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Abstract—Contactless haptic technologies deliver tactile feed-
back remotely, eliminating the need for direct skin contact
and reducing setup time. However, current technologies have
relatively weak intensity or coarse perception resolution. This
paper proposes SparkTouch, an approach exploring the use of
electric arcs for delivering contactless spatio-temporal patterns
in the palm and fingertip. We first quantified the perceptibility
of electric sparks as a function of frequency and hand location.
We then conducted a spatio-temporal pattern recognition study
(n = 30), where we measured user’s discrimination accuracy for
sparks moving along the palm and fingertip for 14 patterns,
including lines and shapes of different directions. Results show
that (1) accuracy is similar to other contactless methods, (2)
discrimination between lines or shapes is over 85%, and (3) their
direction can be detected. This study is the first to investigate
contactless spatio-temporal haptic patterns on the fingertip; and
we demonstrate (4) an equivalent recognition accuracy between
fingertip and palm, making electric arcs a promising technology
for mid-air haptics on the fingertip. Altogether, SparkTouch
paves the way for future fine contactless haptics, with envisioned
scenarios such as contactless mid-air interaction with public
kiosks or keypads.

Index Terms—Contactless Haptics, Electric Spark, High-
Voltage, Pattern Recognition, Spatio-Temporal Patterns, Mid-Air

I. INTRODUCTION

Contactless haptic technologies are a convenient way to
provide tactile feedback in mid-air interaction techniques.
This is needed for the come-and-interact paradigm, so that
users do not need to put on, wear or touch different devices.
Additionally, contactless haptic technologies fit better in envi-
ronments where hygiene is critical and physical contact should
be avoided, such as hospitals or public spaces [1].

Currently, focused ultrasound is the most widespread con-
tactless haptic technology, with companies providing off-the-
shelf devices and toolkits (e.g. UltralLeap Ltd, PixieDust Inc.
or eMerge). An array of ultrasonic emitters can focus and
modulate ultrasonic waves at different points in space that,
upon contact with the user’s palm, induce tactile sensations [2],
[3]. This tactile feedback is used to convey direction [4], [5],
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Fig. 1. SparkTouch uses electric sparks to deliver contactless haptic spatio-
temporal patterns. Left) Regular spark being applied on a fingertip. Right)
Long exposure photos of a line pattern traced on the palm and index fingertip.

compliance [6], temperature [7] or spatial haptic patterns [8]-
[10]. However, focused ultrasound presents some drawbacks,
such as reduced intensity [11] and coarse resolution [12], thus
spatial patterns can only be applied on the palm.

In this paper, we investigate the use of electric arcs as an
alternative technology for contactless haptics, especially for
the recognition of finer spatio-temporal haptic patterns. We
propose SparkTouch, an approach to provide contactless tactile
patterns through the use of a spark generated by a Tesla coil
that is controllably displaced to trace different shapes on the
palm and fingertips.

Tesla coils generate high-voltage, low current and high
frequency alternating current electric arcs that are safe to
touch. These arcs have already been used to stimulate the
fingertip [13], but were only investigated subjectively, in terms
of comfort, intensity or pain.

In this paper, we quantified sparks intensity perception
thresholds under different frequencies (n = 6). The sparks were
applied on two different hand parts, the palm and the finger-
tip. They both present a high density of mechano-receptors
while offering, respectively, a bigger surface or higher spatial
acuity. We empirically show that spatio-temporal patterns are
similarly perceived on the palm and the fingertip.
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We then conducted a pattern recognition user study (n =
30) where lines and shapes with various directions were traced
with electric sparks on the users’ palms and index fingertip.
This study was approved by the ethics, data protection and
biosecurity committee of the university (PI-011/22) and con-
ducted according to the pertinent legislation.

To the best of our knowledge, it is the first time that spatio-
temporal pattern recognition on the fingertip is achieved via
contactless stimulation. Results show that (1) SparkTouch of-
fers comparable accuracy to contact based technologies [14],
[15] and contactless ultrasound based systems [8], [16] on the
palm; (2) palm and fingertip showed equivalent recognition
accuracy; (3) discrimination between lines or shapes and (4)
their directionality can be performed using electric sparks.

Taken altogether, SparkTouch offers novel opportunities for
contactless haptic patterns, with envisioned use-cases such as
mid-air interaction with public kiosks or intangible keypads.

The contributions of this paper are:

o SparkTouch, an approach to deliver contactless tactile
spatio-temporal patterns through the use of a spark;

o A customized Tesla coil capable of providing mid-air
haptics with controllable modulation frequency, intensity
and duration along configurable paths;

o Empirical results quantifying intensity perception thresh-
olds depending on frequency and hand location (palm and
fingertip);

o Empirical results showing SparkTouch’s accuracy for
pattern recognition on the palm and fingertip.

