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Abstract—We present a wearable haptic feedback device that imparts rotational skin stretch to the hairy skin, along with the results of

psychophysical tests to determine its resolution and accuracy for motion display. Tracking experiments with visual markers reveal the

pattern of skin motion and strain imparted by the device, confirming subjective impressions that the design represents a trade-off

between perception at low stimulus levels and comfort at maximum stimulus levels. In an isolated environment, users were able to

discriminate between different rotational displacements of stretch within two to five degrees, depending on the reference stimulus. In a

more realistic setting, subjects were able to use feedback from the device to control the positioning of a virtual object within six degrees

or �6:5 degrees of the total range of motion. When subjects were passive and exposed to arbitrary rotations of the device, the

accuracy was poorer, although it improved with training. The results suggest that wearable skin stretch devices can be an effective

means of providing feedback about a user’s controlled joint or limb motions for motion training and similar applications.

Index Terms—Skin stretch, skin strain, proprioception, wearable, haptics.

Ç

1 INTRODUCTION

IN applications ranging from motion training and physical
rehabilitation to teleoperation of a remote system, haptic

feedback can provide valuable information about forces and
motions, particularly when vision and audition are other-
wise occupied. For example, following orthopedic surgery,
a patient’s gait is often different than it was presurgery.
Physical therapists can observe the patient and provide oral
feedback, giving instructions such as “Lift your foot a little
higher.” However, such statements may not clearly specify
to patients how much they should move their joints. A
wearable device could be used to provide patients with
direct feedback regarding the speed and extent of motion of
a limb or joint. In another application, a device could be
strapped to an amputee’s body or joint socket to indicate the
movement of a prosthetic arm, reducing their dependence
on vision to control the limb.

Today, the most widely used haptic technology for
portable devices is vibration, as commonly found in
cellphones. Vibration is easy to implement, but is best suited
for transient event cues and is less effective when used
continuously. It can lead to desensitization [1] and many
users find the stimulus annoying after a prolonged time. In
addition, sensitivity to vibrations can be reduced when
people are in motion [2]. An underappreciated component of
haptic sensation, particularly for applications involving
portable devices, is skin stretch. Skin stretch is a known part
of the normal physiological apparatus for proprioception,

contributing to our sense of motion and location of our limbs
[3], [4]. The motions and velocities necessary to impart skin
stretch can be low, allowing for the design of compact, low-
power, wearable devices. With this motivation, the work
presented here has focused on skin stretch for the display of
proprioceptive information, applying stretch at discrete
points on a person’s limbs and torso. For our applications,
a device that can be strapped to a user’s body is desirable as
we believe the feedback is more intuitive if placed near the
joint of interest (e.g., elbow or knee), where skin stretch
already contributes to our proprioceptive senses. Though
fingertip skin stretch devices are attractive, [5], [6], a high
density of receptors is not necessary for our applications,
where each device displays the motion of a single joint.

In early studies, we found that it was effective and
comfortable to impart skin stretch using a pair of disks that
contacted the person’s arm or leg and moved in a circular
pattern, producing a combination of tensile and shear strain
[7]. Several variations of linear stretch were attempted, and
users displayed strong directional sensitivity; however,
when two contact pads moved in opposing directions, skin
sensations were reported to be strongest, providing a
greater perceived magnitude of stretch.

The objectives of the studies presented here are to
understand what contributes to our perception of rotational
skin stretch and to quantify our ability to utilize the
feedback in practical applications. First, we present tests
and an analysis to clarify which mechanical aspects of
rotational skin stretch contribute to our perception. We then
present studies to characterize psychophysical properties of
rotational skin stretch, assessing the ability of users to use it
either to control or to detect the position of a virtual object.

2 BACKGROUND

2.1 Skin Stretch Mechanoreceptors

Although much research has focused on the mechanor-
eceptors in the human hand, there has been less attention
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on the receptors in hairy skin and their functions. The hairy
skin of the human forearm contains slowly adapting type I
receptors (SAI), slowly adapting type II receptors (SAII),
and three different types of fast adapting (FA) receptors
including hair, field, and pacinian receptors [8]. It is
emphasized that in hairy skin, both slowly and fast
adapting receptors are sensitive to tangential forces and
skin stretch [9], [10], [11], making skin stretch an attractive
choice for tactile feedback. The traditional view is that SAI
receptors are responsible for forces and pressures and SAII
receptors provide information about directional skin
stretch. Several investigations have found that SAII recep-
tors are sensitive to directional movements and to specific
directions of stretch, possibly contributing to our ability to
discern different movements of skin [12], [13], [14]. Both SAI
and SAII receptors respond to both velocity and displace-
ment [12]; though at sustained displacements, the SAII units
respond continuously while the SAI responses are more
intermittent. FA receptors also play a role in skin stretch,
particularly for higher velocities of movement or stretch, for
which these units are more sensitive [11]. Humans have also
been found to be more sensitive to tangential forces than
normal forces on the hairy skin of the forearms [15].

