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Abstract—This study investigates the effects of two stimulation
modalities (stretch and vibration) on natural touch sensation on
the volar forearm. The skin-textile interaction was implemented
by scanning three natural textures across the left forearm. The
resulting in-plane displacements across the skin were recorded by
the digital image correlation technique to capture the information
imparted by the textures. The texture recordings were used
to create three playback modes (stretch, vibration, and both),
which were reproduced on the right forearm. Two psychophysical
experiments compared the physical texture scans to rendered
texture playbacks. The first experiment used a matching task
and found that to maximize perceptual realism, i.e., similarity
to a physical reference, subjects preferred the rendered texture
to have a playback intensity of approximately 1X — 2X higher
on DC components (stretch), and 1X - 3.5X higher on AC
components (vibration), varying across textures. The second
experiment elicited similarity ratings between the texture scans
and playbacks and showed that a combination of both stretch and
vibration was required to create differentiated texture sensations.
However, the intensity amplification and use of both stretch
and vibration were still insufficient to create fully realistic
texture sensations. We conclude that mechanisms beyond single-
site uniaxial stimuli are needed to reproduce realistic textural
sensations.

Index Terms—Forearm perception, texture playback, stretch,
vibration, digital image correlation.

I. INTRODUCTION

When we engage in exploration and manipulation of our
surroundings, relative motion is generated between the skin
and contact surface, resulting in complex mechanical inter-
actions within and surrounding the contact patches [1]-[3].
These mechanical responses are converted into peripheral
nerve action potentials by multiple mechanoreceptors to yield
the perception of surface texture [4]. Previous studies revealed
a duplex mechanism of perception, whereby tactile sensations
are influenced by both spatial deformation and temporal re-
sponses on the skin [5], [6]. Correspondingly, haptic feedback,
which enhances users’ interactions with computers and other
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input/output systems, can be achieved through vibration, pres-
sure, stretch, and other proprioceptive and directional cues [7].

Depending on which part of the body is being stimulated,
whether glabrous skin or hairy skin, the same stimulus can
produce different perceptual outcomes. Whether coded spa-
tially or temporally, the high-bandwidth information associ-
ated with textural variations is better conveyed in glabrous
skin of fingers and palms, which is densely innervated with
mechanoreceptors. It has been shown that fingertips are one of
the most sensitive areas on the body [8]. Considering vibratory
coding in particular, the detection thresholds on hairy skin
are reported as significantly higher than those on glabrous
skin [9]. This difference has resulted in most texture-based
research being focused on the finger and palm [2], [10]-[12].
In contrast, haptic displays deployed on hairy skin are more
practical in scenarios such as physical therapy, prosthetics ma-
nipulation, sports training, etc. [13]. Correspondingly, body-
mounted haptic interfaces have been developed and are able
to provide stimuli on hairy skin [7], [14]-[16]. However, the
fundamental understanding of haptic feedback on hairy skin
remains incomplete, and recreating realistic sensations on the
hairy skin is still challenging. In addition to the technical
challenges of reproduction of stimulation on insensitive skin,
difficulties of modeling skin-texture contact remain unsolved.

The mechanical response of skin during interaction with
textures can be attributed to at least two types of stimuli:
high-frequency vibration caused by texture microgeometry and
low-frequency stretch caused by contact friction. Currently,
the main stimulation mode for tactile interfaces is vibration.
Compact vibrotactile actuators can deliver rich information
by changing the amplitudes and frequencies of actuation,
achieving high perceptibility. However, the different properties
between the two types of skin make the vibratory stimuli
applied on the hairy skin less effective. Aside from vibratory
stimuli, low-frequency skin stretch also provides important
tactile information and has been exploited in compact and
low-power wearable devices [17]. Nonetheless, low-bandwidth
stretch of hairy skin is not as information-dense as vibration.
Combining the advantages of both types stimuli, a multi-modal
wearable device may provide more possibilities for haptic
perception.