II. RELATED WORK

Mid-air interaction techniques have been elicited through
numerous studies and defined as intuitive [17], usually in-
volving hand or body gestures, coupled with tracking devices.
They enable contactless selection and manipulation of digital
content on distant [18], floating 2D displays [19] or in 3D en-
vironments such as AR [20], [21] or VR [22], [23]. However,
mid-air interaction suffers from the of lack haptic feedback.

To fully benefit from the freedom of mid-air gestures and
interaction techniques, solutions to provide haptics without
grounded, tethered or handheld apparatuses are being investi-
gated. The most common solutions are wearable technologies
[24], worn on the users’ hands, wrist or fingers. Haptic
wearables either apply forces on the users (e.g., exoskeletons
[25]), or stimulate them through vibrations [26], pressure
[27], skin stretch [28], tangible props [29] or electrotactile
signals [30]. However, wearables have a set-up time, do not
fit all hands or finger sizes [31] and can feel cumbersome,
heavy or impairing depending on their form factor. Thus, other
alternatives investigate the use of mid-air haptic devices [32],
providing contactless yet perceivable haptic stimulation.

Contactless haptic technologies provide haptic stimuli
“without direct physical contact or the need to wear a device
that may disrupt feelings of immersion” [32]; and therefore
are in-line with the come-and interact paradigm, where a user
can just approach and start interacting with a digital interface.
Contactless technologies include various technologies, such

as lasers, able to induce warmth or prickling sensations [33]
from a distance; or air jets, that provide tactile sensations [34]
when deforming the skin [35]. Focused ultrasound has been
extensively investigated [1], both in research and industry. It
can provide perception of contact with intangible screens [19],
direction [4] or spatial haptic patterns [16].

Current contactless systems, and more specifically focused
ultrasounds, have shown positive results for pattern recognition
[8], [16], [36], [37] or Braille symbols [9]. However, they are
exclusively applied on the palm. Focused ultrasound have a
limited point-localization resolution [10], [12], which cannot
provide a signal fine enough to trace a distinguishable pattern
on the fingertip.

So far, only contact-based technologies have investigated the
use of haptic patterns for the fingertips, using wearables, such
as pin-arrays [38], electrotactile [39], hydraulic patches [40]
or pump arrays [41]. However, to the best of our knowledge,
no research has been conducted to elicit contactless tactile
patterns on the fingertip.

In contrast to ultrasound technology, electric arcs could
provide a finer and sharper stimuli than the ultrasonic focal
point. Spelmezan et al. described the sensation of plasma
as “sharp” or “prickling” [13], which suggests that sparks
have the potential to achieve higher resolutions compared to
ultrasound.

As opposed to electrotactile feedback [42], [43], electric
arcs can produce stimuli from a distance. They rely on the
ionization of air to generate a plasma channel in mid-air
that transfers current. Electric arcs can stimulate the nerves
while also stimulating thermoreceptors, through their high
temperature. By tweaking its amplitude and pulse frequency,
and similarly to electrotactile feedback [44], electric arcs
could provide both temperature or vibration, tickling and
pinprick sensations; in a safe and touchless way. Sparks were
only investigated subjectively [13], in terms of perceptibility,
comfort, intensity, pain and stress.

In this paper, we explore the use of electric sparks for
delivering contactless haptic spatio-temporal patterns on the
palm and, for the first time using contactless technologies,
on the fingertip.

III. SYSTEM

SparkTouch relies on a modified off-the-shelf pancake Tesla
coil to generate high-voltage, low current, high-frequency
alternating current electricity, which creates safe-to-touch elec-
tric arcs, or sparks.

A. Generating and Controlling Sparks

The spark generation system consists of an off-the-shelf
modified commercial pancake tesla coil with a resonant fre-
quency of ~ 4.3MHz, powered at 48 V with a power con-
sumption of up to 1.2 A. It includes a PWM signal generator,
which triggers the sparks at a given frequency and duty cycle.
We integrated our own custom signal generator using an
ESP32 microcontroller to provide higher frequencies and duty
cycle resolutions from a computer. This modification allowed
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for a more precise modulation of the spark (time resolution
of up to 1 ws). Frequency, duty cycle and durations were
controlled from the computer; with the duty cycle, we control
the intensity (see Figure 2).

The commercially available Tesla coil main power MOS-
FET has a 12 V logic level, thus to drive it we connected it
to a IXDN602P1 MOSFET driver IC, which takes the 3.3 V
signal from the ESP32 (see Figure 2).

Spark Generation

MOSFET

\ Main Power
~ MOSFET

Faraday Cage

ESP32 1
microcontroller

Commercial Tesla Coil

\|12 Y

Fig. 2. SparkTouch’s hardware: (Left) in a Faraday cage, we connect an ESP32
to a MOSFET Diriver IC (3.3 V <+ 12 V); which we use to trigger (Right)
the main power MOSFET of a modified commercially available Tesla coil.
Sparks generated with controlled frequency and duty cycle from a computer.