Despite these prior studies, it is not precisely known what
specific mechanical properties contribute to our perception
of skin stretch in a given application. Experiments and
analyses are complicated by the fact that skin is anisotropic,
nonlinear, and viscoelastic [16]. While some studies have
shown that stresses correlate best to mechanoreceptor
activity [17], [18], others have shown that compressive
strains or strain energy correlate to receptor activity [19],
[20]. A primary limitation of the prior work is that few
studies have been performed on human skin in vivo. As a
compromise, researchers often use animal skin, such as in
monkeys [20], [21], rats [17], or cats [18], for understanding
receptor behavior. However, it cannot always be concluded
that animal receptors react in a similar manner to human
receptors [17]. The region of skin that is tested is also
inconsistent, further confounding the results. What can be
agreed upon is that SAI and SAII receptors respond to
various types of skin stretch, and in particular, SAII units are
directionally sensitive, with increased activity when stretch
is along a preferred orientation or axis [17], [18], [20], [22].

2.2 Sensitivity to Skin Stretch and Moving Stimuli

In addition to studies designed to understand the biological
factors contributing to our sensation of skin stretch, there has
been an interest in quantifying our sensitivity to skin stretch
and what factors contribute to our ability to detect directions
of stretch. Tactile directional sensibility can be attributed to
two separate types of stimuli: stretch caused by friction-
induced contact and spatial cues that vary with time [14], [23].
In other words, to detect motion on our skin, we may use the
intensity of stretch through friction-based displacement, or
through displacement of a moving contact and activation of a
series of mechanoreceptors, referred to as spatiotemporal
stimulation. In general, humans are remarkably sensitive to
movements of skin and stretch induced by a contact point
attached to the skin. Studies have found that on the forearm,
humans can report the direction of skin stretch with move-
ments as small as 0.13 mm, on par with visual motion

detection thresholds [13]. In contrast, when using only
spatiotemporal stimuli such as a low-friction air jet moving
across the surface of the skin, the smallest distance of
movement necessary to report the direction of the stimuli is
approximately 60 times higher [14]. A drawback of lateral
stretch sensitivity is that it is highly dependent on a variety of
factors such as the normal force applied [24], the velocity of
stretch, and varying skin stiffness [23]. In particular, as the
body moves, the skin surface properties change, which has
a large influence on our sensitivity. The minimum stretch
necessary for a user to detect direction reliably increases
significantly as the skin stiffens [23]. In addition, when stretch
is applied locally to the skin, a larger field of receptors is
activated [13], so that receptors located >25 mm from the
contact point could signal the direction of stretch. In general,
our SAI and field units are important in providing spatio-
temporal cues whereas our SAII units are responsible for our
encoding of the directions of lateral skin stretch [9], [17].

3 ROTATIONAL SKIN STRETCH

A brief description of the wearable haptic device is
provided here; details can be found in [25]. The skin stretch
device (Fig. 1) is designed to be attached to and provide
feedback on nonglabrous skin. We envision that in future
studies, multiple devices could be attached at several
locations including the forearm, wrist, ankle, thigh, or calf.
A double-sided skin-safe adhesive, Red-e-Tape, is used in
combination with a polymer film (Skin Shield) to attach the
contact pads to the user. The pads are driven by a
piezoelectric motor and cable/capstan drive to avoid
producing vibrations that could confound the skin stretch
sensation. The transmission is not back-driveable, so power
is needed only when changing the angle of rotation.
Specifications are given in Table 1.
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Fig. 1. Wearable skin stretch device assembly.



Pilot studies indicated that the perceptual qualities of
skin stretch are heavily influenced by the strain patterns
around the end-effector. In particular, local shear strains
imparted by rotation of the pads can cause a stronger
sensation of intensity (Fig. 2a) but can also become
uncomfortable for large rotations. A solution is to equip
the pads with bearings so that they rotate freely as they
track the circular arcs defined by the end-effector arms
(Fig. 2b). The end-effector is designed to allow fixed or
free rotating pads; a small set screw can be adjusted to
prevent rotation.

