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Touch as a modality in social communication has been getting more attention with recent

developments in wearable technology and an increase in awareness of how limited

physical contact can lead to touch starvation and feelings of depression. Although several

mediated touch methods have been developed for conveying emotional support, the

transfer of emotion through mediated touch has not been widely studied. This work

addresses this need by exploring emotional communication through a novel wearable

haptic system. The system records physical touch patterns through an array of force

sensors, processes the recordings using novel gesture-based algorithms to create

actuator control signals, and generates mediated social touch through an array of

voice coil actuators. We conducted a human subject study (N = 20) to understand

the perception and emotional components of this mediated social touch for common

social touch gestures, including poking, patting, massaging, squeezing, and stroking.

Our results show that the speed of the virtual gesture significantly alters the participants’

ratings of valence, arousal, realism, and comfort of these gestures with increased speed

producing negative emotions and decreased realism. The findings from the study will

allow us to better recognize generic patterns from human mediated touch perception

and determine how mediated social touch can be used to convey emotion. Our system

design, signal processing methods, and results can provide guidance in future mediated

social touch design.

Keywords: mediated social touch, emotion, tactile rendering, wearable haptics, data-driven modeling

1. INTRODUCTION

Long-distance communication has experienced a tremendous evolution in the past few decades.
The invention of phones broke the communication barrier for space-separated individuals (Tillema
et al., 2010), and the development of video recording and display technology gives people the ability
to explore the colorful world through an electronic screen (Saravanakumar and SuganthaLakshmi,
2012). However, even with the ability to communicate online, over the phone, or through videochat,
people can still experience feelings of loneliness or depression due to limited physical contact,
especially under the social isolation of the COVID-19 pandemic (Tomova et al., 2020). These
negative side-effects of touch starvation, a lack of physical contact with others, have also been
observed in elderly individuals, individuals in hospitals, and those who live alone (Tomaka et al.,
2006; Klinenberg, 2016).
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Social touch is an essential component in human
development, cognition, communication, and emotional
regulation (Cascio et al., 2019). Although social touch is
common in our everyday lives, it is currently not possible
for individuals to physically interact with each other when
spatially separated.

Although prior work has created haptic devices for displaying
virtual social touch (Eichhorn et al., 2008; Tsetserukou, 2010;
Nakanishi et al., 2014; Culbertson et al., 2018), there has
been limited analysis of the acceptability of these virtual touch
sensations or the role they play in mediating social interactions
between individuals. The goal of this research is to study
individuals’ emotional responses to mediated social touch, and
determine how the touch gesture and its speed affect the
acceptability and emotional perception of the interactions. To
achieve this goal, we have designed a system that has the ability
to record and reproduce social touch, similar to how phones
record and replicate voice. The system consists of two parts:
one wearable sleeve that records human gesture data using force
sensors, and a second sleeve that generates the mediated social
touch to the user (Figure 1).

This article evaluates our system’s ability to convey
emotions using common social touch gestures: poking,
patting, massaging, squeezing, and stroking. These gestures were
chosen for their ability to express both positive and negative
emotions (Hertenstein et al., 2009).

The remainder of the article is organized as follows. In
Section 2, we review relevant work in the area of mediated
social touch and data-driven methods. Our device design and
control methods are explained in Section 3. The study design
is introduced in Section 4. The study results are presented in
Section 5 and discussed in Section 6.

2. RELATED WORK

Social touch plays an important role in human
development and communication, helping individuals
maintain relationships (Stafford, 2003) and communicate
emotions (Hertenstein et al., 2006), while also directly
reflecting physical and psychological closeness between
individuals (Andersen, 1998). Research into direct human-
human social touch has shown that touch can communicate
both positive and negative emotions, including anger,
fear, disgust, love, gratitude, and sympathy (Hertenstein
et al., 2009). Interpersonal touch is the most commonly
used method of providing comfort (Dolin and Booth-
Butterfield, 1993), can improve the well-being of older
adults in nursing care (Bush, 2001), and reduces patients’
stress level during preoperative procedures (Whitcher and
Fisher, 1979). Touch as an expressive behavior also plays
an important role in building up relationships. Studies
have shown that intimate partners benefit from touch on
a psychological level (Debrot et al., 2013) and caregiver
touch impacts emotion perception in children as a function
of relationship quality (Thrasher and Grossmann, 2021).
Emotional perception is affected even by gender asymmetries

during touch interaction (Hertenstein and Keltner, 2011).
Not only can the sense of touch be used to communicate
distinct emotions but also elicit (Suk et al., 2009) and modulate
human emotion. For example, one can perceive a touch as
communicating anger without feeling angry themselves. This
profound connection between social touch and emotions
opens up a wide range of research areas for haptic researchers
to explore.

