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Figure 1: A participant interacting with the interface during the experiment. The electrodes used for the electrotactile display 
are on the left hand and the right controls the experiment using a mouse. 

ABSTRACT 
Electrotactile stimulation is a novel form of haptic feedback. There 
is little work investigating its basic design parameters and how they 
create efective tactile cues. This paper describes two experiments 
that extend our knowledge of two key parameters. The frst inves-
tigated the combination of pulse width and amplitude (Intensity) 
on sensations of urgency, annoyance, valence and arousal. Results 
showed signifcant efects: increasing Intensity caused higher rat-
ings of urgency, annoyance and arousal but reduced valence. We 
established clear levels for diferentiating each sensation. A sec-
ond study then investigated Intensity and Pulse Frequency to fnd 
out how many distinguishable levels could be perceived. Results 
showed that both Intensity and Pulse Frequency signifcantly af-
fected perception, with four distinguishable levels of Intensity and 
two of Pulse Frequency. These results add signifcant new knowl-
edge about the parameter space of electrotactile cue design and 
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help designers select suitable properties to use when creating elec-
trotactile cues. 

CCS CONCEPTS 
• Human-centered computing → Haptic devices. 
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1 INTRODUCTION 
Tactile feedback is a common modality used for interaction in many 
diferent devices, from mobile phones to cars. Through the sense 
of touch, rich information can be delivered to the skin when vi-
sual interaction is limited or inappropriate, for example. The most 
commonly used form is vibrotactile, generated by actuators that 
mechanically stimulate the skin. However, they can only generate a 
range of tactile experiences. In this paper, we study a novel alterna-
tive tactile technology: electrotactile stimulation. Two studies that 
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increase our knowledge of how to design efective electrotactile 
cues are presented to expand options for cutaneous tactile displays. 

Electrotactile feedback uses the fow of electrical current to stim-
ulate the receptors in the skin directly. Controlling this electrical 
fow is achieved by manipulating parameters such as pulse width, 
amplitude and frequency [11], which can evoke sensations. The 
actuators used for electrotactile display are thin and small, fexible, 
light, durable, highly energy efcient, have no mechanical reso-
nance, and are highly responsive, giving it advantages over the 
mechanical actuators used for vibrotactile displays [19, 21, 35–37]. 
It can also present dynamic patterns with diferent intensities very 
rapidly [16]. Electrotactile feedback has been investigated for its 
perception on diferent parts of the body [9, 20, 29]. Our previous 
work [2] has started to look at some of the basic parameters avail-
able to designers to begin to understand how they might be used in 
a more structured way. However, there is little research into how 
this feedback should be designed to communicate messages and 
the efects of the diferent parameters on users. This is important 
from an interaction design perspective, as without such knowledge, 
it cannot be used efectively. 

We present two experiments to study key questions in the design 
of electrotactile feedback. In the frst, we investigate the perception 
of electrotactile Intensity, controlled by manipulating pulse width 
and amplitude, in terms of subjective sensations of urgency, an-
noyance, valence and arousal. We also wanted to fnd out which of 
these two parameters had more infuence on the perception of these 
sensations. Results showed that Intensity had a signifcant efect on 
the subjective sensations, with increased stimulation signifcantly 
increasing perceived urgency, annoyance and arousal, and decreas-
ing valence. We identifed the uniquely distinguishable levels for 
each of the sensations, which are important when designing with 
electrotactile cues. In addition, results showed that neither pulse 
width nor amplitude had a greater impact on perceived sensation 
than the other. 

In the second study, we investigated the discriminability of In-
tensity to fnd out how many distinguishable levels were possible, 
vital for its use in interface design. This study also looked at the 
discriminability of Pulse Frequency to assess its potential as another 
useful design parameter. Our results showed that both Intensity and 
Pulse Frequency had a signifcant efect on perception, with four 
distinguishable levels of Intensity and two of Pulse Frequency. 

