pad
locations and at locations at the base of the palm of the hand. The design of this study was to be adopted
based on the method to be employed as decided from the results obtained from Study 1.



Thus, this study assessed and compared VPT results obtained through the Staircase method,
following a 3 Down/1 Up rule, from vibration frequencies of 250 Hz, 261.626 Hz, 329.628 Hz, 391.995
Hz, and 500 Hz. Data was assessed from the pads of the right index, middle, ring, and little fingers, and
from the right thenar and hypothenar eminences. Besides the two original aims, we included a third aim
during this study’s preparation, namely to assess the effect of age on VPTs

5.1. Method

5.1.1. Participants

The original approved project planned to conduct data gathering with around 800 participants
between 18 and 80 years old (y.o.). However, due to the number of conditions planned for this study—30
conditions, encompassing all combinations of the 5 frequencies and 6 hand locations—and the time to
complete conditions as verified during Study 1, with the average time to complete being around 138.6
seconds, with a minimum duration of 80 seconds and a maximum of 371 seconds, the decision was made
to lower the number of participants from which to collect data from to 30 between the ages of 18 and 50.
Prior studies conducting VPT assessments using the same methodology have employed similar sample sizes,
and the Staircase method’s own reliability, as verified in Study 1, further supports this alteration.

As such, 30 healthy participants (16 males) were recruited at the University of Minho, Guimaraes
campus (Portugal), through direct contact or email. Participants were aged between 22 and 49 years old,
with an average height of 1.70m + 0.1m and an average weight of 71.79 Kg + 14.12 Kg. Participants were
divided into three groups according to their age: 18 to 27 y.o. ([18-27], 5 males and 4 females), 28 to 37
y.0. ([28-37], 6 males and 5 females), and 38 to 50 y.o. ([38-50], 5 males and 5 females).

5.1.2. Apparatus
As planned in the original approved project, data assessments were conducted using the Hand
Vibration Threshold Mapper (HaViThreMa) tool.

5.1.3. Procedure

The study was carried out with a total of 30 experimental conditions created from the possible
combinations of hand location (pulps of the index, middle, ring, and little fingers, at the thenar eminence,
i.e., Palm-Left Side, and the hypothenar eminence, i.e., Palm-Right Side) and frequencies (250 Hz, 261.626
Hz, 329.628 Hz, 391.995 Hz, and 500 Hz). The order of conditions was randomized for each participant.
The frequencies of 250 Hz and 500 Hz were included to allow for comparisons with previous VPT literature,
as these two frequencies have been the focus of substantial prior research studies assessing VPTs. The
frequencies within this range, in turn, have received substantially less attention. Thus, we selected three
frequencies within this range, namely 261.626 Hz, 329.628 Hz, and 391.995 Hz, to expand upon the existing
body of knowledge. These frequencies correspond to the frequencies of the C4, E4, and G4 notes on a piano,
following a “C piano chord,” and thus could be used in future implementations as vibration frequencies for
haptic icons. All 30 conditions were presented once. Piezo cradles were placed under the subject’s five
fingers and the two pad locations, and they were not informed about which locations assessments would be
conducted at. Assessments were not carried out at the pulp of the thumb, but participants were not informed
of this until the end of the study.

As the full gathering process could be long, participants were given the opportunity to
compartmentalize their participation into 1, 2, or 3 sessions, to avoid their tiredness from negatively
impacting assessment results. The total study duration, per participant, averaged at 1:40h (minimum 1:08h,
maximum 2:22h). Data was assessed in a quiet room. Participants were equipped with noise-canceling
headphones (Sony WH-1000XM4). All data, analysis code, and research materials are available on the
Open Science Framework repository at the following link: https:/osf.io/6utds/?view
only=3288ecae27964838b71816e4bc2e¢085f.

Assessments were conducted using a Staircase method with a 3 Down/1 Up rule (1 Down /1 Up for
the training phase). The same methodology as in Study 1’s Staircase procedure phase was followed, with
the exception that the 2s vibrations were now started 2s after the start of a trial. This change was
implemented to further prevent the occurrence of any temporal threshold shifts caused by prolonged
exposure to vibration amplitudes above the threshold level. All remaining aspects were the same as
previously used.