B. Reducing Interferences

Mitigating electromagnetic interference is crucial to protect
the microcontroller and provide a stable signal generation,
especially in an environment with high electromagnetic radi-
ation, such as the proximity of a Tesla coil. We hence placed
the microcontroller and MOSFET driver inside a Faraday cage
(see Figure 2), reducing electromagnetic interference caused
by the 4.3 Mhz carrier wave of the Tesla coil. Also, to
minimise electrical noise, the input of the MOSFET driver
was pulled down with a 10k{2 resistor, while the output was
pulled down with a 47€) resistor.

C. Fine-tuning Spark Contact Point

Sparks tend to spread and branch out to reach a contact
point (see Figure 3 - Left). The further away the contact point,
the wider the spread and therefore the larger the stimulation
area. It is thus important to constrain and adjust the distance
between the electrode and its future contact point. Constraining
the stimulation area was achieved in Sparkle [13] by getting
the electrode as close as possible to the fingertip, through a
fine mesh guiding it. Differently, we inserted a flexible PTFE
tube on the electrode to constrain and guide the spark over
a larger distance (3 cm long tube, 1.5 cm on the electrode).
By having the end of the tube closer to the skin, we ensure
a minimum distance between the electrode and the stimulated
area (see Figure 3 - Right). Keeping a minimum distance is
important because the spark is perceived as unpleasant when it
is touched close to the electrode (below 5 mm), also the Tesla
coils detune and lose performance if the finger is too close
to the electrode. Furthermore, the tube avoids the electrode
piercing the skin if the user accidentally presses upon it.

D. Safety

The circuit and high-voltage transformer were in an acrylic
case to prevent users from accidentally touching it. The only
part left exposed was the electrode, although a PTFE tube
was inserted into it to ensure a minimum distance between the
user and the tip. Additionally, a hollow plastic cylinder was
placed around the electrode, its height was slightly larger than
that of the electrode. We also follow the guidelines for high-
voltage gathered by Sparkle [13]: (1) using a power supply
with regulated voltage and current limit and (2) limit the
maximum charge of the capacitors on the electronics.

Without guidance With guidance

Guided, Fine

Chaotic, Sparse

Large Contact

Fig. 3. Long-exposure photographs of SparkTouch stimuli with (left)/without
(right) PTFE tube guiding the spark.

IV. PRELIMINARY INTENSITY PERCEPTION THRESHOLDS

The aim of this user study is to analyse the perception
threshold as a function of the stimuli position (e.g., fingertip,
palm) and modulation frequency. Sensitivity is known to
be different for point localization, two-point discrimination
and other psychophysics properties [45]-[47], therefore we
decided to verify whether body part had an effect on spark
perception and sensitivity.

As mentioned in Section III, the intensity is controlled here
using the duty cycle — i.e. the fraction of one period in which
a signal or system is active — over a duration (e.g., a 1 Hz
signal with an intensity or duty cycle of 10 with a duration of
10 seconds would mean the spark is generated every second
for 100 ms, for 10 seconds).

A. Apparatus

We used the electric sparks hardware presented in Section
III, hidden from the users’ by a black fabric that occluded
their view (see Figure 4). Users were asked to place their
arm over an adjustable platform, which aim was two-fold: (a)
allowing the users to rest their arm and keeping it still during
the experience; (b) ensuring the finger and palm distances to
the PTFE tube were consistent between users (5 mm). Users
employed their right hand to control a mouse to answer on
a laptop in front of them. Participants wore noise-cancelling
headphones playing brown noise to mask the overall system
noise when it sparks.
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Fig. 4. Setup used for the intensity perception threshold study. The user,
wearing noise-cancelling headphones, is sat down in front of a computer and
uses it to provide answers. Separated by an opaque panel, their arm is placed
on an adjustable armrest, above the electrode tip of the Tesla coil.

B. Procedure

Participants were told about the purpose of the study and
signed an informed consent form. They positioned themselves
at a desk as per Figure 4; and were asked to wipe their
fingertip and palm with a cotton-soaked with alcohol, to have
similar skin conditions between participants. They moved their
left arm over the adjustable platform to feel comfortable and
placed their fingertip and palm above the respective holes.
They were asked to provide their answers (e.g., intensity
threshold) with their right hand on the keyboard.

They finally were requested to wear noise-cancelling head-
phones and the experiment started. The experiment duration
was on average 30 minutes.

C. Method

To define the intensity perception threshold, we employ the
methods of limits [48], by either increasing or decreasing each
prior stimulus’ duty cycle (e.g., intensity) by 1 unit (e.g., 1 us)
every 2s. The starting condition (decreasing | or increasing 1)
was chosen randomly.