Regarding glabrous skin, both Wiertlewski et al. [10] and
Grigorii et al. [12] have demonstrated that a single stimulation
mode was insufficient for creating real texture sensations on
the fingertip. For hairy skin, existing studies have mainly con-
centrated on a single stimulation mode (stretch or vibration).
Sullivan er al. [18] integrated skin stretch and vibrotaction
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Fig. 1. (a). Measuring area of the 3D-DIC method. Three test points within this area were selected. (b). 3D-DIC results for scanning corduroy. It shows the
skin displacements in the longitudinal direction at the time of 3 s. (c). Longitudinal displacements of three test points versus time.

into the wearable haptic interface and found that cue distin-
guishability was higher when both stimuli were present, simply
owing to more available cues. However, similar to Sullivan
et al.’s work, most research focusing on hairy skin percep-
tion investigates the tactile distinguishability or proprioceptive
feedback via simple stimuli [19]-[21], instead of seeking to
create realistic sensations of textures. Therefore, the interaction
between stretch and vibration, and their contribution to the
realism of texture playback, remain to be investigated.

In this study, we simulated the skin-textile interaction on
the volar forearm and measured two types of mechanical
responses (stretch and vibration) as skin displacements. By
reproducing three modes of playback on the forearm (stretch,
vibration, and both), our study evaluates the performance of
different playback modes and concludes that combining two
types of stimuli can recreate differentiated texture sensations
more effectively.

II. METHODS
A. Preliminary Experiment: Measuring Skin Responses

Experiments and analyses are complex due to the forearm
skin’s nonlinearity, anisotropy, and viscoelasticity [22]. To
evaluate the skin mechanical responses on the skin elicited
by the texture scan, a preliminary experiment was conducted
on the experimenter (male, 25) by scanning several natural
textures on his right forearm using a rotating wheel at a con-
stant speed. Each selected texture was scanned once along the
longitudinal direction (from elbow to wrist). To measure the
overall skin responses and minimize the effect of measurement
technique on the skin properties, a non-contact approach, the
three-dimensional digital image correlation (3D-DIC) method,
was used in our experiment. As the contact area directly under
the wheel was not visually available, an adjacent rectangular
measuring area was designated to represent the mechanical
responses of the contact patch (Fig. 1a).

Two high-speed cameras (HT-2000M, Emergent Vision
Technologies, Canada) were used for capturing the videos of
the designated area at a sampling frequency of 500 Hz. Prior

to the experiments, the measuring area on the forearm was
shaved and evenly covered with water-based black spray paint
(Fantasy FX™ Makeup, Mehron, Chestnut Ridge, NY) to
generate randomly distributed speckle patterns. The measuring
area was approximately 40 mm in the longitudinal direction
and 15 mm in the lateral direction. 3D displacements were ob-
tained by processing the captured videos with an open-source
3D-DIC software MultiDIC [23] using the same configuration
as Kim et al.’s study [24].

Texture selection. Our selection of textures was constrained
by the relatively high detection thresholds for vibration on
hairy skin at the forearm, which means that substantial textural
differences are required to allow ease of discrimination [9]. As
such, textures that have similar microgeometries (e.g. denim
and canvas) cannot be easily differentiated on the forearm.
Preliminary experiments also excluded smooth fabrics such
as velveteen, as they did not elicit sufficient skin responses.
Therefore, three textile samples with different periodic micro-
geometries were chosen for our study (Fig. 2). To generate cor-
responding topographical profiles, the selected textile samples
were scanned by a high-resolution stylus-based profilometer
(Dektak 150, Bruker, Billerica, MA).

Results: Directional displacement. The 3D-DIC results
showed that the displacements in the longitudinal direction
(Fig. 1b) were approximately 10 and 16 times larger than
those in the lateral and normal directions respectively. As such,
further studies only included displacements in the longitudinal

s

33
= oeliien
<
:
$

P

e
certa
emis il

.
TigE
134

3
i

-

et
Tiree
sttt
e avi v
pei iR

3. Cotton

ii
1

B 3 e i

2. benim

1. Cbr&uroy

Fig. 2. Selected textures used in the studies, ordered by decreasing surface
topographical heights. The arrow indicates the scan direction.
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Fig. 3. 3D-DIC results and the profilometer data of corduroy, presented as the
frequency spectra. Only AC components were considered, and low-frequency
components under 20 H z were filtered.