5.2. Results

Data from all 30 participants were included in the analysis. Linear mixed model analyses were
performed to investigate the within-person differences of mean VPTs over all five frequencies, six hand
locations, and three age groups. Figure 2 presents a visual representation of the distribution of VPTs.



https://osf.io/6ut4s/?view_only=3288ecae27964838b718​16e4bc2e085f
https://osf.io/6ut4s/?view_only=3288ecae27964838b718​16e4bc2e085f

Index Middle Ring

re. 10°mis” rms)

Little: Paim-Left Side

=S
£
B3
c
&
g
2

1626 329.628 9199
Frequency (Hz)
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The final model (Final Model) predicting VPTs was established as the one containing the fixed
effects of frequency, hand location, and age group, the interaction between hand location and age group,
random slopes for hand location, and random intercepts for each Participant. The model’s intercept was at
112.93 dB and corresponded to the condition where a frequency of 250 Hz was actuated at the Index finger
of individuals in the 18-27 y.o. age group. Table 2 provides a summary output that shows only the model’s
statistically significant effects.

Table 2 - Summary output of the statistically significant effects of the Final Model.

b 95 % ClI SE df t-value p-value r
Intercept 112.93 [109.88, 115.99] 1.56 794 72.54 <.001* 0.93
329.628 Hz 6.34 [5.32, 7.35] 0.52 794 12.27 <.001* 0.40
391.995 Hz 8.70 [7.69, 9.71] 0.51 794 16.93 <.001* 0.52
500 Hz 14.86 [13.85, 15.86] 0.51 794 29.03 <.001* 0.72
Palm-Left Side -8.20 [-12.09, -4.30] 1.98 794 -4.13 <.001* 0.15
Palm-Right Side -11.77 [-16.17, -7.37] 2.24 794 -5.25 <.001* 0.18
Palm-Left Side x [38-  6.52 [1.13,11.91] 2.75 794 2.38 .018** 0.08

50]
Note: * Significant at p < .01; ** Significant at p < .05; b = beta value; CI = 95% Confidence Interval; SE = Standard Error; df
= Degrees of Freedom, r = Pearson correlation coefficient; b and CI values expressed in dB relative to 107 m/s’.

5.3. Conclusions

We verified the well-documented pattern of increasing thresholds as frequency increases across all
tested locations and age groups. No statistically significant differences were verified between VPTs for 250
Hz and 261.626 Hz vibration frequencies, but were found between 250 Hz and 329.628 Hz. This could
mean that vibrations with frequency differences between 10 Hz and 62 Hz may be perceived similarly by
the hands’ haptic sensory channels. As for differences between hand locations, when organized by age group
and averaged over frequency, both palm areas were found to consistently produce the lowest VPT results,
with the lowest being at the Palm-Right Side. In contrast, we found no significant differences between VPTs
measured at the fingers. This suggests that when resting the right hand with the palm atop a surface, the
tactile sensory channels present at the pulps of the index to little fingers perceive vibrations in the same
manner, while the thenar and hypothenar eminences (i.e., Palm-Left and Palm-Right, respectively) detect
vibrations more easily than them. Thus, these two locations may be prime targets to which to deliver
vibrotactile stimuli, so that it is more easily noticed during human-machine interactions.

6. Study 3 (Silva, E., Soares, C., Pereira, R., Lisboa, I. C., & Costa, N. (2026). Discerning vibrotactile
actuation on the hand [Manuscript in preparation].)

The original approved project planned Study 3 with the aim of assessing the human ability to

discriminate the actuated location of two similar high frequency vibrations, delivered simultaneously to
two different points on the hand. This aim was not changed.



6.1. Method

6.1.1. Participants
The original approved project planned to conduct data gathering with around 15 healthy adult
participants 20 and 50 years old (y.0.). However, due to the participant pool that was acquired from the
previous two studies, and to acquire more data, data gatherings were conducted with 31 participants instead.
As such, 31 healthy participants (17 males) were recruited at the University of Minho, Guimaraes
campus (Portugal), through direct contact. The average age was 31.8 + 8.2 years old, the average height
was 1.71 m £ 0.11 m, and the average weight 70.7 Kg + 13.9 Kg.

6.1.2. Apparatus
As planned in the original approved project, data assessments were conducted using the Hand
Vibration Threshold Mapper (HaViThreMa) tool. The HaViThreMa’s software was modified to better
respond to this study’s needs.