Users were asked to press the space bar on the ascending
series (T) when they started feeling the applied stimulus; and
when they stopped feeling it on the descending ones ({).

D. Farticipants

We recruited six participants (self-reported gender, 4 female;
2 male), aged 23 to 56 years old (average = 35.7, std = 15).
None of them presented any physical or tactile impairments.
Two of them had previously experienced contactless haptic
stimuli. Handedness was not regarded in this study.

E. Conditions

We investigate the effects of stimuli FREQUENCY and
POSITION on intensity thresholds in this study. We chose 2
FREQUENCIES (45 Hz and 225 Hz), as they are between the
threshold ranges of the Meissner and Pacini mechanoreceptors
respectively [49]-[51], which are most likely to be excited by
SparkTouch. We initially tested lower (8 Hz - Merkel [51])
and higher (1000 Hz - nocireceptors) frequencies but they

were discarded respectively for poor perception or burning
sensation. The stimuli duration was set at 0.25 s. We chose 2
POSITIONS: the index fingertip and the palm; known to show
different sensitivities [47]. All participants had to go through
3 BLOCKS of 2 SERIES (1 and ). The stimuli POSITION was
alternated in order to avoid satiety effects from continuous
stimulation.

F. Design

We used a within-subjects design for this study. The global
experiment can be summarised as: 6 PARTICIPANTS X 2
FREQUENCIES X 2 POSITIONS X 2 SERIES X 3 BLOCKS
= 144 TRIALS.

G. Results

We analysed the data using a 2x2 repeated measures
ANOVA (POSITION X FREQUENCY), and a one-way ANOVA
analysis on BLOCKS. We verified ANOVA’s assumptions (nor-
mality, equal variances), and computed posthocs pairwise T-
tests with Bonferroni-corrected p-values.

1) Global Effects: Overall, we noted two main effects
during this study. A first significant effect was noted for
FREQUENCY (F 5 = 12.3,pag < 0.05,77 = 0.71); and
a second small but significant effect was noted for BLOCKS
(F1.26,6.20) = 7-7,pac < 0.05,7%> = 0.61). No effect was
noted for POSITION. Moreover, there was no cross-effect
between the conditions.

2) Frequency Effect: The intensity threshold was signifi-
cantly higher (p < 0.05) for 45 Hz (average = 11.1 ps, std =
9.4 ws) than for 225 Hz (average = 6.5 pus, std = 5.5 us) -
see Figure 5 - A.
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Fig. 5. Results for the Intensity Threshold user study. A. Boxplot of Intensity
thresholds as a function of FREQUENCIES; B. Boxplot of Intensity thresholds
as a function of BLOCKS. Significance levels are annotated (*: p < 0.05,
*##%: p < 0.005).

3) Position Effect: As there was no significant effect on
PosSITION, we ran a TOST (two one-side T-tests) to eval-
uate whether results are equivalent for both positions (non-
significance means the effect is not big enough to be anything
other than a chance finding; TOST means the effect is zero and
samples are similar and equivalent), with an interval of [—4, 2]
raw scores. A significant result for equivalence was obtained
with (95 47) = 1.72,p < 0.05, 90% CI = [-3.91,1.20].
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4) Block Effect: We noted a significant effect (p < 0.005)
between the first and last blocks, the intensity thresholds were
8.1 s (std = 7.6 ps) and 10.0 ps (std = 8.8 ps) respectively
- see Figure 5 - B).

5) Global Results: Apart from the global effects and aver-
age results, we note that the 90" centile for the 45 Hz and
the 225 Hz frequencies respectively was 23 us and 13.9 us,
we can therefore use stimuli with intensity above 25 ps (for
45 Hz) and 15 us (for 225 Hz) to ensure their perceptibility.

H. Discussion

1) Position Effect: We showed that the stimuli position (at
least between the fingertip and the palm) does not have an
effect on the intensity perception thresholds. As opposed to the
other psychophysics parameters (e.g., point localization, two-
point threshold, shift etc), we did not note a significant effect
of position for spark-related haptics; and results suggested that
the intensity perception thresholds were equivalent with an
interval window of 4us. This result is in-line with our scope,
aiming to provide patterns onto both the palm (as per most of
contactless literature) and the fingertip.

2) Frequency Effect: We demonstrated that the frequency
did have a significant effect on intensity perception thresholds.
The higher the frequency, the lower intensity needs to be to
be perceptible.

3) Block Effect: We also noted an effect over time using
SparkTouch. Similarly to electrotactile stimuli — where the
system needs to be recalibrated over time to remain perceptible
[52] — the more time spent using sparks, the higher the
intensity perception thresholds. This means that, over time,
we would probably need to recalibrate the intensity threshold
to ensure SparkTouch’s perceptibility.