direction to represent the mechanical responses of skin. The
longitudinal displacements on different locations within the
measuring area were highly correlated and synchronized, while
the amplitudes varied widely. In order to evaluate the decay
of skin responses with distance along different directions,
three points (A, B, and C) within the measuring area were
selected as test points, as shown in Fig. la and 1b. A and
B were adjacent to the contact patch and had the same
lateral coordinate, while A and C had the same longitudinal
coordinate as the projected coordinate of the wheel shaft.
Results: DC and AC modes. The displacements of the three
test points for scanning corduroy are shown in Fig. 1c. The full
texture scan can be divided into two stages: skin stretch (DC
components only) and high-frequency vibrations while stretch
persists (AC components with constant DC components). In
the first stage, negligible relative movement occurred between
the texture and the skin, and there was an approximately linear
relationship between time and displacement. The forearm skin
was longitudinally stretched from the initial position, and the
skin stretch was represented by the DC component in the
displacement. In the second stage, the pre-stretched skin was
mainly affected by two types of in-plane forces: the friction
owing to skin-texture interaction and the skin elastic force,
both of which changed dynamically during the texture scan.

Texture side Playback side

The directions of these two forces were 180 degrees apart.
When the friction was greater, the skin and the texture were
relatively stationary and appeared to be stuck together. On the
contrary, when the elastic force was greater, the skin slipped
towards the opposite direction of the texture scan, i.e., towards
its initial position. As a result, the stick-slip motion occurred
at the skin-texture interface, corresponding to vibration on the
skin that appeared as the AC component in the displacement.
It can be noticed from Fig. 1c that within the measuring
area, both DC and AC components decline rapidly in the
lateral direction while decreasing slightly in the longitudinal
direction.

Skin-texture friction can be derived from the magnitude
of the DC component of skin stretch, which was found to
correlate well with each texture’s respective topographical
heights based on the profilometer measurements. For the AC
components, the DIC results of the three textures and the
corresponding profilometer data also matched (an example is
shown in Fig. 3), indicating that skin vibration was primarily
influenced by the microgeometry of the texture. The frequency
of the skin vibration (AC components) can be expressed as

Vs
fe= N (1
where f; is the temporal frequency of the texture in Hz, v
is the scanning speed in mm/s, and ); is the wavelength in
mm.

B. Texture Recorder and Player

In further experiments, we sought to record skin-textile
interaction on one forearm and play it back on the other. To im-
plement the skin-textile interaction, three textile samples were
scanned across the volar forearm at a constant speed along
the longitudinal direction. Longitudinal movement allowed
for a more comfortable experience for the participants than
lateral movement, and resulted in a more accurate perception
of stimuli directions as well as amplitudes [25]. Additionally,
studies have demonstrated that the forearm is more sensitive
to tangential forces than normal ones and can differentiate the
direction of skin stretch through displacements as small as
0.13 mm [17], [26]-[28].

Silicone
layer

Armrest

Fig. 4. Apparatus overview. (a). Top view with the DIC setup on the playback side. (b) The view of the playback side.



Accordingly, a pair of rotating wheel stimulators was cus-
tomized to achieve texture scans and playbacks on the left and
the right forearms respectively (Fig. 4). A left-right mirrored
design was used to maximize the similarity between the two
sides, except for the actuation mechanisms. On the texture
side, each texture sample was affixed to a polylactic acid
(PLA) wheel via a spray adhesive (Super 77™, 3M, St Paul,
MN). The wheels were 76.2 mm in diameter and 12.7 mm
thick to ensure firm contact with the forearm. To actuate the
texture scans, the texture-coated PLA wheel was rotated by a
brushed DC motor (415A832, Globe Motors, Dayton, OH)
via a timing belt transmission, and the scanning speed at
the skin-texture interface was maintained at 40 mm/s. The
motor was equipped with a 187.68:1 step-down gearbox to
change the output torques. To ensure the texture-elicited skin
displacements were not obscured by vibrations created by
the motor, we verified that the motor and wheel generated
negligible vibrations during rotation by scanning a bare wheel
on the forearm and measuring the skin displacements.

On the playback side, to eliminate perceptual differences as
much as possible, the wheel and the armrest had the same
sizes as the texture-scan side. The wheel was made from
aluminum and heated with flexible heaters (DR1008-2.5, Birk
Manufacturing, East Lyme, CT) to eliminate possible thermal
cues. Additionally, the wheel was covered with a 500 pm
layer thick of sticky silicone (Ecoflex™ 00-10, Smooth-On,
Macungie, PA) to eliminate the relative movements between
the skin and the wheel. To recreate the low-frequency stretch
and high-frequency vibrations very similar to the ones elicited
by the natural textures, the wheel on the playback side was
driven by a brushless DC motor (EC60-614949, Maxon,
Switzerland) via capstan transmission. Opaque black fabric
was used on both sides to block the apparatus from view.