6.1.3. Procedure

Data was gathered over a single session. Throughout the session, participants went through 252
vibration conditions, comprised of six individual locations (single location conditions)—the pads of the right
index, middle, ring, and little fingers, as well as the right thenar (Palm-Left Side) and hypothenar (Palm-
Right Side)—and 15 location pairs (Pair location conditions), all presented once for each combination of
three frequencies, 250 Hz, 329.628 Hz, and 500 Hz, and four amplitudes, 5%, 15%, 25%, and 75%. Twenty-
one control conditions were employed, comprised of the six locations and 15 possible pairs, with no
vibration being delivered, i.e., 0 Hz and 0% amplitude (no vibration conditions). Thus, the study was carried
out with a total of 273 experimental conditions. The amplitudes of 5%, 15% and 25% were selected to be
slightly about the vibration perception thresholds for these three frequencies as assessed in Study 2. The
75% amplitude was selected to represent higher amplitude vibrations above expected threshold levels while
mitigating the risk of an instrument failure due to repeated high amplitude vibrations and too much vibration
propagation through the subject’s skin or the base plate. Conditions were presented in a random order. The
participant’s right hand was placed on the HaViThreMa’s piezo cradles and base plate while conditions
were running. A piezo cradle was also placed below the thumb, but this location was not actuated.
Participants were not made aware of which locations, nor how many simultaneous vibrations, could be
actuated until the end of the study.

On each single location condition, a vibration with said condition’s frequency and amplitude was
delivered for 2 seconds to said location. One second after the vibration ended, the LED light was turned on
indicating that participants should say their answer. After the response was written down by a researcher,
the condition was terminated and the following condition began, with its vibration, if applicable, starting 1
second later. The process was the same for pair location conditions except that vibrations with the
condition’s respective frequency and amplitude were delivered to both locations simultaneously. On no
vibration conditions, in turn, no vibrations were actuated for the whole 4 seconds until the LED turned on.
Participants were equipped with noise-canceling headphones (Sony WH-1000XM4). All data, analysis code,
and research materials will be made available the following Open Science Framework repository upon
publication: https://osf.io/zaw3d/overview?view_only=5a8113319a22442f8c1b66400b5f039a.

For each participant’s conditions, a score was attributed depending on whether participants correctly
(Full match: 1) or incorrectly (No match: 0) discriminated the actuated locations, in vibration conditions,
or on whether they correctly (Full match at no vibration: 1) or incorrectly (No match at no vibration: 0)
identified that no vibration was being actuated in no vibration conditions. In vibration conditions, answering
more than 1 location, for single location conditions, or 2 locations, for pair location conditions, was
considered a “No match.”

6.2. Results

Data gathering sessions were completed with 31 participants. Data from 1 participant was excluded
from analysis due to a hardware fault that was detected at the end of the session which impeded one of the
piezos from vibrating throughout the whole session. Thus, data from 30 participants was included for
analysis. Overall, participants could very clearly identify when vibrations were not being delivered to any
location, with all conditions reporting a discrimination accuracy, i.e., a percentage of full match at no
vibration responses, above 75%.

For vibration conditions, in turn, when amplitude was set to 5%, participants could not achieve the
75% level of accuracy for any single nor pair conditions. At 15% amplitude, a minimum accuracy of 75%
was achieved for single vibration conditions on the middle, ring, Palm-Left side and Palm-Right side, at
250 Hz, ring, Palm-Left side and Palm-Right side, at 329.628 Hz, and ring, at 500 Hz. At 25% and 75%
amplitude, 75% accuracy was achieved for all single location conditions at all locations for all frequencies,
except for the little finger at 500 Hz and 25% amplitude. A 75% accuracy was achieved for the location
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pairs middle and Palm-Left side, at 250 Hz and 75% amplitude, index and middle, as well as Palm-Left
side and Palm-Right side, at 329.628 Hz and 75% amplitude, and middle and Palm-Left at 500 Hz and 75%
amplitude. Linear mixed model analyses were performed to investigate the within-person differences of
mean VPTs over all three frequencies, four amplitude percentages, and the six hand locations and their
respective pairs. The final model (Final Model) predicting discrimination accuracy was established as the
one containing the fixed effects of frequency, amplitude, hand location pair, and the interaction between
amplitude and hand location pair, and random intercepts for each Participant. The model’s intercept was at
0.24 and corresponded to the condition where a frequency of 250 Hz with an amplitude of 5% was actuated
only at the index finger (Index | None). Table 3 provides a summary output that shows only the model’s
statistically significant effects for the individual fixed effects, without the significant results found for the
interactions, for brevity.