4) Limitations to Fixed Duration: Our results are dependent
on frequency but also on stimulus duration. Using other signal
durations, these parameters could change, with stimuli feeling
more intensely [13].

V. SPATIO-TEMPORAL PATTERNS RECOGNITION

The aim of this study is to measure the accuracy of
spatio-temporal pattern recognition using SparkTouch; and to
compare its accuracy with other haptic technologies: contact
and contactless.

A. Apparatus

The spark generation setup is similar to the previous study.
Additionally, the Tesla coil is mounted on an inverted delta
stage (BIQU Kossel) to move the spark generator along
controlled paths (see Figure 6).

B. Participants

We recruited 30 participants (self-reported gender, 15 fe-
male and 15 male), aged 19 to 33 years old (average =
25.5, std = 4.3). None of them presented any physical nor
tactile impairments. Two of them had previously experienced
contactless haptic stimuli, but never involving electric sparks.
Handedness was not considered in this study.

Faraday Cage

‘Opaque Panel

Noise Cancelling
Headphones

Tesla Coil
mounted on
Delta Stage

Contactless
plasma spark

Fig. 6. Setup for the spatio-temporal pattern recognition study.

C. Experiment Design Rationale

1) Frequencies, Positions, and Intensities: For this study,
we selected the same frequencies and body parts as in the
intensity perception thresholds study. However, when first ex-
perimenting the spatio-temporal patterns, a burning sensation
could be felt; mainly due to the duration of the pattern tracing
(duration effect seen in [13]). To reduce this sensation, we
had two options: reducing the duration of each stimulus, to get
discrete patterns; or reducing their intensities and keep drawing
pseudo-continuous patterns. Pseudo-continuous stimuli refers
to discrete stimuli applied at a frequency that makes them be
perceived as continuous by the user. Previous research using
focused ultrasound has shown that pseudo-continuous signals
significantly improve performance in hand pattern recognition
[16]. We thus decided to reduce the stimuli intensities and use
pseudo-continuous drawing patterns.

Before
Pattern
C: 20.8°C H: 277°C_JC:209°C JH: 29.8°C _§C:209°C JH:29.4°C | C:20.8°C_JH:291°C JC:206°C JH: 29.2°C H
225 Hz
25 ps intensity
C: 208°C _JH: 291°C C:20.8°C_JH: 30.0°C JC:205°C_JH:297°C | C. 20.8°C_[{H: 30.1°C C: 206°C fIH: 287°C
225 Hz
30 ps intensity
C

Fig. 7. Thermography of a hand before and after receiving a contactless
pattern using SparkTouch at different intensities. We note that the higher the
intensity, the hotter the skin (H: hottest; C: coldest).

We show in Figure 7 images of a hand before and after
different shape patterns with a thermal camera. We note that
the higher the intensity, the higher the skin temperature; and
therefore the perception of heat. Stimuli traced for more than
4 seconds with 30 us intensity could be unpleasant due to
temperature increase.
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From the perception thresholds study, we found that inten-
sity parameters had to be at least above 25 us for 45 Hz, and
15 ps for 225 Hz. We thus decided in this study to set the
frequencies and intensity levels at 45 Hz to 25 us for the palm
and 35 us for the finger; and at 225 Hz to 15 s on the palm.
When applying patterns at 225 Hz on the finger, the system
frequently crashed despite the shielding, thus we decided to
remove it from the study.

2) Patterns: For selecting the patterns, we considered dif-
ferent papers involving haptic pattern recognition: surface hap-
tics [53], wearable haptics [54], and electrotactile [39] stimuli.
We integrated some of the patterns into a set of 14 patterns.
As per [53], patterns included straight lines in 8 directions
(NE-E-ES-S-SW-W-NW, N), and shapes (circles, squares; and
triangles as per [54]) traced clockwise and counter-clockwise
(see Figure 8 for the shapes, and Figure 1 for the lines).

a) Pattern Size: Most haptic patterns studies fix the size
of the patterns (e.g., circles of 5, 10 or 15 cm [55], or
6.4 cm [16]), however sensitivity is not homogenous on the
palm and fingertips, due to the different densities of receptors
within the skin [47]. We thus decided to adjust the patterns
to the size of the user hand and fingertip. Each line and
shape are circumscribed in a circle, which centre and diameter
are dependent of the desired stimulated area (procedure is
described below).

b) Speeds: With contactless technologies such as ultra-
sounds, speeds vary in the literature from 2 m/s [16] to 7 m/s
[36], with patterns being traced in 2 seconds [8]. However,
in some occasions these speeds were considered too fast.
With surface haptics (e.g., contact technologies), slower speeds
were used with arrays of tactors stimulating the palm: from
150 mm/s to 300 mm/s [53] with larger pattern sizes (10
cm), and patterns being traced in approximately 4 seconds.
In this study, we choose speeds that made patterns be traced
in approximately 4 seconds; which results in speeds of 38
mm/s for the palm and 11 mm/s for the fingertip.