Before the experiments, subjects were seated at a workbench
in front of the apparatus where they placed each arm in the
setup and were allowed to make ergonomic adjustments such
that both arms would be in a relaxed position to minimize
any involuntary movements. The height of the armrest on both
sides was adjusted till a normal load of 0.5 N was applied.
This was measured via a force-sensitive resistor (FSR™400,
Interlink Electronics, Camarillo, CA) at the contact interface.
The experiments were started immediately after adjustment
to minimize the effect of skin indentation. Each texture scan
and playback lasted 3 seconds. After each trial, the height
of the armrest was reset to release the stretched skin. The
experimental processes were aided by two LEDs in front of the
subjects, which indicated whether the real or rendered texture
was being presented.

C. Texture Recording and Playback

Based on the preliminary experiment, we recorded only
the longitudinal displacements for each texture and rendered
the corresponding playbacks on the volar forearm. The 2D-
DIC method was utilized to record the texture-elicited skin
responses more efficiently. A single camera (DFK 37BUX273,
The Imaging Source, Charlotte, NC) was used to record the
videos of the designated area. Other experimental conditions

TABLE I
DIC VALUES OF TEXTURE RECORDING
Texture Corduroy | Denim | Cotton
DC Time (s) 0.23 0.12 0.1
DC Amplitude (mm) 7.3 5.7 4.5
AC Frequency (H z) 21 42 90
AC Amplitude, Peak Value (mm) 0.1 0.04 0.02

remained the same as the ones in the preliminary experiment.
Pilot studies for recording skin responses were conducted on
six subjects. It was verified that the temporal aspects of the
DIC data were quite similar across subjects, although the
amplitudes were variable. Based on this, and to streamline
data collection, further recordings were done with only the
experimenter’s left forearm, and amplitude adjustment was
incorporated into the psychophysical experiments. For each
instance of texture recording via the DIC method, the time of
pure stretch (DC components), the frequency of the vibration
(AC components), and the amplitudes of DC and AC compo-
nents on the skin were recorded. The recording of each texture
was repeated five times to get the average values for enhancing
measurement precision (TABLE I).

After collecting the 2D-DIC signals, we sought to create
the texture playback. Since the DIC data in each individual
texture recording exhibited a certain degree of randomness
and were easily influenced by involuntary movements, using
filtered DIC results as the input for playback proved quite chal-
lenging. Instead, we found that the longitudinal displacements
on the skin could be represented by a concatenation of two
simple waveforms with specific amplitudes and frequencies.
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First was pure stretch, which was constructed from a ramp
waveform, and second was vibration which was constructed
from a triangle waveform. The triangle waveform was made
asymmetric in accordance with the stick-slip motion. The three
playback modes of each texture scan were generated by these
two components, and the motor was driven via close-loop
position control (Fig. 5).

During the measurement process, the subject put both
forearms on the armrests and felt the texture scan and playback
simultaneously. The measuring areas designated on both volar
forearms were symmetric. The longitudinal displacements of
both measuring areas were recorded via the 2D-DIC technique.
Considering the measuring areas as 2D planes, we chose one
point on each side (the same location as point A in Fig. 1a and
its mirrored location on the other side) as the test points for
comparison. These points were adjacent to the contact patches
in the lateral direction to minimize signal degradation due to
the vibration propagation across the skin. Unless otherwise
noted, all the test points in this study had the same longitudinal
coordinate as the projected coordinate of the wheel shaft.

Both the displacements of the texture scans and playbacks
(in the “both” mode) are displayed in Fig. 5. In verifying
the accuracy of the playback, frequencies under 20 Hz in
the AC component were filtered out owing to the involuntary
movements of individuals and noise. It is apparent from the
figure that the longitudinal skin stretch and vibration on the
left forearm have been accurately reproduced on the right
forearm. Additional tests further confirmed that displacements
of different points are highly correlated, which means that if
one point is tracking precisely, the other points are tracking
accurately as well. To assess the performance of the three
modes, two psychophysical experiments were designed and
conducted.