This work presents the frst steps towards creating Electrotactons, 
an alternative to the vibration-based Tactons [5] more commonly 
seen in the literature. Electrotactons use electrotactile stimulation 
to create structured, abstract, tactile messages for user interfaces. 
These have potential benefts over vibration based cues due to the 
greater fexibility of the actuators and could also be combined with 
them to create a rich set of tactile stimulation for Tacton design. 

2 RELATED WORK 

2.1 Electrotactile stimulation 
To elicit a specifc electrotactile sensation, it is important to under-
stand the structure of the skin. There are four types of mechanore-
ceptors in the human skin [15], and each one is responsible for 
sensing a specifc skin deformation. The four types (from the top 
of the skin) are Meissner corpuscles that react to low frequencies 

(20-70 [Hz]). Next comes the Merkel cells that react to pressure 
sensation, then Rufni endings that react to shear deformation, 
and at the lowest level the Pacinian corpuscles that react to high 
frequencies (100-300[Hz]) [21]. When placing two electrodes on 
the skin, a weak current between them generates an electrical feld, 
stimulating the aferent nerve fbres responsible for touch sensa-
tion [25]. Stimulating these mechanoreceptors under the skin with 
electrotactile stimulation elicits touch sensations that can be used 
for feedback and notifcations in human-computer interaction. 

Electrotactile feedback has been investigated to: elicit itchiness 
[29], render stereo smell by stimulating the trigeminal nerve [6], 
integrate the sense of touch into a prosthetic device [11], present 
object shapes [16], and to present verbal information [23]. This has 
been done by manipulating pulse frequency, pulse width amplitude, 
and type of electrical current. The electrical current can be biphasic 
which is a positive current (anodic) followed by an equal negative 
current (cathodic) to maintain the current balance, or monophasic 
which is either positive or negative current [26]. When a higher 
current intensity is used, it becomes electrical muscle stimulation 
(EMS) which has also been used for interaction [27]. 

Electrotactile feedback has many potential benefts as it can 
potentially elicit diferent kinds of sensations to the more common 
vibrotactile form. The electrodes required also have benefts over 
vibrotactile actuators as they are much more fexible, allowing them 
to be mounted in diferent ways on mobile phones, steering wheels, 
etc., ofering new opportunities for haptics. However, there has 
been little work in HCI on how it can be used to create useful 
messages and notifcations. To do this, we need to understand the 
perception of the basic parameters of stimulation. 

Figure 2 shows the basic structure of the electrotactile signal, 
and the parameters that can be manipulated to encode information 
in an electrotactile cue. The intensity of the electrical stimulation 
is controlled by the amplitude (mA) and pulse width (µs). Pulse 
Frequency is the number of pulse per second (PPS) which can 
potentially generate diferent feelings of roughness [38]. These basic 
parameters could be then built into more complex cues, for example 
rhythmic pulses of diferent durations and intensities. However, to 
use these more complex cues, we need to understand the perception 
of the basic parameters frst, which is our aim in this paper. 

2.2 Electrotactile Feedback 
Kajimoto et al. [22] developed a tactile vision substitution system 
[4] for people with visual impairments called HamsaTouch that 
used an electrotactile display on the palm to present images. The 
system attached to a smartphone and users held the phone sideways 
with their palm on top of the attachment while pointing to a screen 
that displayed a shape. A display of 512 phototransistors captured 
the image on the screen and converted it to a tactile image of 512 
electrodes facing the palm. Participants were blindfolded, seated in 
front of a monitor, holding the device with their dominant hand. 
Four patterns were displayed on the screen: a cross-shape, circle, 
horizontal bar and vertical bar, which users had to identify. The 
results showed that the recognition rate for the horizontal and 
vertical bar were 90%, the circle 65% and the cross-shape 35%. This 
suggests that we can use the skin of the palm to create uniquely 
identifed electrotactile cues for handheld devices. However, their 
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Figure 2: The structure of a biphasic electrotactile stimulus. 
The X axis is time, the Y axis is amplitude. The electrotactile 
stimulus increases from 0 (mA) to a specifc value for some 
time and returns to 0. That time is the pulse width. The time 
between each stimulus is the pulse interval. The number of 
electrotactile pulses in a second is thepulse frequency (pulses 
per second, PPS). 

electrotactile array would not be possible to use in many standard 
interaction scenarios. Our aim in this paper was to trial a much 
simpler setup with just 1 pair of electrodes on the palm (similar to 
the single vibration motor in a mobile phone) to see how we could 
use the basic electrotactile parameters. 