Fig. 8. Shapes used for the spatio-temporal patterns recognition study. (Up)
Shape patterns. (Down) Long exposure photos of the patterns applied on the
palm and the fingertip.

D. Conditions

Patterns were applied on 2 POSITIONS: the palm and
the index fingertip. Regarding FREQUENCIES, the palm was
stimulated at both 225 Hz and 45 Hz; and fingertip at 45
Hz. We chose 14 PATTERNS, including LINES with 8§ DIREC-
TIONS; and 3 SHAPES with 2 DIRECTIONS. Each participant
performed 3 BLOCKS in a pseudo-random order.

E. Procedure

Participants were first informed of the purpose of the study
and signed an informed consent form. They were then asked
to sit in front of a table and to rest their left arm on the
platform (see Figure 6). They were asked to wear noise-
cancelling headphones. When the participant first rested their
hand onto the platform, we adjusted the electrode to the centre
of the palm. We moved the electrode forward until reaching the
knuckles (from below), then moved 3 mm backward towards
the centre. We recorded this second position. These two
positions define a circle, in which all the lines and shapes are
inscribed. A similar procedure was performed for the fingertip
(going to the end of the fingertip and backwards 5 mm).

The system would trace a pattern and the user had to select
the perceived pattern on a computer screen using a mouse
with their right hand. The average duration of the study was
48 minutes (std = 12 minutes).

F. Design

We used a within-subjects design, and alternated the POSI-
TIONS (1. PALM — 45 Hz, 2. FINGER - 45 Hz, 3. PALM —
225 Hz) to avoid raising the intensity perception thresholds
from training — as showed in the preliminary study.

The experiment can be summarised as 30 PARTICIPANTS
X (1 POSITION x 2 FREQUENCIES + 1 POSITION X 1
FREQUENCY) X 14 PATTERNS X 3 BLOCKS = 3780 TRIALS.

G. Results

We computed repeated-measures ANOVA for both FRE-
QUENCY and POSITION (comparing respectively exclusively
results in the palm, or results exclusively with 45 Hz).

1) Global Effects: We found a significant effect on FRE-
QUENCY (Fl1,29) = 7.9,p < 0.005,7* = 0.21), but did not
note any effect on either POSITION nor BLOCK.

2) Block Effect: Even though we noted no significant dif-
ferences between blocks, accuracy went down between trials
(resp. 45.7%, 41.1% and 43.4%).

3) Accuracy: We discuss global results based on our con-
ditions: Position, Frequency, Pattern types and their Direction.
We do however display more detailed results of the accuracy
of the task as confusion matrices; for the conditions PALM -
225 Hz in Figure 9 and FINGERTIP — 45 Hz in Figure 10.

a) Position: The results are quite comparable depending
on the stimulated area. The results were slightly (but not
significantly) higher in the palm (average = 45.2%) than in
the fingertip (average = 39.8%). We ran a TOST (two one-side
T-tests) to evaluate whether accuracies are equivalent for both
positions. A significant result for equivalence was obtained
with £(gg4.9) = —2.54,p < 0.01, 90% CI = —8.79 to —1.92.

166



Palm 225 Hz
: 100
/ - 2002 44 11 11 44 11 44 11 11 33 0.0 33 11
- 00 12.2§ 44 33 11 11 0.0 22 33 0.0 0.0 L5 0.0

- 00 ! 67 (AN 78522 11 il 22 il 11 22 0.0 il 22

80

- 11 22;200 456 144522 22 212, () 0.0 11 56 11 11

|67 Em,gizz 00|00 00 56 56 00 22
5111m14,4§00 22 11 00 22 00 00 60

-
|
5 0 | BT N
g \- 14 0.0 22 23 33,144“ 56 44 11 33 11 44 22
i H
R ‘
% T - 56 22 56 44 44 331178 467 1.1 22 22 33 0.0 11
F N o 11 11 a3 11 a0 oo 11 N 40
Q- 0.0 1 11 33 11 0.0 0.0 11 E7¥W 67 156 100 33 44
‘
- 11 0.0 44 22 22 0.0 23 00 {378 311 89 78 5 | 11
al ‘
- 22 44 11 < b= 2 0.0 22 0.0 3211 133 322, 89 22 6.7
Al ‘ [ |20
O- 22 00 0.0 44 22 0.0 33 6.7 44 56 17.8|
,
- 00 s 0 | b 0.0 1.1 11 11 44 56 267 311 25.6;
.
- 00 33 22 a3 11 0.0 11 44 33 1211 122 SN O
/X |
el o L

/=N 100AO0NA

Perceived Stimuli

AN

Fig. 9. Confusion Matrix of the Pattern Recognition user study, PALM
position, 225 HZz frequency. Rectangles outline Lines and Shapes. Dotted
areas outline orientations.