4 MEASURING APPLIED SKIN STRETCH

Using the approach described above, we applied skin
displacements. We were interested in understanding what
occurs at the skin surface when a two-point rotational
stretch is applied. In the following study, we recorded the
displacement, strain, and torque applied as rotational
stretch was induced on an individual (female, 27). In
particular, it was of interest to compare the two different
end-effector configurations, with fixed and freely rotating
contact pads, respectively. While these studies did not
provide a rigorous characterization of skin properties, we
used the observations to provide insight concerning design
choices and trade-offs. The results also provide a general
sense of what occurs at the skin surface as rotational stretch
is applied. Results in Section 4.2 represent data from two
trials, one with each type of end-effector. The device was
not removed from the subject’s skin between trials for
consistency. A follow-up experiment was conducted with
10 different subjects at various velocities to examine if
torque/displacement patterns varied between users. These
results are presented in Section 4.2.4.

4.1 Methods

4.1.1 Setup

A motion capture system was used to record motions on the
surface of the forearm as rotational skin stretch was applied.
Four Eagle/Hawk digital cameras from Motion Analysis,
Inc., were set up in a rectangular orientation to cover the
workspace, recording data at 100 Hz; 1.5-mm-diameter
markers were placed on the forearm in a 7� 9 grid pattern,
with extra markers placed to measure general displacements
far from the end-effector contact points (Fig. 3). A gap in the
grid pattern occurred where the contact points were placed
as noted by the circles in Fig. 3. The markers were placed on
the arm manually and spaced roughly 10 mm apart. The
accuracy of the motion capture after setup and calibration
was �0:2 mm. A modified skin stretch device, fixed to the
ground and equipped with a long extension shaft, was used
to improve the visual field of the forearm. A six-axis ATI
Nano17 load cell measured the torques applied to within
�0:06 mNm. The entire forearm rested flat on a table with
the subject’s palm facing down.

4.1.2 Skin Stretch Stimuli

The stimulus consisted of a sequence of rotations starting
from 0 and ramping to 10, 20, and 30 degrees of rotation at a
nominal speed of 80 degrees/s. Each position was held for 2 s
then rotated back to zero degree before proceeding to the next
position (Fig. 4). The stimulus was applied with both the
fixed and free effector pads.

4.1.3 Strain Analysis

The strain at each marker location quantified how much
the skin was being stretched. The average 2D normal and
shear strains along the longitudinal and circumferential
axes of the arm (see Fig. 5) were estimated using 2D surface
strain analysis techniques [26], where strains are defined
(1)-(2). Longitudinal strain is represented by �y, circumfer-
ential strain is represented by �x, and shear strain is
represented by �xy.
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TABLE 1
Wearable Skin Stretch Device Characteristics

Fig. 2. Fixed versus free end-effectors: A coordinate frame (ax; ay)
embedded in the contact pad either rotates with (a) the end-effector
arms or (b) pivots and remains aligned with a stationary reference frame
(nx; ny).

Fig. 3. Grid pattern of markers placed on arm.

Fig. 4. Stimulus applied in stretch tests.



At each marker location, the initial and deformed
separation between the marker and each of the adjacent
markers was calculated. The normal strain in the direction
of each adjacent marker was estimated by comparing the
initial separation of each pair of adjacent points to the
deformed separation of each pair. A local orthogonal
coordinate frame was defined with respect to the long-
itudinal and circumferential axes for each quadrant of
adjacent points. Strain gage rosette equations, where �a, �b,
and �c are defined in Fig. 6, were then used to transform
these strains from extension and contraction along arbitrary
axes to the normal and shear components of the local
orthogonal strain tensor according to (3)-(5), where �a, �b,
and �c are deformations between pairs of adjacent markers.
Strain estimates from each quadrant of adjacent points were
then averaged to estimate the strain at each marker.

�x ¼
@u

@x
; �y ¼

@v

@y
; ð1Þ

�xy ¼
@u

@y
þ @v
@x

; ð2Þ

�a ¼ �xcos2�a þ �ysin2�a þ �xysin�acos�a; ð3Þ
�b ¼ �xcos2�b þ �ysin2�b þ �xysin�bcos�b; ð4Þ
�c ¼ �xcos2�c þ �ysin2�c þ �xysin�bcos�c: ð5Þ

4.1.4 Strain Energy

The strain energy of the system is estimated using the
relationship in (8) [27], where U is the total strain energy of
the system. To estimate the stresses, �x; �y, and �xy, using
the strains, the generalized form of Hooke’s Law (6) is used.
Usage of this relationship assumes skin is homogeneous,
isotropic, and linearly elastic. Of course, skin is none of
these things. However, this simple linear analysis is
sufficient for exploring general trends arising from increas-
ing angles of rotation, with fixed versus free end-effectors.
We assume skin has a Poisson’s ratio of v ¼ 0:5, and a
Young’s Modulus, E, of 420 kPa [28].
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4.2 Results

4.2.1 Absolute Displacement

Analysis of the absolute displacement of each marker during

skin stretch shows that a greater amount of skin is displaced

when using the fixed pads. Using Motion Analysis’

EvART 4.2 software, the absolute displacement of each

marker relative to its starting point was calculated for the

duration of the movement. For each end-effector, the

maximum, minimum, and average displacement of 59 mar-

kers at various rotational positions are listed in Table 2.
While the fixed pads show higher amounts of displace-

ment for almost all categories, the maximum displacement

of a point at 30 degrees of rotation is greater with free

rotating end-effectors. Larger minimum, average, and sums

of displacements when using the fixed pads indicate that a

larger amount of skin is being moved.