Social touch can take many forms including shaking hands,
hugging, holding hands, and a pat on the back. A major
challenge in the field of haptics is how to provide meaningful and
realistic sensations similar to what is relayed during social touch
interactions (Erp and Toet, 2015). The inability to transmit touch
during interpersonal communication leads to a limited feeling
of social presence during virtual interactions between people,
motivating the design of haptic systems to deliver virtual social
touch cues.

Mediated social touch refers to the use of haptic technology
to allow people to touch one another over a distance (Haans
and Ijsselsteijn, 2006). Researchers have discovered that mediated
social touch can compensate for the loss of nonverbal cues that
results from the use of current communication methods such as
texting and videochat (Tan et al., 2010).

There has been a long history of research on the development
of mediated social touch devices to replicate the feelings of
social touch through wearable and holdable haptic devices. Most
devices have focused on replicating a single form of social touch,
such as a handshake (Nakanishi et al., 2014), a hug (Mueller
et al., 2005; Cha et al., 2009; Tsetserukou, 2010; Delazio et al.,
2018), a high-five (Yarosh et al., 2017), or a stroke on the
arm (Eichhorn et al., 2008; Knoop and Rossiter, 2015; Tsalamlal
et al., 2015; Culbertson et al., 2018; Israr and Abnousi, 2018;
Wu and Culbertson, 2019). Vibration is a commonly adopted
modality for social touch rendering, including for conveying
specific emotions (Hansson and Skog, 2001) or gestures (Wang
et al., 2019). Although these devices are effective at displaying
specific touch or motion, they lack the complexity necessary to
make clear the intent behind the touch. Social touch signals can
be complex and varied, as even a simple stroke can be used to
convey a wide range of emotions such as sympathy, sadness, and
love (Hertenstein et al., 2009). To create an effective virtual touch
system, the signals used to create the gesture are just as important
as the device’s mechanical design.

Previous research has shown that vibrations (Seifi and
Maclean, 2013), thermal feedback (Wilson et al., 2016), and
air jets (Tsalamlal et al., 2015) can convey distinct emotions.
However, these devices used representational haptic icons that
required users to learn associations between the emotion and
displayed sensation. The use of icons was intended for the users
to focus on emotional content of the signal rather than creating
high-fidelity virtual gestures.

Rather than directly playing pre-tuned signals, some
researchers have created data-driven social touch systems
that measure an input touch signal from a user touching
one device and replay that signal to a another user with an
output device. These systems have been created for a variety
of touch gestures, with varying fidelity and intimacy of touch.
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FIGURE 1 | Input device with array of sensors and output device with array of actuators. The output device is controlled by a direct 1-1 mapping of sensor to actuator

after gesture-specific data processing.

One common method for measuring touch in these systems
is with an array of pressure sensors, with the output varying
between pressure (Teh et al., 2012), lateral motion (Eichhorn
et al., 2008), vibration (Furukawa et al., 2012; Huisman et al.,
2013), and multisensory feedback (Cabibihan and Chauhan,
2015). Researchers have also explored creating higher fidelity
input-output systems, for example in kissing display devices
for use between family members (Cheok, 2020) and romantic
partners (Samani et al., 2012). There has also been work in
creating ultra-realistic input devices (Teyssier et al., 2019). Given
the complexity of human social touch and the large number
of previous devices that have been created, there is a lack of
fundamental knowledge of user preferences for realism, touch
intimacy, touch location, and interaction method.

Although previous work has shown that both direct (Hauser
et al., 2019) and mediated (Salvato et al., 2021) social touch
can convey emotion, there has been limited work studying how
these emotions are conveyed or recognized. Specifically, research
is currently lacking in studying how the actuators signals in
mediated social touch devices can be controlled to convey distinct
emotions. In this work, we aim to explore how temporal changes
to the touch signals can alter perceived emotions. To achieve this,
we develop a novel haptic system to examine the relationship
between the mediated touch and emotion.

3. SYSTEM DESIGN AND CONTROL

With the goal of realistically replicating human touch, we created
a system capable of both recording and displaying human touch
patterns. We use a data-driven approach for creating the actuator
control signals, recording touch patterns as an array of forces.
This section describes the design of our input and output devices,
and signal processing methods that make up our lightweight
data-driven haptic system.