Table 3 - Summary output of the statistically significant effects of the Final Model (fixed effects only, no interactions).

b 95 % ClI SE df t-value p-value r
Intercept 0.24 [0.15,0.33] 0.05 7379 5.08 <.001 0.06
Frequency500 -0.03 [-0.05, -0.01] 0.01 7379 -2.69 =.007 0.03
Amplitude15 0.41 [0.30, 0.52] 0.06 7379 7.18 <.001 0.08
Amplitude25 0.64 [0.53,0.76] 0.06 7379 11.25 <.001 0.13
Amplitude75 0.73 [0.62, 0.85] 0.06 7379 12.8 <.001 0.15
Index | Little -0.21 [-0.32,-0.10] 0.06 7379 -3.68 <.001 0.04
Index | Middle -0.16 [-0.27, -0.04] 0.06 7379 -2.71 =.007 0.03
Index | Palm-Left -0.2 [-0.31, -0.09] 0.06 7379 -3.46 <.001 0.04
Index | Palm-Right -0.2 [-0.31, -0.09] 0.06 7379 -3.45 <.001 0.04
Index | Ring -0.19 [-0.30, -0.08] 0.06 7379 -3.3 =.001 0.04
Little | Palm-Left -0.2 [-0.31, -0.09] 0.06 7379 -3.47 <.001 0.04
Little | Palm-Right -0.22 [-0.33,-0.11] 0.06 7379 -3.81 <.001 0.04
Middle | Little -0.23 [-0.35,-0.12] 0.06 7379 -4.07 <.001 0.05
Middle | Palm-Left -0.2 [-0.31, -0.09] 0.06 7379 -3.47 <.001 0.04
Middle | Palm-Right -0.18 [-0.29, -0.07] 0.06 7379 -3.14 =.002 0.04
Middle | Ring -0.17 [-0.28, -0.05] 0.06 7379 -2.91 =.004 0.03
Palm-Left | None 0.13 [0.02, 0.24] 0.06 7379 2.28 =.022 0.03
Palm-Left | Palm-Right -0.15 [-0.27, -0.04] 0.06 7379 -2.63 =.008 0.03
Palm-Right | None 0.23 [0.12, 0.35] 0.06 7379 4.07 <.001 0.05
Ring | Little -0.12 [-0.23,-0.01] 0.06 7379 -2.13 =.033 0.02
Ring | None 0.16 [0.04, 0.27] 0.06 7379 271 =.007 0.03
Ring | Palm-Left -0.16 [-0.28, -0.05] 0.06 7379 -2.85 =.004 0.03
Ring | Palm-Right -0.13 [-0.24, -0.02] 0.06 7379 -2.22 =.026 0.03

Note: * Significant at p < .01; ** Significant at p < .05; b = beta value; CI = 95% Confidence Interval; SE = Standard Error; df
= Degrees of Freedom, r = Pearson correlation coefficient; b and CI values expressed in dB relative to 107 m/s’.

6.3. Conclusions

It can be seen from the overall results, which are supported by the results obtained from the linear
mixed model analysis, that the frequency and amplitude of a vibration, as well as the actuation location, all
have an impact on one’s location discrimination accuracy. More specifically, while the frequency increase
from 250 Hz to 329.628 Hz was not impactful, the increase from 250 Hz to 500 Hz was, albeit the impact
was found to be a very small decrease, -0.03, in discrimination ability. On the other hand, as amplitude
increased to levels beyond expected threshold levels, participants were more able to correctly identify at
which locations were vibrations actuated at. However, the greatest accuracies were consistently obtained
when vibrations were delivered to a single location, while vibrations delivered to location pairs were seldom
correctly perceived with an accuracy above 75%. Thus, it is recommended that designers and developers
implementing vibrotactile feedback into their devices take care that if signals are meant to transmit different
types of information according to which locations are actuated simultaneously, then important/urgent
warnings whose accurate perception is of utmost importance (e.g., vibration warning meant to signify
accident prevention actions should be taken) should ideally be delivered at vibration amplitudes above 25%
amplitude. In our study, this 25% amplitude, i.e., the amplitude created by the piezoelectric actuators when
provided with 25% of their maximum electrical energy input, varied depending on frequency and location,
as different hand locations can be expected to create different amounts of pressure on each actuator—e.g.,
pressure of thenar eminence (Palm-Left side) versus pressure of the little finger—and thus varied between
around 120 dB and 140 dB.