D. Psychophysical Experiments

A total of fourteen subjects (aged 28.75 + 6.79 years, six
females) participated in the two experiments. The experimental
protocol was approved by the Northwestern University Insti-
tutional Review Board. All subjects gave their written consent
and received financial compensation for their time spent in
the experiments. Subjects reported no physical or cognitive
impairment nor any pathology that might interfere with the
results. Prior to the experiments, subjects were asked to wash
both of their forearms with soap and warm water and dry
them with paper towels. The subjects wore noise-canceling
headphones that played pink noise throughout the experiments
to mask any possible audio cues generated by the apparatus.
The average time for the two psychophysical experiments was
approximately 60 mins.

1) Experiment 1: Previous studies have demonstrated that
skin responses vary among individuals due to the differences
in skin properties. To find the optimal similarity of sensations
between the texture scan and playback for each individual,
subjects were tasked with adjusting the gains of DC and AC
components in a 2D parameter space, where the axes were
the DC and AC gains. The unity gain case corresponded
to the physical (2D-DIC) data. The optimal location in this

space indicated the optimal perceptual match. Similar to a
previous study [29], a guided exploration test was adapted
to help subjects explore the space with several comparisons
and find the optimal gains. Initially, the subjects put both
their forearms on the armrests in relaxed positions and gently
held the handles. They then felt a scanned texture on one
arm, followed by two playback textures. After that, they orally
reported the playback that better matched the actual texture,
or said “unsure”. The successive choices were generated by
an algorithm that, with the characteristics of the gradient de-
scent and the Nelder-Mead method [30], utilized the subjects’
comparison answers to reduce the radius of the search region
iteratively until an optimal point was reached. Specifically,
four pairs of vectors were generated during each iteration,
based on the current location and search radius. Two vectors in
each pair had the same magnitude but opposite directions. The
playback choices given to subjects required them to choose one
direction or report “unsure”, meaning that neither was chosen.
The decisions for the four pairs determined the location in
the next iteration, when the search radius would decrease.
Each assessment had three iterations, after which the optimum
playback gains were identified. By connecting the locations in
each iteration sequentially, a trajectory in the 2D parameter
space could be generated. The number of iterations was
established with preliminary tests that indicated the endpoints
did not change substantially beyond the third iteration. This
trial was repeated three times, each with a different starting
point in the parameter space. The experiment was repeated for
each of the three textures. Subjects were not constrained in the
time to make decisions and could feel both stimuli repeatedly
upon request. The textured wheels were changed manually by
the experimenter when guided exploration for one texture was
finished.

2) Experiment 2: Subjects were presented simultaneously
with a physical texture scan and a playback. They were asked
to rate the similarity of the pair on a Likert scale of 1 to 9 (1
= “completely dissimilar”, 9 = “almost identical sensation”,
and 5 = “moderately similar”). The texture playback was
drawn from three textures: corduroy, denim and cotton, and
each of the playback textures was tested on separate trials
with each of the three playback modes: 1) skin stretch only,
2) vibration only, 3) both skin stretch and vibration. In the
stretch mode, the wheel pushed the skin longitudinally to
the preset position and kept still. In the vibration mode, the
wheel vibrated back and forth, applying a constantly changing
tangential force to the skin. The “both” mode combined stretch
and vibration. The amplitudes of playbacks were scaled with
the optimal gains each subject chose in the first experiment.
The nine playbacks (three playback modes, three textures per
mode) were presented in random order in conjunction with a
single physical texture. The physical textures were presented
in counterbalanced order across subjects, who were allowed
to take breaks to prevent fatigue.

E. Supplementary Experiment

A supplementary experiment was performed to investigate
mechanical interactions between skin stretch and vibration am-
plitude, which might have affected perception. The playbacks
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Fig. 6. (a). Trajectories of guided exploration test for one subject. Black

squares indicate the start points and circles indicate the endpoints. (b).
Distribution of gains for 14 subjects with 95% confidence ellipses. Each cross
represents one subject’s three responses, centered on the mean. The squares
indicate the centers of the ellipses, i.e., the central trend across subjects.

of three textures in the “both” mode were presented on the
experimenter’s right forearm. The desired deformation on the
skin (texture playback) was equal to the gain multiplied by the
physical data (texture recording). Using a constant AC gain of
1.0, the DC gain was adjusted from 0 to 1.0 with a step size
of 0.2. A value of O indicates no stretch and 1.0 indicates
the same DC amplitude as the physical texture scan. Records
from the motor encoder indicated that the output vibration
remained constant. Using the same 2D-DIC technique, the AC
amplitude of vibration on the skin was measured at three test
points within the measuring area, which were 1.0, 3.0, and 5.0
mm away from the contact patch, respectively.