4.2.2 Strains

Because a rotational as opposed to a linear motion is

applied, a complex combination of compressive and tensile

strains along both the longitudinal and circumferential axes

is observed as the skin is stretched. A table summarizing the
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TABLE 2
Comparison of Skin Displacements (in Millimeters) for

Fixed and Free Rotating End-Effectors

TABLE 3
Range of Skin Strains at 30-Degree Rotation for Fixed and
Free End-Effectors, Compared to Typical Strains Measured

During Knee Bending [26]

Fig. 5. Defining axes of interest for strain analysis.

Fig. 6. Strain gage rosette configuration.



range of strains measured at 30 degrees of rotational skin
stretch can be seen in Table 3. To provide context for these
measurements, skin strains estimated during 90 degrees of
knee flexion using a similar analytical method are presented
as well [26]. In general, strains occurring with rotational skin
stretch are similar to or less than strains measured for
normal joint motion, although compression strains along the
longitudinal axis with the fixed pads are an exception.
Comparisons between the strains estimated for the fixed and
free pads show minor differences.

4.2.3 Strain Energy

It has been suggested that some mechanoreceptor activity
correlates best with strain energy density [19], [20], a scalar
measure of local strain that is independent of direction. The
differences between the two cases are more clearly seen in
the surface plots of the local strain energy for a small
rotation in Fig. 7. Here, it is observed that the strain energy at
points located near the contact pads differs more than at
points further away. These results correlate with our
observations that users may be able to distinguish small
rotations with greater accuracy using the fixed end-effectors.

4.2.4 Torques

Another useful measure is the torque required to produce a
given rotational displacement about an axis normal to the
skin surface. The required torque varies from subject to
subject, depending on age, skin stiffness, placement of end-
effectors, etc. In general, the torque required with fixed
end-effectors was approximately twice as high as for free
end-effectors over a range of typical angles (Fig. 8).

To examine the variation in torque/displacement
properties between users and to determine if changes in
velocity had an effect on skin properties, a separate test
using the fixed end-effectors was conducted on 10 subjects
(Ages 24-32, seven male, three female). All participants
volunteered, giving written consent prior to the study and

experiment protocols followed the guidelines set by the
Stanford Research Compliance Office (IRB Protocol 13172).
The skin stretch device moved to 41 different rotation
angles from - 0 degrees to 40 degrees spaced two degrees
apart in a random order for two different sets of tests at
velocities randomly chosen from [10, 20, 30, 40, or
50 degrees/s] for low velocities and [220, 240, 260, 280
or 300 degrees/s] for high velocities.

Fig. 9 depicts the compiled data for 10 subjects. Torque
response is shown for all subjects in the low- and high-
velocity tests. A third order polynomial is fit to the data.
The slow and fast movement results are similar, suggesting
that for the speeds of interest, the effective stiffness is not
strongly velocity dependent.

5 PERCEPTION

To characterize skin stretch, it is not only important to
understand the mechanical behavior of skin, but also to
quantify a user’s perception of the feedback being applied.
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Fig. 7. Surface plot of strain energy at 10 degrees of rotation.
Differences in strain energy occur at points near the contact pads
(circular rings).

Fig. 8. Maximum torque measured as a function of displacement with
fixed and free end-effectors.

Fig. 9. Torque/displacement response from 10 subjects for (a) slow
(10-50 degrees/s) and (b) fast (220-300 degrees/s) movements.



The literature concerning a human’s ability to distinguish
different levels of hairy skin stretch is not extensive but
includes several publications by Norrsell and Olausson [9],
[13], [14], [23], [24]. Skin stretch perception and sensitivity
can be dependent on the location of stretch, the size of the
contact point that induces the stretch, the normal force
applied, the method of attaching the stretch applicator, and
the number of contact points. In addition, most studies with
skin stretch involve only a single contact point that moves
linearly [13], [14] or twists [28], [29], producing different
sensations than the two-point rotation stretch studied in
these experiments.

To understand our ability to interpret rotational skin
stretch feedback, a simple psychophysical study was
completed to estimate the difference thresholds and observe
how perception of skin stretch changed as the rate of stretch
and the magnitude of stretch varied. The ability of users to
use skin stretch feedback in a more practical setting was
studied in a separate series of perception tests.