7. General discussion

The study of how humans perceive vibrations is a window through which we can better grasp how
our brain perceives the sense of touch, one of the main senses we use to interact and receive information
from the world around us. Vibrations occur naturally in nature, from the big ones caused by earthquakes to
the small ones caused by our own heartbeat, and their inclusion in devices can further enhance the
experience they provide users with. Furthermore, tactile interactions are an inclusive interaction modality,



and while able users can benefit from their inclusion in devices, users with auditory or visual disabilities
can greatly benefit from them too. However, vibrations in haptic devices are often limited to simple on-off
vibration signals, with little to no variation in their frequency or amplitude, simply meant to be perceived
as being there or to grab a user’s attention, without transmitting more information besides that. However,
by employing variations in vibration parameters, such as rhythm, frequency, and amplitude, more
information can be transmitted through this simple and intuitive means. For example, many smartphone
devices nowadays already permit different vibration signals to be associated with notifications from
different applications, so that users can quickly recognize from which application was a notification
received from without having to take their phone out of their pocket. Other devices have come to employ
vibration feedback as well, such as smartwatches, and research is also being conducted regarding how to
better implement and use vibrations in other devices still, from virtual or augmented reality haptic controller
gloves to medical devices such as the Da Vinci surgical system.

8. General conclusions

As can be seen from the results from the two systematic reviews and the three studies conducted in
the scope of this project, the human perception of vibrations is a complex subject which is affected by
various factors, with the perception threshold value for one frequency, under a given set of conditions for a
given user, not necessarily being the same threshold for when said user is exposed to a different set of
conditions. Thus, each piece of data that is acquired regarding this subject is valuable to create a clearer
picture of our tactile sense, which, in turn, helps to further enhance the implementation of vibrotactile
feedback actuation in various devices, both devices geared towards the general consumer public and devices
geared towards more professional or specific users and contexts.

While many studies have been conducted to assess VPTs from lower-frequency vibrations, as well
as from frequencies of 250 Hz and 500 Hz, frequencies within this range have consistently been given less
attention. The reasons for this are many, from choice convenience to how the choice of frequencies to study
is distributed, or even just to assess VPTs from frequencies recommended by relevant standards. However,
it is believed that the highest human sensitivity to perceiving vibrations is found for frequencies somewhere
around 250 Hz, so ignoring the range between it and 500 Hz, as well as frequencies beyond this range, is
counterproductive towards the broadening of our own knowledge. As the results from Study 1 showed, the
choice of method to assess VPTs in this range is very impactful, with significant lower and tighter results
obtained with the Staircase method as opposed to the von Békésy method, which is, on the other hand, the
most used method of the two. While significant differences between the results from both may not be found
when assessing VPTs at lower frequencies than 250 Hz, the impact of the choice of methodology is still a
point that researchers should have in mind.

9. Recommendations

Designers and developers cannot simply be given a list of vibration perception thresholds (VPTs)
for different frequencies. Such data must instead be accompanied by information detailing, as much as
possible and reasonably feasable, the conditions surrounding its assessment, as a myriad of factors can
impact VPTs, from assessment location, skin temperature, to the methodology employed. When employing
VPTs into their designs, be it by hard coding the specific values for different frequencies, or using them to
feed an artificial intelligence that will vary vibration amplitude based on said data according to the
surrouding conditions that it detects using a device’s sensors, designers and developers must remain aware
that VPTs can vary greatly, not only from person to person, but for the same person also, depending on
various factors.

When delivering vibrations to at least 2 hand locations simultaneously, designers and developers
should expect that the location of said vibrations will likely be tangled in the user’s perception, regardless
of amplitude. However, this entanglement may perhaps be employed for other purposes other than
important warnings, such as, for example, delivering navigation information to the user’s hand, with
vibrations actuating in close-proximity locations simultaneously, such as the index and middle fingers,
indicating which direction to follow on the defined navigation path. Of course, such use must take into
consideration how the user’s hand is meant to interact with the device, has different interaction modalities,
such as resting on top of a haptic surface, holding a smartphone, or grabbing a joystick controller, each
result in different placements for these hand locations.

All the studies on this project were conducted as a primary task without distractors, i.e., without
participants being exposed to a distracting task such as reading text aloud or answering questions, or while
in a noisy environment. Given that one’s sensitivity to perceive a stimulus is enhanced when exposed to it
in a vacuum, future studies assessing the impact of such distractive tasks or distractors on one’s VPTs would
surely provide designers and developers with valuable data towards further improvement of the haptic
feedback signals they design. Furthermore, such data will also greatly contribute to our overall knowledge
of human touch perception.