3.1. Device Hardware
3.1.1. Input Device
Our system consists of two devices: an input device to record the
social touch signals as force and an output device for displaying
the virtual touch to the user. Both devices were designed as fabric
sleeves to be worn on the forearm. As shown in Figure 1, the
input sleeve has eight force sensing resistors (FSRs) arranged in
a 2× 4 array. The FSRs measure the applied force as a change in
resistance. These sensors (Sparkfun SEN-09376) were chosen due
to their square shape (1.5 × 1.5 in) that allowed tight packing of
sensors, flexible nature that is easily integrated into a wearable
device, and ability to measure forces in the range used during
human social touch (Wang et al., 2010). A previous study has
shown that recorded pressure data is able to generate the control
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signals that can be used to mimic various gestures with a voice
coil device (Salvato et al., 2021). The sensors are embedded in a
fabric sleeve. To prevent the sensors from bending and to provide
a stiffer material for better force transference when the sleeve is
worn on the lower arm, we added a layer of rigid padding as
supporting material in between the sensors and skin.

When recording the signals, the sensor sleeve was freely laid
on the arm to avoid noise from pre-loading the sensors. We
zeroed the sensors before each recording to remove the forces
caused by the wearer’s motion, bending in the sensors, and the
pressure of the sensors resting on the arm. A voltage divider
circuit was used to convert the sensors’ change in resistance to
change in voltage, and the resulting voltage was sampled at 1 kHz
as analog inputs through a Sensoray 826 PCI card. The signals
were lowpass filtered at 10 Hz to remove high-frequency noise
not caused by human motion (Srinivasan, 1995). Further signal
processing to convert the recorded signals to actuator control
signals is described below.

3.1.2. Output Device
To generate the sensation of different social touch gestures, we
created an output device with an array of voice coil actuators
(Tectronic Elements TEAX19C01-8). These actuators are driven
at low frequencies to provide force normal to the user’s arm, This
type of actuator has previously been used to create a comfortable
and realistic stroking sensation (Culbertson et al., 2018). Salvato
et al. (2021) further proved that this actuation hardware is
effective at displaying pleasant and realistic social touch cues.
Eight voice coil actuators are placed in a 2 × 4 array in a fabric
sleeve to simplify mapping from the recorded forces to actuator
control signals (Figure 1). The actuators signals are output at 1
kHz from the Sensoray 826 PCI card, and are sent through a
linear current amplifier with a scaling factor of 1 A/V.

These voice coil actuators are position-controlled, meaning
that the control signals specify the amount of actuator motion
into the arm, and do not directly control the force that the
actuators apply to the arm. Therefore, it is important to ensure
the tightness of the sleeve is consistent across users and along
the length of the sleeve. We created tightness indicators (TI) at
three points along the length of the sleeve. Each TI is a piece of
elastic with markings showing the ideal amount of stretch. To
create recognizable social touch gestures, the voice coils must be
programmed both temporally and spatially. The details of these
actuator control signals are discussed below.

3.2. Device Control
This section describes our signal processing algorithms to create
actuator control signals from recorded force with the goal of
replicating touch gestures as realistically as possible. In Salvato
et al. (2021)’s previous study, a similar 2 × 4 voice coil layout
was used for generating social touch, and the study showed
promising results for generating realistic social touch with this
device. Although this previous article used finer resolution in the
recording system (1′′ × 1′′ sensors), the sensing resolution was
greater than the actuator resolution, so the increase in resolution
helped smooth the gestures both temporally and spatially. In
our current system, the individual force sensor we chose covers

the same area as the voice coil actuator (1.5′′ × 1.5′′). We have
designed the algorithms that map the sensor data to actuator
control signals to include blending between actuators. This
blending of the signals produces the same temporal and spatial
smoothing as the greater resolution from the previous‘system.

3.2.1. Strategies for Different Gestures
Our system is capable of displaying five social touch gestures:
poking, patting, massaging, squeezing, and stroking. These
gestures were chosen due to their common appearance in social
touch and their ability to convey both positive and negative
emotions (Hertenstein et al., 2009). Due to the unique spatial
and temporal patterns of the different gestures, the data is
processed and smoothed differently for each gesture type. Since
the signals directly control the motion of the voice coil actuators,
we apply principles of exaggeration to maximize the amount of
actuator motion, resulting in more noticeable and salient virtual
gestures. Exaggeration is a widely used animation principle to
amplify cartoon characters’ expression (Lasseter, 1987). Figure 3
shows the actuator signals for these five gestures. The number
of actuators being moved at a single time correspond to the
perceived area of contact during the gesture.