5.1 Difference Thresholds

From prior observations, the velocity of skin stretch seemed
to play a role in perception. Pilot studies indicated that
subjects could easily detect changes in stimuli (sensing
motion), yet felt no difference in stimulus magnitude. Also,
the ability to discriminate between stimuli appeared to
change as the amount of rotation varied. Users appeared to
be more sensitive to changes in stimuli at higher degrees of
rotation. Experiments to determine the effects of these two
main factors, angular velocity of stretch (degree/s) and
magnitude of stretch (degree), on the ability to perceive
rotational position were completed.

5.1.1 Methods

Participants. Twelve subjects (Ages 23-49, four female,
eight male) participated in this experiment. Four of the
subjects were familiar with rotational skin stretch, while the
remaining eight subjects had never used the skin stretch
device. All participants volunteered, giving written consent
prior to the study and experiment protocols followed the
guidelines set by the Stanford Research Compliance Office
(IRB Protocol 13172).

Stimulus. Two reference positions (10 and 30 degrees)
and two reference velocities (20 and 80 degrees/s) were
studied for a total of four conditions.

Many types of haptic feedback (e.g., vibration) can be
started and stopped on demand and controlled with
varying amplitudes and waveforms. However, skin stretch
has the ability to convey a sense of velocity and static
position with a single stimulus. In addition, it is not possible
to create a step input of position; there is necessarily a
velocity component. When discriminating between differ-
ent stimuli, there are a variety of factors the subject can
utilize to determine the difference. For example, when
applying skin stretch at constant speed, it is possible for
participants to use their sense of timing to determine which
of the two stimuli is larger. To eliminate the ability of
subjects to use timing, the duration of all three stimuli
presented during each trial was constant. Therefore, as the
comparison stimulus increases, the velocity of rotation
increases accordingly. In practical applications, one might
use the sense of velocity to interpret the stimulus. Therefore,

subjects were allowed to use their sense of velocity for these
tests. However, when asked after the experiment if they had
detected any differences in velocities, none of subjects
reported noticing any.

Experiment details. The subjects were instructed to place
their right forearm flat on a table with their palm facing
down. Subjects were also equipped with headphones to
mute noises from the device and were asked to close their
eyes or turn their heads to avoid receiving visual cues.
Using the fixed end-effector configuration, the device was
then attached to the subject’s arm. The two contact pads
were placed across the narrow width of the forearm. This
location was chosen due to the relatively high density of
slow-adapting mechanoreceptors [8].

A three-interval, one-up three-down adaptive procedure
was used to estimate difference thresholds of rotational skin

stretch [30]. This method has been used previously for force
discrimination [31] and is an efficient method of estimating
difference thresholds.

At the beginning of each trial, the subject was presented
with three stimuli. Two were the reference positions while

the third comparison stimulus was greater than the
reference. The stimuli were presented in random order and
the subject was asked to indicate which of the three was the
comparison. When a subject correctly indicated the compar-

ison stimulus three times in a row, the magnitude of the
comparison was decreased. If a subject incorrectly identified
the stimulus, the magnitude was increased. The comparison
stimulus increment was larger in early trials to help reach

convergence faster and, subsequently, was reduced. The
experiment was complete after a total of 15 reversals, where
a reversal was any point at which the comparison stimulus
changed from decreasing to increasing or vice versa. Only

the last 12 reversals were used for data analysis.
To reduce bias, sessions of varying conditions are

typically interleaved. However, in these studies, when
interleaving the reference positions, the time taken to

complete the experiment increased beyond 60 minutes. Data
from pilot subjects indicated that concentration was difficult
to maintain over a period of time greater than 30 minutes.
Data also showed obvious signs of fatigue and portions of

increasing comparison stimulus levels, affecting the analy-
sis. To ensure that fatigue would not be an issue, each
condition was run separately. This resulted in four separate
sessions each consisting of 60 to 100 trials, lasting between 20

and 30 minutes. Only a single session was recorded per day
and the experiment was conducted over four days.

Data analysis. For each subject and for each of the four
conditions, the peak and valley pairs occurring at a reversal
were recorded. These peaks and valleys were grouped and
averaged to estimate the difference threshold. The last six
pairs were used in the data analysis. This resulted in six
samples per subject, per condition. These six samples were
averaged to determine an average difference threshold
(0.794 point on the psychometric curve) for each individual
[31]. Repeated measures analysis of variance (ANOVA)
with pairwise comparisons was performed to analyze the
effects of both velocity of skin stretch (20 and 80 degrees/s)
and reference position (10 and 30 degrees) on a subject’s
ability to discriminate between rotations of stretch.
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5.1.2 Results

The magnitude of the reference stimulus had a significant
main effect on the difference threshold with a modest effect
size (F ¼ 21:979, p ¼ 0:001, �P