Saito et al. [32] conducted a study to investigate if electrotac-
tile stimulation could be used to create a temperature sensation 
on a head mounted display. They placed an electrotactile display 
with 192 electrodes on the forehead and applied anodic (positive 
current) and cathodic (negative current) stimulations, as changing 
the polarity of the current can induce pressure and vibration sen-
sation [20]. In each trial, they randomly applied one type of the 
stimulations to one of the electrodes, then asked participants to 
rate the intensity of cold, warm, pressure and vibration sensations 
on a 10-point Likert scale. Results showed that cold sensations were 
easier to generate than warm ones, but the quality was not as good 
as pressure and vibration sensations. We used a similar method 
of measuring subjective perception of diferent sensations in our 
study. 

2.3 Electrotactile Intensity 
To understand how the intensity (amplitude (mA) and pulse width 
(µs)) level of electrotactile stimulation afected perception, Kacz-
marek et al. [17] conducted two experiments using a 7x7 49-point 
fngertip electrotactile display. In the frst, they used eight intensity 
levels to present four patterns, and the stimulation range was from 
just below the sensation threshold to just below the discomfort 
threshold. The results showed that the recognition rate increased as 
the intensity level increased. The second experiment was the same 
as the frst, except the stimulation range was from no stimulation to 
sensation threshold, and the results were the same, with increasing 
intensity leading to an increase in recognition rate. These results 
indicate that intensity is a valid parameter candidate for creating 
Electrotactons but further research is needed to understand the range 
of sensations that can be produced and how many discriminable 
levels there are for useful cue design. 

In our previous work [2], we conducted two studies to inves-
tigate how manipulating pulse frequency, pulse width and ampli-
tude afected perceived sensations of urgency, annoyance, valence 
and arousal on the palm. In the frst study, we manipulated pulse 
frequency and pulse width, keeping amplitude fxed. Six equally 
spaced frequencies in the range of 10Hz-110Hz and three levels 
(High, middle and low) of pulse width, based on individual cal-
ibration, were used. Results showed a signifcant efect of pulse 
frequency on urgency, annoyance and arousal, with a signifcant 
diference between 10Hz and the other frequencies, but with fre-
quencies above 10Hz not clearly distinguishable from one another. 
Pulse width had a signifcant efect on all perceived sensations. 
The second study was identical to the frst but manipulated pulse 
frequency and amplitude, keeping pulse width fxed. Nine equally 
spaced frequencies in the range 5Hz-45Hz and three levels (high, 
middle and low) of amplitude were used. Results showed that the 
range of frequencies between 5Hz - 25Hz had a signifcant efect 
on perceived sensations, but beyond 25Hz there were no further 
efects. In addition, the higher the level of amplitude, the higher 
the ratings of urgency, annoyance and arousal, and the lower the 
rating of valence. This work inspired the current studies. However, 
it did not establish the useful discriminable levels of the parameters 
investigated. It also did not investigate the combination of pulse 
width and amplitude, which Kaczmarek suggested was important 
for the intensity of an electrotactile cue and a key potential design 
parameter. 