ITI. RESULTS
A. Psychophysical Experiment 1

The trajectories of one random subject in the DC-AC
parameter space are shown in Fig. 6a as an example. This
subject represents a general trend of consistently reaching
similar gain values for the same texture within the repeated
experiments, regardless of DC gains or AC gains. Across

textures, the three regions of endpoints were distinct, and these
endpoints were not affected by different start points.

The gain distribution for all subjects and textures is dis-
played in Fig. 6b. Each cross is a subject’s optimal gain for
a given texture, where the center of the cross is the average
optimal gain and the lengths of the cross arms are the standard
errors in the DC and AC direction. The 95% confidence
ellipses for each texture are also shown and the centers are
highlighted as squares.

To evaluate the trends of gains among all the factors, we
performed a Principal Component Analysis (PCA) using two
gains and three textures resulting in six entry variables. The
first principal component (PC 1) accounted for 58% of the
variance, and no additional components had eigenvalues larger
than 1. Therefore, PC 1 can be interpreted as a “generalized
gain” across gain types and textures.

A within-subjects ANOVA was also performed with factors
of two types of gains and three textures to evaluate their effects
on gain values. The results showed a significant effect of
texture (F(2,26) = 196.39, P < 0.001), and the gains increased
across texture coarseness. The effect of gain types was also
significant (F(1,13) =265.57, P < 0.001), as was the interaction
(F(1,13) = 102.10, P < 0.001). On average, AC gain is greater
than DC gain, but the difference is greatest for the coarsest
texture (corduroy) and vanishes for the finest one (cotton).

B. Psychophysical Experiment 2

The average Likert-scale rating (from 1 to 9) of real-
playback textural similarity is shown in Fig. 7. The diagonal
cells represent pairs where the real texture and the playback
match, and the mismatch pairs are off-diagonal. Across all
texture-playback pairs, the vibration mode, stretch mode, and
“both” mode had average ratings of 2.29 + 1.19, 3.95 £+ 0.41,
and 5.14 £ 1.03 respectively.

A within-subject ANOVA was performed with factors of
three textures and three playback modes. Only diagonal values,
representing matching pairs, were used. The results indicated
that the textures (F(2,26) = 61.23, P < 0.001), the playback
modes (F(2,26) = 13.97, P < 0.001) and their interaction
(F(4,52) = 3.87, P = 0.008) are all statistically significant.
As is evident in the figure, the ratings were higher for the
“both” mode, and rated similarity also increased with textural
coarseness.

We further evaluated the performance of differentiating
textures by comparing the diagonal and off-diagonal cells. The
Receiver Operating Characteristic (ROC) curve was utilized
to convert the Likert scores into discrimination measures. The
ROC curves are calculated by setting a series of increasingly
liberal criteria. We establish a criterion in terms of the average
Likert scores to determine whether the cell indicates a match
between the playback and a real texture. If the value in a
cell passes the criterion and is a correct match, it is counted
as a hit. Otherwise, it is a false alarm. We divided the total
hits by the number of matching cases, and total false alarms
by the number of non-matching cases to get the hit rate and
false alarm rate. These corresponded to a point in the ROC
curve space. The 1 - 9 scale was partitioned into hundredths to
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build the ROC curves from the average values. The area under
the ROC curve (AUC) indicates the texture discrimination
measure and has a default value of 0.5. A higher value
suggests a better ability for differentiation. The AUC values
for vibration mode and stretch mode were 0.611 and 0.722,
respectively. Since no overlaps appear between the diagonal
and off-diagonal values in the “both” mode, the AUC hits
the maximum possible value of 1.0 in this case. The results
indicate that the “both” mode had the best performance in
discriminating textures, and the stretch mode was better than
the vibration mode.