3.2.1.1. Poking
Poking involves using a single finger to repeatedly press into
the arm. Each poke is made up of a rise in force as the finger
presses into the skin, followed by a decrease in force as the finger
releases contact. Since each FSR covers an area larger than the size
of fingertip, we expect only a single FSR to be activated during
poking, but it is still possible that poking happens between two
adjacent sensors. During output, we only want to move a single
actuator in order to accurately represent the small contact area
of a single finger. We first use Touch Point Detection (TPD) to
track the number of sensors that have valid contact force with the
hand. TPD captures every sensor contact with a cycle (a measure
of contact duration) T ≥ 0.05 s. This threshold was chosen to
ensure only valid contacts are detected, ignoring fluctuations due
to noise. We define Nc as the total number of active sensors
determined by the TPD. Ideally, TPD for poking would result
in Nc = 1 active sensor; if the poke occurs between two sensors,
Nc = 2. When two sensors are activated, we select the more
significant sensor (i.e., the sensor with the higher sensed force)
and set the second sensor to zero.

To maximize the strength of the poke during actuation, we
exaggerate the poke by mapping the sensed force to the full
motion range of the actuator. We use a linear mapping where
the maximum sensed force corresponds to the largest actuator
indentation (Vact = 0.9V) and the minimum force corresponds
to the actuator’s neutral position (Vact = 0V). All other actuators’
movement is constrained so that only a single actuator moves at
a time to ensure the poking sensation is strong and only covers a
small contact area.

3.2.1.2. Patting
The main difference between poking and patting is the contact
area. Patting uses the entirety or part of the palm to apply a gentle
force to the arm. Similar to poking, our first step in processing
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the signals for patting is to use TPD to determine the number
of active sensors. From many recordings, we have determined
that Nc = 2–4 sensors for a typical pat. Since the pat has a larger
contact area than a poke, we perform a data integrity check on
the signals rather than identifying the sensor with the highest
significance. This integrity checkmeans we want tomake sure the
recorded touch signal is reasonable based on the gesture type. For
example, if three activated sensors are not adjacent to each other
during a pat, it may imply that some sensors are not collecting
the data correctly. The integrity check contains two parts. First, it
checks to see if all activated sensors are connected using a simple
Depth First Search (DFS) to check the graph connectivity, where
we set every sensor as a vertex and build an edge for its two or
three neighbors depending on where it is located in the 2D layout.
Second, we check whether the acceleration of the motion is
consistent by taking the derivative of the signals; all values should
be either positive or negative. Any signal that does not pass the
integrity check is assumed to be an invalid recording and must be
collected again. Similar to poking, we linearly map the actuator
control signals to the sensor signals by setting the maximum
force to the largest actuator indentation and the minimum force
to the actuator’s neutral position. All actuators corresponding to
inactive sensors are set to zero.

3.2.1.3. Squeezing
A squeezing gesture involves movement of multiple fingers
during the contact. A typical squeeze on the lower arm is made
by having the thumb on the one side of the arm while the other
four fingers are on the opposite side; all fingers apply force to
a virtual center at the same time. A valid squeezing recording
should have the thumb on the one row of the FSRs and the rest
of the fingers on the second row, as shown in Figure 3. If the
fingers are too condensed in a single area, the information loss
of the touch gesture will cause the transformed signal to appear
ambiguous, and the gesture will likely be incorrectly interpreted
as poking. Therefore, we first use TPD to determine if the signals
match what we expect from a squeeze, that is Nc = 1–2 active
sensors in one row andNc = 2–4 active sensors in the second row.
If our recording does not match this pattern, it is determined to
be invalid and must be recorded again.

To increase the saliency of the squeeze, we exaggerate the
center of force. If two sensors in the same column are activated
at the same time, we scale these signals by setting the maximum
sensed force equal to the largest actuator indentation. The rest
of the sensors are not exaggerated and simply follow a linear
scaling between sensed force and actuator voltage. For a squeeze
with a long holding period, we manually identify the start and
end of the hold and set the actuator signals equal to the mean
of the signals during the entire holding period. This scaling and
smoothing exaggerates the squeezing sensation, improving its
perceived strength and saliency.

3.2.1.4. Massaging
Massaging shares some similar patterns with squeezing, but they
are not exactly the same. For purposes of processing, we can
considermassaging as repeated squeezingmoving across the arm.
However, we do not impose the same restriction on Nc across the

two rows as we do for squeezing because it is more common that
the entire palm presses on one row and four fingers press on the
second row. We exaggerate all sensors by linearly scaling them
to the actuator’s full range of motion using the maximum force
across all sensors. To further improve saliency, we use the same
method of stabilizing the hold as for squeezing.