2.4 Electrotactile Roughness 
In another study, Yoshimoto et al. [38] proposed and evaluated an 
electrotactile augmentation technique for roughness modulation of 
real materials. They confrmed that the perceived roughness at the 
fnger pad can be altered using electrotactile augmentation through 
controlling pulse frequency. In their experiment, they investigated 
how to modulate the perceived roughness of wood, Velcro, leather 
and tracing paper using 6 levels of pulse frequencies (0, 20, 40, 
60, 80, and 100 PPS). The electrical stimulation was applied to the 
participant’s fnger tip when they explored the materials. Their 
results showed that pulse frequency had a signifcant efect on 
perceived roughness in the presence of the real materials. This 
experiment inspired us to evaluate the discriminability of diferent 
levels of pulse frequency when electrotactile feedback is used alone, 
as it would be when mounted to a mobile phone, for example. 

In a study into the quality of electrotactile stimulation, Graczyk 
et al. [12] investigated tactile perception by changing the pulse fre-
quency in two studies. In the frst, they delivered an electrotactile 
stimulus using 10 levels of pulse frequency (1, 2, 5, 10, 20, 50, 100, 
200, 500 and 1000 PPS) and three levels of pulse width from detec-
tion threshold to maximum comfort level measured individually 
for each participant (Low, Mid and High). Six amputee participants 
took part in this study. In each trial, participants were asked to 
rate perceived frequency by moving a slider along a horizontal bar 
from low to high. Results showed that as pulse frequency increased 
up to 50 PPS, the perceived frequency increased without pulse 
width impacting perception. At higher pulse frequencies, perceived 
frequency fattened or decreased and became dependent on pulse 
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width. In the second experiment, they delivered two stimuli se-
quentially. The frst one was a standard stimulus using three pulse 
frequency levels (20, 50 and 100 PPS) and three levels of pulse width 
(Low, Mid and High). The second stimulus was the comparison, 
and its pulse frequency and pulse width varied from trial to trial 
(25-175% of the standard). They asked participants to indicate which 
stimulus was higher in perceived frequency. Results showed that 
participants could discriminate between stimuli when the pulse 
frequency was set at 20 or 50 PPS, but the discrimination perfor-
mance was poor at 100 PPS. In this paper, we will be evaluating a 
wider range of pulse frequencies and see how many levels can be 
discriminated to further examine this as a potential parameter for 
electrotacton design. 

2.5 Tactons 
Tactons, or tactile icons, are "structured, abstract, tactile messages 
which can be used to communicate information non-visually", Brown 
et al. [7]. There has been much work within HCI on vibrotactile 
Tactons (for example, [3, 10, 13, 14, 24]) using mechanical actuators 
for stimulation. Brown did some of the earliest work in the area, 
investigating basic parameters, including the number of discrim-
inable levels in each, to give designers information on how to use 
them successfully. Our aim is to create an electrotactile version of 
Tactons, Electrotactons, taking the same approach. 

In a study investigating the perception of vibrotactile roughness, 
Brown et al. [7] evaluated fve vibrotactile levels created by ampli-
tude modulation. The aim was to determine whether participants 
could distinguish between these levels so that roughness could be 
used as a parameter for Tacton design. The levels of modulation 
were sine, 20Hz, 30Hz, 40Hz and 50Hz. The study consisted of 50 
tasks and used a forced choice design. In each task, participants 
were presented with two stimuli in a row and asked which stimulus 
felt rougher. Their results showed signifcant diferences between 
all pairs, except between 20Hz and 30Hz. We used the experimental 
methodology from Brown et al. in this paper. 

Brown et al. [8] also investigated the use of vibrotactile Tactons 
to encode three dimensions of information using three diferent 
vibrotactile parameters (rhythm, roughness and spatial location) 
to create more complex messages. They represented an upcom-
ing appointment using three pieces of information encoded in the 
parameters: type of appointment (Meeting, Lecture or Tutorial) en-
coded into rhythm, importance of the appointment (Low, Medium 
or High) encoded in roughness, and time remaining until the ap-
pointment (30 min, 15 min or 5 min) encoded in the location of the 
actuator on the participant’s forearm. For example, a Low Impor-
tance Meeting in 5 min would be encoded in the Meeting rhythm, a 
“smooth” vibration played the wrist. They found that participants 
had difculty distinguishing between the three levels of rough-
ness, causing a low recognition rate of 47.8%. They performed a 
second study reducing roughness to two levels. Results showed 
that this increased the average overall recognition rate signifcantly 
to 80.56%. This existing research infuenced our experimental de-
signs and showed the potential for creating Electrotactons to deliver 
information, building up from simple cues. 