C. Supplementary Experiment

A positive correlation between the DC gain and the AC am-
plitude is shown in Fig. 8. This result suggests that within the
measurement range of this experiment, considering the same
test position within the measuring area, more stretch would
result in an increased amplitude of vibration, and thus, might
affect skin perception. Additionally, the amplitude decreases
with increasing distance from the contact patch, indicating the
attenuation of vibration during propagation across the forearm
skin.

0.05

o
o
=
——i

0.03 1

Amplitude of AC component (mm)

0.02 1 b
0.01 | —F—1mm||
—F—3mm
5 mm
0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

DC gain

Fig. 8. DC gain versus AC amplitude at different test positions, when the
vibration stimuli were the same. Error bars represent standard deviations of
values from five repeated experiments.

IV. DISCUSSION
A. Psychophysical Experiment 1

Subjects unanimously chose to scale up the DC and AC
gains in order to achieve the maximum perceptual similarity
between the real texture and its playback. Furthermore, the
values of gains differed for each texture as seen from the three
ellipses in Fig. 6b, which illustrates the individuals’ variation
in this 2D parameter space. The position of the three ellipses
demonstrates that the spatial distribution of textures is clearly
differentiated and is influenced by the topographical heights
of the textures. Coarser textures (corduroy > denim > cotton)
produced higher preferred gains in both DC and AC and a
greater asymmetry such that AC exceeded DC.

We have also observed the consistency of gains chosen
between textures for a given subject. For example, six subjects
chose high AC gains for corduroy, and five of those also
chose high AC gains for the other two textures. From the PCA
results, most of the variability of gains could be captured by
the “generalized gain” PC 1, which suggested that individual
differences could be explained by sensory sensitivity, response
bias, or other subject-specific factors. The variability of gains
implies that a single gain pair that fits all the subjects and
textures does not exist.

A similar need for increased gains during texture playback
was found in a previous study [12] which examined perception
via the fingertip and hypothesized that the result could be ex-
plained by the degree of engagement of RA and SA receptors
within the contact patch. That hypothesis is supported by two
recent studies with pin arrays showing that spatial variation
within the fingertip contact patch increases perceived intensity
[31], [32]. Such a mechanism could be at play in our work
in which spatial variation within the contact patch occurred
with actual textures, but not the playback device. Notably,
however, our study concentrates on volar forearm skin, where
the density of receptors is lower and the contact area is larger.
Therefore, the same explanation may not apply. Other possible
explanations are considered later based on the results of the
supplementary experiment.

B. Psychophysical Experiment 2

From Fig. 7, it can be noticed that the vibration mode
elicits the lowest Likert-scale scores for real-playback tex-
tural similarity, which are highly dependent on the type of



playback texture. The stretch mode evenly lifts up all the
scores, but the on-diagonal and off-diagonal values are still
poorly distinguishable; i.e., the subjects do not differentiate
matching playbacks from those representing other textures.
The combination of vibration and stretch, however, makes
the scores on the diagonal higher, indicating that subjects
perceived the playbacks from the “both” mode to be more
similar to the corresponding textures and better differentiable
from other textures.

Based on the ROC curves and associated AUC values,
the stretch mode slightly outperforms the vibration mode in
distinguishing diagonal values, and the “both” mode is the
most effective one. A weakness of the ROC analysis is that
there were only a few data points to calculate the curve.
Therefore, the values of AUC should only be considered as
suggestive.

It is useful to compare the AC and DC stimuli to published
just-noticeable differences (JNDs). In the case of AC stimuli,
the three dominant frequencies of 21 Hz, 42 Hz, and 90 Hz
(see TABLE 1) differ considerably more than known JNDs
(e.g., [33]). This may help explain why the three different
vibration mode playbacks performed quite differently (Fig. 7),
although it is evident that discriminability alone did little to
improve texture matching. In the case of DC stimuli, the three
static stretch values of 7.3 mm, 5.7 mm, and 4.5 mm are
separated by less than the JND of 4.7 mm that can be derived
from [34], although that study examined lateral rather than
longitudinal stretch, and compared to a reference stretch of
17.3 mm. If we consider JND in terms of Weber fraction and
recall that our subjects included DC gains that were always
greater than one, the differences among DC stimuli would be
expected to be at or slightly above the threshold. This may
help explain why the three different stretch mode playbacks
performed quite similarly (Fig. 7). It is interesting, in light of
DC differences being potentially less discriminable than AC, to
note that the stretch mode playbacks had slightly higher AUC
values than the vibration mode playbacks, further evidence
that texture match requires more than supra-threshold signals.