3.2.1.5. Stroking
Stroking refers to moving one’s hand with gentle pressure over
the lower arm. The recorded signal will show multiple sensors
in the same row being activated in a sequence. In order to make
the stroking pattern more noticeable, we emphasize the moving
center of the stroke (i.e., the middle of the fingers applying the
force). First, we must determine the direction of the stroke and
the size of the contact area. If two sensors in a row are activated,
we exaggerate the signal of the front sensor with a scaling factor
of α = 1.25. If three sensors in a row are activated at the same
time, then we put an emphasize on the middle sensor, amplifying
it also with a scaling factor of α = 1.25. To create a smooth
and continuous feeling stroke, we blend the signals of adjacent
actuators. First, we collect information about the start, peak,
and end time-stamps of each signal to determine the direction
of the stroking motion. We then blend the signals of adjacent
actuators in the direction of motion by shifting the starting time
of the next actuator so that it overlaps the previous actuator
in time by a set duration. This overlap maintains the shape of
the actuator signals, but increases the continuity of the stroke
by providing a smooth transfer of pressure between actuators.
Similar overlapping of signals was used in Culbertson et al. (2018)
to create a smooth stroking sensation, and that research found
that an overlap of 25% of the actuator’s total motion duration
creates the most continuous sensation. Through pilot testing, we
also determined that an overlap of 25% was the best choice for
our system.

4. STUDY

Speed plays an important role in human perception. Previous
research has shown a correlation between perceived emotion
and the speed of speech (Lindquist et al., 2006) and the tempo
of music (Rigg, 1940). The high arousal caused by fast-paced
music has also been shown to increase the risk of traffic
violations (Brodsky, 2001). In this research, we examine how
users interpret the emotion of mediated social touch gestures
and how these emotions can be manipulated by the speed of
the gesture.

Twenty individuals (8 females and 12 male, 18–35 years
old) participated in the study. The experimental protocol was
approved by the Institutional Review Board at the University of
Southern California under protocol number UP-19-00712, and
participants gave informed consent. Participants sat at a desk and
wore the output device on their left arm. They provided feedback
through the GUI shown in Figure 2 and wore headphones
playing white noise to block auditory cues from the actuators.
Additionally, the fabric of the sleeve blocked the actuators from
view, so participants relied only on the haptic cues in their
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FIGURE 2 | Study GUI, adapted from Toet et al. (2018). Participants rated the valence and arousal of each gesture by selecting a point on the 2D plot.

ratings.The details of the study setup, conditions, and procedure
are discussed below.

4.1. Experimental Conditions
The social touch gestures were pre-recorded by the experimenter
so that all participants received the same feedback. The
experimenter wore the input device on his left arm and made
the gestures with his right hand. The data was processed as
discussed in Section 3.2 and the actuator control signals were
stored in a text file. We created and stored a single recording for
each gesture, and empirically determined the ideal speed of each
gesture using a pilot study.

In this work, we want to evaluate the effect of gesture speed
on user’s perception and preference. For consistency, we altered
the speed of the five recorded gestures by resampling the original
signals, ensuring that the touch pattern in the original waveform
was maintained. The signals were downsampled to achieve a
faster speed and upsampled to achieve a slower speed. To ensure a
smooth signal, spline interpolation was used during resampling.
This method preserves the shape of signals and introduces the
least amount of noise. We created five levels of speed for each
gesture type by both speeding up and slowing down the original
gesture recordings: original speed (OS), 4 times slower speed

(4S), 2 times slower speed (2S), 4 times faster speed (4F), and 2
times faster speed (2F). Altering the gesture speed only affects
the duration and frequency of the gesture signal; the majority of
other hyper-parameters for the signal, such as touch intensity and
contact area, were preserved by our signal processing algorithm.
Five gestures with five speed levels were used in the study to
create a total of 25 distinct gestures. The actuator signals used
in the study are shown in Figure 3.

4.2. Phase 1
In Phase 1, participants were asked to evaluate their emotional
response to the mediated touches by rating the perceived
valence and arousal of each touch. Valence and arousal are
two important dimensions in describing how individuals label
their own subjectively experienced affective states (Barrett, 1998).
Arousal is an evaluation of emotional intensity, and valence refers
to the pleasantness (positive valence) or unpleasantness (negative
valence) of an emotional stimulus. Participants rated the valence
and arousal of the mediated touch together by selecting a single
point on the 2D valence-arousal plot shown in Figure 2. This
plot was adapted from the EmojiGrid, which was presented and
validated in Toet et al. (2018).
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FIGURE 3 | Actuator signals used in the study for speed OS.
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Participants rated each mediated touch signal three times for
a total of 75 cues, which were presented in randomized order.
Participants were presented with a single mediated touch at a
time and were are allowed to replay the signal before rating. They
were asked to rate the emotion that they felt the gesture was
trying to convey. It is worth mentioning that there is a difference
between perceived emotion and personal emotion. Perceived
emotion is the emotion that is trying to be conveyed through
the gesture, while personal emotion is the feeling elicited in the
user after receiving the touch. We clarified this concept to each
participant to avoid confusion. Signals vary in length from 5 to 20
s, and this phase of the study took about 20–30 min total. After
completing all trials, participants were given a 10-minute break
before moving on to Phase 2.