b) Frequency: The recognition was significantly higher
at 225 Hz (average = 49.3%) than it 45 Hz (average = 41.0%)
(p < 0.005).

c) Pattern: Regarding patterns, participants could dis-
criminate whether lines were drawn with 88.8% accuracy
and shapes with 85.7%. This can be noted in our confusion
matrices Figure 9 - 10, where we highlighted this discrimi-
nation using squares (blue for the lines, grey for the shapes).
However, the global accuracy for lines was about 49.8% while
for shapes it was 34.8%; most of the confusion occurred in
their direction (see below).

d) Direction: To differentiate the direction discrimina-
tion, we split here the lines and shapes. First, and as illustrated
at Figure 9 - 10 in the dotted grey areas, even though shapes
were not always recognized, their direction was. We indeed
note an 85.8% average accuracy for discriminating the right
direction in shapes.

For the lines, almost half of them were discriminated in
their correct direction (49.9%) - but, as illustrated in the dotted
blue areas (Figure 9 - 10), lines often got confused with
their nearest-neighbour. Indeed, by allowing a slightly larger
tolerance (< 7 for the nearest-neighbour), the accuracy goes
up to 81.9%.

Focusing on the fingertip, we reach 83.7% accuracy in
discriminating the shape direction, and a 81.0% for near-
neighbour lines.

H. Discussion

Accuracy compared to literature. Our accuracy is compara-
ble to results in the literature, for instance with contact-haptics
using vibrotactile on the edge of a phone [14] (44% accuracy
with 32 patterns - lines and shapes). Accuracy is slightly lower
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Fig. 10. Confusion Matrix of the Pattern Recognition user study, FINGER
position, 45 Hz frequency. Rectangles outline Line and Shape recognition.
Dotted areas outline orientations.

than surface haptics patterns [53] — from which our patterns
were originally inspired — showing ~ 58% accuracy for 14
patterns. However, they provided feedback to their users with
the answers correctness, leading to improving results over
time. In our study, no training nor confirmation of correctness
was provided.

Regarding contactless technologies, a smaller set of patterns
are employed (e.g., 4x4 directions [8], [16], [36]), with
approximately similar results than the ones we demonstrated
on the palm.

On the fingertip, the accuracy of SparkTouch is a bit lower
than the contact-based results (e.g., wearable electrotactile
[39], only 3 lines and 3 shapes, above 70% accuracy); how-
ever, these results are encouraging for more investigation of
contactless haptic spatio-temporal patterns on the fingertip.

Fingertip Performances. We demonstrate in this study how
applying sparks on the fingertips can go further than percepti-
bility, tingling or heat sensations [13], and can indeed convey
information such as spatio-temporal patterns. Our accuracy
results on the fingertip showed no significant differences with
the results in the palm; and suggested that the accuracies for
both positions were equivalent with an interval window of
8%. Moreover, palm results showed comparable results to the
literature. While an effect was shown on frequency (with better
results for 225 Hz), we could not perform the 225 Hz study
on the fingertip, as the long stimuli duration coupled with the
low dampening of the delta stage for the fingertip area caused
it to crash. Alternatives to the delta stage are mentioned in
Section VI. We however do believe that haptic patterns on the
fingertip hold great potential and that fine-tuning parameters
will allow more accuracy.
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Shapes. We showed that participants could differentiate
shapes from lines, and their directions; however the discrim-
ination of the shape itself could be increased. Contactless
technologies such as ultrasounds mentioned how edges are
hard to differentiate (e.g., a square from a circle or a triangle)
[1] and propose guidelines to improve performance. Reducing
the speeds around the corners could benefit haptic shape
identification.

Directions. We showed that participants could demonstrate
with high accuracy whether they felt a shape or a line, and
their direction. We took into account the nearest-neighbour
pattern to show the participants’ confusion within the lines.
Apart from intensity threshold calibration (Section IV), we
believe that defining and quantifying spatial and temporal
acuities using electric sparks would benefit this accuracy. We
demonstrated that a high resolution can be achieved with
electric sparks, thus fine-tuning the length of the lines could
improve this line direction discrimination.

Satiety effect. As per our first study and as seen with
ultrasounds and electrotactile [52], a satiety effect can occur,
with performance and sensitivity going down over time.

VI. LIMITATIONS AND FUTURE WORK

We envision various directions for future work, to alleviate
some of SparkTouch’s limitations and to expand its scope.

Guiding the Sparks for Spatial Acuity Thresholds. There was
still significant spread of the spark on the contact point with
the skin, also the end of the tube had to be relatively close to
the skin. Quantifying the spatial acuity when perceiving the
spark could help to improve SparkTouch’s overall usability, by
revealing if smaller contact areas lead to more acuity. If so,
using ultrasounds [56] or blowing air could help to direct the
spark and reduce the contact area, as it is done in cold plasma
treatments [57].