2 ¼ 0:665). Perhaps surpris-
ingly, no significant main effects were found due to velocity
(F ¼ 2:955, p ¼ 0:114, �P

2 ¼ 0:221). This result also con-
firmed our decision to keep the total duration of the stimulus
constant while varying the velocity, as the changes in velocity
likely had no effect on subject’s ability to discriminate
between rotations. The difference threshold is presented as
a Weber Fraction (WF), �Deg=Degref , where �Deg is the
difference between the threshold and reference stimulus and
Degref is the reference stimulus. On average, at a reference of
10 degrees, the discrimination threshold was 2.1 degrees,
while at a reference of 30 degrees, the discrimination
threshold was significantly higher at 3.9 degrees, resulting
in WFs of 0.21 and 0.13, respectively. WFs for each of the four
conditions are specified in Table 4.

Though individual subject data indicated that subject-to-
subject variation was high, the general pattern of decreasing
Weber fractions with increasing stimulus intensity held true
for 10 of the 12 subjects. Subjects also tended to report that
they felt less sensitive to the stimulus at lower rotations.

5.2 Absolute Positioning

To determine the feasibility of using the device in applica-
tions, subjects were asked to use the skin stretch rotation to
convey information about the position and motion of an
external object. As an example application, one might present
the distance of the nearest car behind a driver, assuming
vision is either obstructed or devoted elsewhere. Or, as
mentioned previously, subjects could use skin stretch feed-
back to position a robotic arm or a prosthetic device. We
conducted two experiments to determine how well subjects
could use the feedback actively and passively. In the former
case, subjects used the device to provide feedback concerning
voluntary motions; in the latter case, they were asked to
assess the magnitudes of arbitrary amounts of skin stretch
imposed on them. The distinction is motivated by previous
research that indicates differences in perception resulting
from the different modes of touch [32], in which subjects have
better accuracy with active touch.

The tests were repeated using both fixed and free end-
effectors in random order for a total of four data sets. The
active control study was always completed prior to the
passive study. Ten subjects overall (three female, seven
male) were tested, and all subjects completed both studies.
Ages ranged from 22 to 37, with a mean age of 27.5. The
studies were approved by Stanford’s Institutional Review
Board (IRB Protocol 13172).

5.2.1 Methods

In all studies, the wearable skin stretch device was placed
on the outer forearm, as shown in Fig. 10. In contrast to the
previous studies, the subject’s forearm was not constrained
to rest on a table and, instead, was positioned however the
subject desired, either resting on the table or hanging in free
space. In an attempt to simulate a more practical scenario,
subjects were not given headphones to block ambient noise
and were simply instructed to avoid glancing at the device
to report the perceived position.

Training. A training procedure was first performed to
determine the appropriate range of skin stretch rotations for
each subject and to allow them to become accustomed to the
feedback. After the device was placed on the subject’s
forearm, they were given the opportunity to control the
motion of the skin stretch device using a small knob. The
knob was a potentiometer that produced a desired position
for the skin stretch end-effector where one revolution of the
knob resulted in 1.4 revolutions of the end-effector. During
this training period, a graphical display was presented,
consisting of a line with two circles representing the contact
pads to show the rotation of the device (Fig. 11). The subjects
were instructed to move across the workspace at various
speeds and to move the device to the maximum comfortable
rotations in both positive and negative directions. Subjects
were given as much time as they desired in this training
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Fig. 10. Wearable skin stretch device and knob used to control rotation
of the device or input-perceived positions.

Fig. 11. Display shown to subjects during trials. Left is the screen
displayed during the training phase (showing the actual location); right is
the desired location shown in the experiment. Dashed lines indicate the
limits of rotation established during training.

TABLE 4
Difference Thresholds with Standard Error for 12 Subjects

As the reference stimulus level increases, the Weber Fraction
decreases.



phase, although they typically spent only 1-2 minutes with
the device. At the end of the trial, the maximum positions in
each direction were recorded and corresponding dashed
lines were placed on the graphics screen in subsequent trials
so that responses were constrained to fall in this range. This
training procedure was completed each time the end-
effector configuration changed.

Active positioning study. Using the range of motion set by
the subject in the training phase, a data set of desired locations
spanning the range in increments of 2 degrees was deter-
mined (e.g., a range of�37 to 43 degrees results in a data set of
�37;�35;�33 . . . 43). Because the data set was dependent on
each individual subject’s range of motion, the number of trials
varied from subject to subject. The desired locations were
randomized and displayed visually to the subject. Red
dashed lines indicating the subject’s specified range of
motion were also displayed (Fig. 11). The subjects were asked
to move the skin stretch device to match the position shown
on the screen. As in the training phase, subjects were able to
control the device using the knob; however, the gains were
changed such that one revolution of the potentiometer
resulted in 0.23 revolutions of the skin stretch device. This
gain was chosen so that participants would not be able to
simply use the proprioceptive sense in their fingers from the
training phase to position the device. Subjects pressed a push-
button switch to confirm their inputs.