4.3. Phase 2
In this phase, we evaluate our system’s performance in conveying
realistic and pleasant gestures. Additionally, we examine
the correlation between the gesture speeds and participants’
perception of realism and comfort. We used the same signals
from Phase 1, and participants were again asked to rate each
mediated gesture three times for a total of 75 trials. Participants
were asked “How would you rate the realism of the touch on the
following scale?” and provided their answers on a 7-point Likert
scale (1 = very unrealistic, 7 = very realistic). The comfort of
the touch was similarly rated on a 7-point Likert scale (1 = very
uncomfortable, 7= very comfortable).

5. RESULT

5.1. Phase 1: Effect of Speed on Valence
and Arousal
Figure 4 shows the valence ratings for each gesture and speed.
We ran a one-way ANOVA on the valence rating for each gesture
with the signal speed as factor. This analysis indicated that speed
caused a statistically significant difference in the valence rating
for stroking [F(4,295) = 21.81, p < 0.001], massaging [F(4,295) =
16.26, p < 0.001], squeezing [F(4,295) = 5.03, p < 0.001], and
patting [F(4,295) = 9.6, p< 0.001]. Speed did not have a significant
effect on the valence ratings for poking [F(4,295) = 1.11, p= 0.35].

We then ran a Tukey’s post-hoc pairwise comparison test on
stroking, massaging, squeezing, and patting to further evaluate
the effects of speed on the ratings of valence. The results
showed that there was a general trend of decreasing valence
with increasing speed. For the stroking gesture: 4F and 2F
had significantly lower valence than 2S and 4S, and OS had
significantly lower valence than 2S and 4S. For the massaging
gesture: 4F and 2F had significantly lower valence than OS,
2S, and 4S. For the squeezing gesture: 4F had significantly
lower valence than 4S and 2S. For the patting gesture: 4F had
significantly lower valence than OS, 2S, 4S; 2F had significantly
lower valence than 4S. There was no significant differences
between any other signals.

Figure 5 shows the arousal ratings for each gesture and speed.
We ran a one-way ANOVA on the arousal rating for each gesture
with the signal speed as factor. This analysis indicated that speed
caused a statistically significant difference in the arousal rating for

stroking [F(4,295) = 6.72, p< 0.001], massaging [F(4,295) = 13.51, p
< 0.001], patting [F(4,295) = 16.4, p < 0.001], and poking [F(4,295)
= 11.48, p < 0.001]. Speed did not have a significant effect on the
arousal ratings for squeezing [F(4,295) = 1.79, p= 0.13].

We also ran a Tukey’s post-hoc pairwise comparison test on
stroking, massaging, patting, and poking to further evaluate the
effects of speed on the ratings of arousal. The results showed that
there was a general trend of increasing arousal with increasing
speed. For the stroking gesture: 4F and 2F had significantly higher
arousal than 2S and 4S. For the massaging gesture: signal 4F
and 2F had significantly higher arousal than OS, 2S, 4S. For the
patting gesture: 4F had significantly higher arousal than OS, 2S,
and 4S; 2F has significantly higher arousal than 2S and OS. For
the poking gesture: 4F, 2F, OS have significantly higher arousal
than 2S and 4S. There was no significant differences between any
other signals.

5.2. Phase 2: Effect of Speed Change on
Realism and Comfort
Figure 6 shows the realism ratings for each gesture and speed.
We ran a one-way ANOVA on the realism rating for each gesture
with the signal speed as factor. This analysis indicated that speed
caused a statistically significant difference in the realism rating for
stroking [F(4,295) = 15.92, p < 0.001], massaging [F(4,295) = 17.41,
p < 0.001], squeezing [F(4,295) = 5.46, p < 0.001], and patting
[F(4,295) = 17.53, p< 0.001]. Speed did not have a significant effect
on the realism ratings for poking [F(4,295) = 1.11, p= 0.35].