Different Carrier. The off-the-shelf Tesla coil had a resonant
frequency fixed around 4.3 MHz. We adjusted the modulation
frequency, duty cycle and duration but we did not explore
different carrier frequencies. We note that we tried various
Tesla coils with different carrier frequencies and the sensa-
tions seemed dominated by the modulation frequency, duty
cycle and duration; nonetheless a systematic study should be
performed in the future.

Skin Conductivity Compensation. We did not adjust the
intensity of the stimuli to compensate for skin conductivity
nor capacitance of each user. The state of the art in electro-
tactile technology measures those characteristics and adjusts
accordingly the intensity of the stimuli to provide uniform
perception across users [58], [59].

Mid-air Multimodal Haptics. Electric stimuli can be com-
bined with other contactless haptic stimulations, such as
ultrasounds, air-jets, or infrared radiation. The combination
of sparks and air-jets could mitigate the burning sensation
produced by the spark, while its combination with ultrasound
could potentially increase the realism of mid-air interaction
techniques; e.g., ultrasound would be applied for soft contact

with a mid-air button whereas the electric spark for a sharper
click when activated.

Stimuli Hedonics. Although the sensations produced by
the electric arcs has been studied by Spelmezan et al. [13],
and further investigated in our work, findings remain non-
conclusive. We were unable to identify the mechanoreceptors
or nocireceptors responsible for the tingling or heat sensations.
Moreover, the causes for the pleasantness or discomfort caused
by the stimuli can be explored in detail to identify suitable
parameters to maximize perceived intensity and pleasantness,
while avoiding discomfort and pain. A study with electromyo-
graphy could identify the stimulation receptors, although car-
rying it out may be difficult due to the high electrical noise in
close proximity to a tesla coil.

Integration and Interaction. Integrating SparkTouch with
hand tracking systems to explore active haptics, for example
to apply stimuli when the user reaches into a mid-air button
or object [60]. Contactless feedback like pricking sensation
has not been explored to help users be more alert or cautious
before performing a risky task or action, such as crossing
the street. A sharp pin prick sensation could potentially be
delivered to a user pressing a non-tangible button for turning
the light green on a cross-walk. Being able to deliver directions
can enhanced the interactions with a mid-air keyboard, apart
from receiving a point sensation on the finger that presses
a virtual key, a direction can be conveyed towards the next
predicted letter. In a mid-air kiosk, a left-to-right line can
be applied when pressing the next button, right-to-left for
previous button, and a square for OK. After several uses,
the user could operate the kiosk eyes-free and just get haptic
confirmation from the pressed button.

Miniaturization and Various Electrodes. Future work could
guide the spark without the delta stage, for example guiding it
with electrostatic deflection. Also, novel form-factors can be
investigated to make SparkTouch portable and/or with a more
lightweight integration. We envision to increase the number of
electrodes to build an array (such as contact-based pin-array
[38]), enabling for instance to provide two sparks at the same
time. This could enable applications like contactless Braille
by applying various simultaneous stimulation points.

Non-Glabrous Skin. We studied haptic patterns on glabrous
skin (fingertip, palm). However, we note that electric sparks
are also perceived in non-glabrous skin such as in the back of
the hand or forearm.

VII. CONCLUSION

Contactless haptic technologies deliver tactile feedback re-
motely, in-line with the come-and-interact paradigm, where
users are not disrupted by a device nor limited by hygienic
restrictions. In this paper, we propose SparkTouch, an approach
to deliver contactless haptic spatio-temporal patterns (lines,
shapes) using electric sparks. We leverage the generation of
spatio-temporal haptic patterns onto the palm (shown with
other contactless haptics), but more importantly, we propose
for the first time to extend it to the fingertip.
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Spark intensity was first quantified in a perception threshold
study (n = 6) and different modulation frequencies (45 and
225 Hz) were tested. We then conducted a pattern recognition
study (n = 30), and analysed user’s recognition accuracy of
spatio-temporal patterns traced on the palm and fingertip.
The recognition accuracy was similar or slightly worse than
contact-based methods and similar to focused ultrasound, the
most used contactless method. No significant difference was
noted between palm and fingertip recognition performance,
indicating that electric arcs are a promising method for deliv-
ering fine contactless spatio-temporal patterns.

Future work includes making the stimulus intensity user-
dependent, exploring methods to guide the spread of the spark
to an even finer mm-scale, and combining SparkTouch with
other contactless technologies (such as air-jets or ultrasounds).

Electric arcs show a great potential to enhance tactile
feedback with mid-air interfaces, and we envision future use-
cases such as contactless Braille reading, interaction with
public kiosks or contactless keypads.
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