This existing research has shown that there is great potential for 
electrotactile stimulation for the creation of useful haptic sensations 

Figure 3: The placement of the electrodes on the hand and 
the MOTIONSTIM 8 functional electrical simulator (FES) 
used to generate the signals. 

for interaction design. However, we are lacking knowledge of how 
the basic parameters can be used to create these electrotactile cues. 
The aim of the work in this paper is to gain an understanding of 
some of these parameters. 

3 EXPERIMENTS 
We conducted two experiments. In the frst, we investigated how 9 
levels of Intensity afected ratings of perceived urgency, annoyance, 
valence and arousal, using three levels of pulse width and amplitude, 
which govern the strength of the electrical current [29]. We wanted 
to evaluate what efects electrotactile cues had on the functional 
aspects of alertness (urgency and annoyance) and emotion (valence 
and arousal). In the second experiment, we investigated the same 
9 levels of Intensity in terms of which stimulus felt more intense, 
and 6 levels of Pulse Frequency in terms of which stimulus felt 
rougher, looking at how many levels of each that participants could 
discriminate. 

3.1 Apparatus 
We used two Axion 60x30mm self-adhesive electrodes (https://axion. 
shop/en/ electrodes/stimulation-current-electrode-pads -for-fngers 
-and-wrists) with 2mm jack connections placed on the palm of the 
non-dominant hand for both experiments. The functional electrical 
stimulator (FES) used was the MOTIONSTIM 8 (Figure 3) made by 
Medel Medicine Electronics (https://www.medel-hamburg.de/). It 
produces a biphasic voltage pulse . It was connected to a PC through 
USB. A python script was written to control the parameters for the 
stimuli and the user interface for the experiment. The experiments 
were conducted in a lab where participants sat in front of a 27-inch 
monitor connected to a laptop. A Bluetooth mouse was used in 
the participant’s dominant hand to interact with the experiment 
interface (see Figure 1). 

3.2 Experiment 1 
3.2.1 Experimental Design. The experiment used a within-subjects 
repeated measures design investigating 9 levels of Intensity, con-
sisting of three phases: calibration, training and experiment. The 

https://www.medel-hamburg.de
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First Steps Towards Designing Electrotactons CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

independent variable was the strength of the stimulus (L-L, L-M, 
L-H, M-L, M-M, M-H, H-L, H-M, H-H) where the frst letter indi-
cates ones of three levels of pulse width and the second amplitude. 
The Low level for pulse width used a baseline value of 70 µs [2], 
and for amplitude was the detection threshold. The High level for 
both was the discomfort threshold, and the Middle for both was the 
mean value between High and Low. In this study, Pulse Frequency 
was kept constant at 20PPS to ensure participants could detect the 
stimulus [2]. 

The dependent variables were: perceived urgency, annoyance, 
valence and arousal. These variables give information about a range 
of diferent subjective aspects of cues [30] that are important for cue 
design. Perceived urgency is important where messages of diferent 
importance need to be communicated. Annoyance is important as 
cues must be acceptable to users. Electrotactile cues also feel difer-
ent to the more common vibrotactile ones, so we were interested to 
know more about this. Valence and arousal are part of the Circum-
plex model of emotion [31] Valence is the emotional pleasantness 
of a signal (higher valence meaning more pleasant, lower valence 
less pleasant) and arousal the physiological activation (low arousal 
meaning calmer emotions, high arousal more excited). Others have 
begun to look at the emotional experiences of vibrotactile cues [33] 
but there is little work on this in the electrotactile domain. Investi-
gating emotional responses is important to ensure the creation of 
acceptable cues. 