We then ran a Tukey’s post-hoc pairwise comparison test on
stroking, massaging, squeezing, and patting to further evaluate
the effects of speed change on the realism ratings. The results
showed that there was a general trend of decreasing realism
with increasing speed. For the stroking gesture: 4F and 2F
had significantly lower realism ratings than 2S and 4S; 4F
was significantly less realistic than OS; OS was significantly
less realistic than 4S. For the massaging gesture: 4F, 2F and
OS had significantly lower realism than signal 2S and 4S. For
the squeezing gesture: 4F had significantly lower realism than
signal 2F, OS, 2S, and 4S. For the patting gesture: 4F and 2F
had significantly lower realism than 2S and 4S. There was no
significant differences between any other signals.

Figure 7 shows the comfort ratings for each gesture and speed.
We ran a one-way ANOVA on the comfort rating for each gesture
with the signal speed as factor. This analysis indicated that speed
caused a statistically significant change in the comfort rating for
massaging [F(4,280), p = 0.002] and squeezing [F(4,280) = 6.73, p <

0.001]. Speed did not cause a significant difference in the comfort
ratings for stroking [F(4,280) = 1.47, p = 0.21], patting [F(4,280) =
1.09, p = 0.36], and poking [F(4,280) = 1.38, p= 0.23].

We then ran a Tukey’s post-hoc pairwise comparison test on
massaging and squeezing to evaluate the effects of speed change
on the ratings of comfort. The results showed that for massaging
and squeezing, there was a general trend of decreasing comfort
with increasing speed. For the massaging gesture: the comfort
for 4F and 2F was significantly lower than for 2S and 4S. For the
squeezing gesture: the comfort for 4F was significantly lower than
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FIGURE 4 | Valence ratings separated by gesture and speed. * p < 0.05, ** p < 0.01.

FIGURE 5 | Arousal ratings separated by gesture and speed. *p < 0.05, **p < 0.01.

FIGURE 6 | Realism ratings separated by gesture and speed. * p < 0.05.
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FIGURE 7 | Comfort ratings separated by gesture and speed. * p < 0.05.

for the four other speeds. There was no significant differences
between any other signals.

6. DISCUSSION

Studies have shown that both visual context (Esposito et al., 2009)
and the relationship between toucher and touchee (Thompson
and Hampton, 2011) affect the emotional perception of social
touch. However, in our study all visual information and context
was removed from the interaction. The touches were not
presented in the context of any social interaction, and the
gestures were recorded by the experimenter who had no social
relationship with the participants. Therefore, we expect the
participants’ ratings to reflect only the emotional content of the
gesture itself.

Before expanding the discussion, we summarize the four main
findings of our results:

1. The perceived valence of the touch is more positive for slower
gestures and negative for faster gestures.

2. The perceived arousal of the touch increases with increasing
speed.

3. The realism of the mediated social touch improves with
decreasing speed.

4. The mediated touch feels more comfortable when the speed is
slow.

The current study provides evidence that the speed of mediated
social touch plays a crucial role both on human emotional and
personal perception.

Stroking has been shown to strongly activate the CT afferents,
which respond maximally to stroking in the range of 1–10
cm/s (Loken et al., 2009). These speeds have also been shown to
be the most pleasant range of velocities for stroking on the skin.
Research has also shown that people tend to move their hand
faster when stroking an artificial arm as compared to stroking
their partner’s arm (Croy et al., 2016). Therefore, it is expected for

their to be an effect of speed on participants’ ratings of stroking,
with slower speeds being preferred, which our results support.
Our study showed that when the speed of the stroking increases,
arousal also increases and valence changes from positive to
negative. The realism decreases significantly when the speed of
the stroke increases, but we did not see a corresponding change
in the comfort with speed. The effective speed of the stroke for 4S
is 10.9 cm/s and for 4F is 87.0 cm/s, which are both above the CT
afferents’ preferred speed. It is likely that the low comfort ratings
for stroking were partially caused by this mismatch in speeds.

Massaging has been shown to be effective in the application of
physical therapy (Field, 1998) and body relaxation (Leivadi et al.,
1999). Here, we focus on massaging on the arm, which may not
be the ideal location for this specific gesture. Althoughmassaging
and stroking likely activate different mechanoreceptors, our
results for massaging match those of stroking: increased speed
increases the touch’s arousal and moves the valence from positive
to negative. Slow massaging feels more comfortable and realistic
than fast massaging. The ratings of slow massaging signals are
in the high comfort range, which also proves our device’s ability
to generate comfortable touch. The high arousal and negative
valence level yielded by fast speed massaging was reported as
unrealistic based on the ratings; a similar trend was also observed
in gestures like patting and stroking. This finding shows us
there seems to be a correlation between realism and the gesture’s
perceived emotion. However there is not sufficient data to prove
that decreased realism causes negative emotions to be perceived
in the touch. It remains to be studied in future work the effects
between realism and emotion as well as the range of emotional
information that a gesture can convey while still being realistic.