Passive perception study. The second study was a
perception experiment in which subjects no longer had
control of the skin stretch device. In these trials, the device
was moved from one quasi-random orientation to another
at a random velocity and subjects were then asked to report
the perceived orientation. Similar to the positioning study,
the data set of commanded end-effector orientations
spanned the range of rotations set by the user, in increments
of 2 degrees. The device moved from one position to the
next at a speed chosen randomly from [20, 40, 60, 80, 100]
degrees per second. No visual feedback was provided. The
subjects were asked to report the perceived orientation of
the end-effector by rotating the virtual end-effector on the
screen, using the potentiometer knob and confirming their
final position by pressing a push-button switch.

5.2.2 Results

Active positioning study. Fig. 12 shows the desired
orientation versus the measured end-effector orientation

for all 10 subjects, for both fixed and free end-effector
configurations. A linear regression on the data is also
shown as a measure of how well subjects could use the skin
stretch feedback to correlate to end-effector position. For
both configurations, there was a linear trend with fairly
uniform scatter (R2 ¼ 0:86 fixed, R2 ¼ 0:88 free). A total of
393 trials were completed using the fixed end-effector, and
407 trials for the free end-effector.

The average residual for all 10 subjects using the fixed
end-effector was 5.2 degrees with a standard deviation of
1.4 degrees, and 4.8 degrees with a standard deviation of
2.1 degrees using the free end-effector. There was no
significant difference in overall performance (residual or
scatter) between the fixed and free end-effectors across the
subjects. The results of this study indicate that the accuracy
with which subjects can position a virtual arm is approxi-
mately�6:5 percent of their total range of motion. The range
of rotation varied between subjects and end-effector config-
urations, though there was no indication that one design
resulted in consistently larger ranges. Of the 10 subjects, six
had a larger range of motion using the free end-effector,
three had a smaller range, and one had an equal range.
However, when asked to indicate which of the two designs
they preferred, seven of the 10 subjects stated they preferred
the free rotating contact pads due to the increased comfort.
Two stated that there was no difference and one subject
preferred the fixed configuration. Linear regression slopes
and R2 values for individual subjects are presented in
Table 5. Slopes greater than 1 indicate that subjects were
moving beyond the range of motion set in the training phase.

Passive perception study. Fig. 13 shows the actual
versus reported end-effector orientation for all 10 subjects,
for fixed and free end-effectors. A weighted linear regres-
sion on the data is also shown. A total of 361 trials for the
fixed end-effector and 376 trials for the free end-effector are
represented in the plots. It is clear that subjects performed
poorly in comparison to the positioning study. Specifically,
subjects occasionally had trouble distinguishing which
direction the skin stretch device was rotating. Data points
located in quadrants II and IV represent trials in which a
direction error likely occurred.

Though most subjects performed comparatively poorly
in this task, it was observed that a few subjects performed
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Fig. 12. Data from all 10 subjects in the positioning task.

TABLE 5
Active Task Residuals and Regression Results for

Individual Subjects



nearly as well as in the active positioning study. Of the
10 subjects tested, three had prior experience with skin
stretch feedback. The data from these subjects were
grouped together and the results can be seen in Fig. 14.

It is clear that subjects with prior experience using skin
stretch feedback performed much better than subjects naive
to the feedback. This suggests that with with adequate
training, subjects can learn to use the feedback for an open-
loop task, in which they receive information passively. The
average residuals of the three experienced subjects differed
between the two end-effector designs: �5:5 degrees with the
fixed end-effector pads and �8:1 degrees for the free
rotating pads. Overall, subjects reported that they felt less
confident in determining the position using the free end-
effector, particularly for small rotations. Looking at the data,
there appears to be a region of uncertainty surrounding zero
degrees, in which the residuals are larger. For example, if
we consider the range between �20 degrees, for the fixed
end-effector, the average residuals are �6:4 degrees,
whereas they are �3:0 degrees outside of this range. For
the free end-effectors, we estimate the region of uncertainty
as �30 degrees, with average residuals of �9:6 degrees
within this region and �5:6 degrees otherwise.

6 DISCUSSION

A wearable device has been developed that utilizes skin
stretch on the hairy skin for haptic feedback. The two-point
rotational stretch described in this paper provides a useful
range and resolution of perceived feedback, and the relatively
compact size and low weight of the device allow for user
movement and integration into a practical environment.