It is particularly notable, however, that texture match im-
proved dramatically when AC and DC inputs were combined,
even though differences among the latter were approximately
at threshold. Similar results have been found in other multi-
modal studies. For instance, [35] showed that sub-threshold
visual input could enhance tactile roughness perception and
discussed the extent to which central and peripheral mecha-
nisms could explain the effect. In our case, there is little to
implicate a central mechanism, but the skin stretch due to DC
input has a clear impact on vibration propagation, as shown
in the supplementary experiment. This is discussed next.

C. Supplementary Experiment

As seen in Fig. 8, the magnitude of vibration decays with
distance from the source of the stimuli. This effect has been
studied before; e.g., both Sofia and Jones [36] and Dandu
et al. [37] have shown that vibration decays approximately
exponentially with distance. Fig. 8 also shows that vibrations
become stronger when the DC gain (and hence the pre-
stretch of skin) increases. This phenomenon has also been

reported previously [38], [39] and is perhaps related to the
observation that vibration perception can be modulated by skin
tension [40], [41]. Specifically, vibration sensitivity tends to
be greater in “tense” skin, and weaker in loose skin. Although
the connection between the physical and perceptual results
has not been clearly elucidated, it stands to reason that a
vibration stimulus will excite a larger population of receptors
in stretched skin than in loose skin, helping subjects feel the
vibration more clearly. This reasoning is further supported by
related studies from Bark ef al. [19] and Manabe et al. [42].
Additionally, it may explain why the ratings of the vibration
mode were very low, while ratings in the “both” mode were
significantly higher.

It should be noted, however, that Moore et al.’s work [38]
also suggested that apart from decreasing the attenuation of vi-
bration, stretch might affect the coupling of mechanoreceptors
to the skin itself, thereby affecting their responses. In addition
to surface waves, mechanical paths for vibration propagation
could be bone conduction, tendon conduction, shear waves
in the bulk, or a combination thereof [1], which are not
fully considered in our discussion. Other factors that influence
vibration perception might be related to the biology of the
forearm skin, which varies significantly among individuals,
requiring further investigation.

Future work may concentrate on understanding the necessity
of stretch and vibration in the reproduction of realistic sensa-
tions. Amplified playback gains on different textures indicate
that apart from mechanical factors, there might be some other
missing mechanisms requiring further investigation. Although
the playbacks in the second psychophysical experiment were
based on the optimal gains for each subject, the original
perception could not be reproduced. The results suggest that
single-site uniaxial stimulation is insufficient and the smaller
displacements in the other direction could play a role in
creating realistic sensations such as squeezing and twisting.
Another limitation of the apparatus was the use of bulk
vibration on the forearm: a distributed actuator array might be
able to provide texture playback with higher quality including
spatial variation within the contact patch [31].

V. CONCLUSION

We developed an apparatus to record the mechanical re-
sponses on the skin of the volar forearm as uniaxial dis-
placements when textures were scanned across the skin in
the longitudinal direction. Dividing the displacements into DC
and AC components, we reproduced the stretch and vibration
of the texture scan on the same position of the forearm.
Psychophysical experiments were conducted to evaluate the
performance of different playback modes. The intensity of
playback for each texture was adjusted by the subjects and
most subjects preferred the playback to be 1 to 2 times
stronger on DC components and 1 to 3.5 times stronger on
AC components to obtain any perceptual similarity. It was also
found that stretch and vibration patterns alone were insufficient
to create differentiated textures, but a combination of both
could do so. This could be explained by the fact that pre-
stretched skin increased the ability of vibration to propagate



along the skin. However, the apparatus was unable to create
realistic sensations of texture scans. We conclude that relying
solely on single-site uniaxial displacement was inadequate for
achieving realistic texture perceptibility, and other mechanisms
such as multi-axis motion and spatially distributed motion
could play an important role. Future work could explore the
hidden mechanisms of skin stretch and vibration, and apply
more complex vibration stimuli on the pre-stretched skin for
texture recording and playback.
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