Valence goes from positive to negative when speed gets faster
with squeezing. Previous studies have shown that squeezing
is often related to anger or fear (Hertenstein et al., 2006).
However, our analysis shows that even the fastest squeezes
indicate a relatively low amount of negativity (median valence
= −1) compared to stroking and massaging. This indicates
that squeezing might not be an ideal gesture for expressing
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anger-related emotions, or that another parameter such as signal
strength may be more important in altering the valence of
this gesture. Similarly, our study also shows that speed did not
significantly alter the intensity of the conveyed emotion. In future
work we will study how other changes to the squeezing gesture,
such as increasing its intensity or the duration of the hold, may
alter the perceived emotion. Although the perceived emotion of
the squeeze did not change with speed, we did see a decrease in
comfort with increased speed, indicating that participants prefer
a slower squeeze.

Patting can be used to convey a wide range of emotions, such
as anger, happiness, love, gratitude, and sympathy (Hertenstein
et al., 2009). Our study results support this idea and show a
significant variation in the arousal and valence ratings with speed.
However, even though there is no force difference in the gesture,
several participants commented that the fast pats felt angry.
Patting overall had fairly negative valence ratings, and the ratings
decreased even more with increased speed. The arousal of the
pat also increases significantly with speed meaning that high-
speed pats are perceived as strong emotions. Since the contact
duration changes with speed, the pat feel more like a slap when it
is very fast.

Poking is consistently neutral in valence, realism, and comfort
across all speeds. This result is not particularly surprising since
poking is not commonly used to convey emotions (Jones and
Yarbrough, 1985). The only factor that changes with speed is
arousal, which increases with increasing speed. The reason for
this might be that poking is considered an attention-getting
gesture rather than an emotional gesture (Baumann et al., 2010).

Our results across the gestures shows that speed consistently
has an effect on the human emotional perception during
mediated social touch. It is intuitive that the touch’s arousal
would increase with increased speed. Our results were consistent
across participants for a given speed and gesture, meaning that
given an emotion we want to convey, we could choose an
appropriate speed and gesture to display with our system. One
thing to note is that the methods and results we presented
apply only to our voice coil system; we plan to confirm this
effect in different modalities and actuation methods in future
work. An intuitive linking between the valence-arousal ratings
and their representative emotions brings up some thoughts for
future emotional communication.With a fast motion, massaging,
patting, and stroking gestures are rated as low-valence and high-
arousal, which can be adopted to convey emotions such as anger
or annoyance. Slower-motion gestures are more appropriate for
emotions like amused, glad, or pleased. Squeezing is consistent
with positive valence and medium arousal, which can represent
expressions of relaxed or calm. Poking would be better used
for notifications or raising attention rather than conveying
emotional information.

This study also provides some insights on factors to consider
when designing realistic and comfortable touch signals. Our
signals of squeezing, poking, and massaging were rated as highly
realistic at slower speed, but stroking and patting showed lower
realism overall. For all gestures, the perception of comfort level
improves as the speed is decreased. We will explore additional
data processing to increase the realism of these gestures.

7. CONCLUSION

In this article, we present a novel data-driven haptic system
that can record human touch and output the gestures to a
wearable array of actuators. The two sleeves of the system
were designed to be lightweight and easy to build, so they
are ideal for prototyping mediated social touch research. We
designed heuristic algorithms for transforming touch gestures
from sensor to actuator. Our signal processing algorithms tune
the gestures’ hyper-parameters, including moving speed of the
motion and contact frequency, and apply additional processing
like exaggeration or blending.

More importantly, our study results indicated a clear and
consistent effect of speed on human emotion perception through
mediated touch. Increased speed increases a touch’s arousal and
decreases its valence. This result can be used to design mediated
touch signals to convey specific emotions. We also gain insights
from human perception of mediated touch, knowing that even
though slower motion would potentially increase the comfort
and realism sensation of a touch, different gesture types still
respond to the speed change in a varied way.

In the future, we will continue improving the hardware and
signal processing design to create realistic and comfortable
touch gestures. Our study showed it is necessary to
consider hyper-parameters of gestures when transforming
gestures from sensor to actuation signals, parameters
such as force and contact area are worthy to explore.
We also want to further identify the optimal parameter
ranges for generating comfortable and realistic mediated
touch signals.
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