We have shown that the rotational motion produces
proportional displacements, amounts of strain, torques, and
strain energy to provide a stimulus with a useful range of
perceivable values. The final device design represents a
trade-off between providing a large (typically �45 degrees)
range of comfortable rotations and ease of perceiving small
rotations. In pilot tests, we observed that an end-effector with
freely spinning pads sometimes provided a larger range of
comfortable rotations; however, fixed pads provided more
noticeable stretch at small rotations. For one individual in
which the differences in stretch were measured, there was,
on average, 0.3 mm reduction in displacements with the free

rotating pads. Given that humans are capable of sensing skin
pulls of distances 0.13-0.3 mm [13], the difference between
fixed and free rotating pads could be expected to influence
users’ perception of skin stretch. However, in most of the
latter perception experiments, the differences were not
significant. The exception was for the case of experienced
subjects responding to arbitrarily imposed rotations, parti-
cularly for small rotations. At higher rotations, the two
designs produce nearly identical results though the free end-
effectors were sometimes more comfortable. Therefore, a
provision that is being incorporated into the next design is to
use preloaded torsion springs on the end-effector pads such
that the pads rotate rigidly with the arm at small angles but
rotate less at high angles, as the springs deflect. Additional
future design changes will be to make the device lighter,
more compact, and more flexible so that it can be mounted
more easily on various parts of the body. These changes
should also reduce extra tactile cues that can arise in some
applications when muscles or tendons move beneath the
device. (Depending on the application, such additional cues
could be useful or undesirable.)

A unique attribute of skin stretch feedback is that it can
provide a sense of static position and motion with a single
stimulus, though the ability of users to perceive different
velocities of stretch is still unknown. Although a display
designed to move across the surface of the skin could also
provide a sense of motion, skin stretch provides a sense of
intensity due to the increasing strain with higher rotations.
If necessary, users can use the steady position of the skin
stretch for static information, as evidenced by the difference
threshold tests. Interestingly, though users had qualitatively
noted that faster rotations increased their perceived
intensity of the stimulus, the changes in velocity of stretch
had no significant effect on their ability to distinguish
between different positions.

In the perception tests, higher Weber fractions at smaller
reference stimuli were observed, following observed psy-
chophysical trends for other stimuli such as vibration [33],
[34], [35]. We caution that the results of the perception tests
do not provide a full-scale resolution of rotational skin
stretch. We do not expect subjects to be able to perceive
differences of 2 degrees of rotation in practical applications.
The tests were completed in an isolated environment and
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Fig. 14. Scatter plot of actual end-effector position versus perceived
position with regression line for three experienced subjects. (a) Data
with the fixed contacts. (b) Free rotating.

Fig. 13. Data from all 10 subjects in the perception study, with fixed and
free rotating end-effectors.



only tested subjects’ ability to distinguish comparison
stimuli that were greater than a given reference. To prevent
fatigue, each set of conditions only tested one reference
stimulus and subjects could easily learn and memorize the
reference. In a more practical setting, the stimulus will be
constantly changing, reducing subjects’ ability to discrimi-
nate. The experiment provided a best case resolution of skin
stretch and showed that our perception is not constant
relative to the intensity of stretch.

In a more practical setting, when in control of a device,
subjects are able to use their own predetermined methods of
integrating position, velocity, force sense, and timing to reach
a desired position. We note that in the active positioning task,
there were no direction error outliers as subjects trusted that
if they commanded the device to move in one direction, it
would do so. However, when subjects are not in control of the
device and stimuli are presented passively, their perception
of the direction of movement degrades, and they report that
they require a higher level of concentration. A region of
reduced certainty around zero degree of rotation was
observed, with correspondingly larger errors. In this case,
the design with fixed end-effector pads is preferred as it
allowed experienced users to reduce their errors. Studies
should be completed to analyze how well users can interpret
skin stretch feedback in more realistic environments when
the body is in motion and contracting surrounding muscle
and skin. In addition, we note that the subjects in all studies
presented here were healthy, with average physical fitness
and ages of 22-49. Because skin properties change with age
and fitness, it would be beneficial to widen the subject pool to
examine whether these variables have an effect on users’
ability to utilize skin stretch feedback.

In summary, the foregoing studies illustrate that while
rotational skin stretch feedback may be employed passively
for long-term applications in which users have significant
time to become accustomed to the feedback and learn to
utilize it, it is best suited for tasks such as those listed in
Section 1, in which an afferent/efferent command loop
exists so that users receive skin stretch feedback in response
to motor commands. Minimal training is required for
subjects to map the feedback linearly to movement of an
external object, indicating the device could easily be used in
applications to control movement or position. Applications
in which the control channel is unpredictable or noisy (e.g.,
myoelectric controlled systems), are likely to be ones for
which skin stretch will provide significant benefit.
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