3.2.2 Hypotheses. From Kaczmarek et al. [18], we expected that 
the perception of Intensity would be infuenced by the strength of 
the stimulus. Previous work, e.g. [2], had not compared amplitude 
and pulse width directly to assess their relative efects on perceived 
sensation. Pohl et al. [29] has stated that amplitude produced to a 
stronger sensation, so both were compared in the same experiment 
to investigate this further. The hypotheses for this experiment were: 

• Hypothesis 1: Intensity will have an efect on perceived ur-
gency, annoyance valence and arousal; 

• Hypothesis 2: Amplitude will have higher ratings of perceived 
urgency, annoyance, valence and arousal than Pulse width. 

3.2.3 Participants. Twenty people (12 female, 7 male and 1 non-
binary) between the ages of 17 and 53 (Mean=29.2, SD=9.8, Me-
dian=27), one left-handed, most were students, took part in this 
experiment. None had dermatitis or other skin conditions, or car-
diovascular issues. Each participant read an information sheet and 
signed a consent form before the start of the experiment and was 
compensated £10 for participating. 

3.2.4 Procedure. Participants sat at a desk with a monitor and a 
Bluetooth mouse. Two electrodes were placed on the palm of their 
non-dominant hand. The frst was placed across the thenar and 
hypothenar eminences, and the second on the distal palmar region 
[15] (Figure 3). A calibration phase was then undertaken to set the 
amplitude and the pulse width for each participant. For amplitude, 
we increased from 0 mA until participants felt a sensation, while 
keeping pulse width at the lower limit of 70 µs. This amplitude 
value was recorded as the detection threshold and saved as the indi-
vidual’s low level value. Then the pulse width was slowly increased 
from 70 µs until participants felt uncomfortable and saved as high 
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Figure 4: Efect of intensity on all dependent variables in Ex-
periment 1 (the error bars in all graphs represent standard 
error). The frst letter of intensity level (L,M,H) is the level 
of the pulse width, the second letter (L,M,H) is the level of 
the amplitude of the stimulus. 

level value. Then pulse width was set to the mean of these two val-
ues, and amplitude increased until participants felt uncomfortable 
and saved as the high level. The maximum value used for the pulse 
width was 200 µs, and for amplitude was 20 mA to prevent any pain 
sensation [35]. We avoided signals strong enough to cause muscle 
contractions, as we were interested in electrotactile feedback only, 
rather than muscle stimulation. 

In the training phase, we briefed participants on how to interact 
with the interface, explained the stimuli and the scale for the sensa-
tions measured. Participants received 9 randomly ordered stimuli 
that lasted for 1s each (which was one block of the experiment 
phase). After each stimulus, participants answered on a 7-point 
Likert scale how they perceived each of the dependent variables. 
The aim of this phase was to get participants used to the stimuli 
before the experiment phase. The experiment phase was the same 
as the training but with four blocks, giving 36 trials in total. To 
avoid fatigue, there was a 5 minute break between blocks. 

3.2.5 Results. We used the Aligned Rank Transform (ART) [34] to 
transform our data to a parametric form for statistical testing. A 
one-factor (strength of the stimulus) repeated-measures ANOVA 
was then performed for each dependent variable (urgency, annoy-
ance, valence and arousal). Strength of the stimulus had a signifcant 
efect on perceived urgency (F(8,152)=98.08, p < 0.001), with increas-
ing values causing a greater sensation of urgency. Strength of the 
stimulus had a signifcant efect on annoyance (F(8,152)=35.21, p 
< 0.001), with increasing values causing a greater sensation of an-
noyance. It also had a signifcant efect on valence (F(8,152)=20.74, 
p<0.001), with increasing values causing a lower sensation of va-
lence, and arousal (F(8,152)=51.10, p<0.001), with increasing values 
causing a greater sensation of arousal (Figure 4 shows the results 
in detail). The results of Post hoc Tukey tests can be seen in Table 1. 
From the table, for Urgency we therefore have the following fve 

https://F(8,152)=51.10
https://F(8,152)=20.74
https://F(8,152)=35.21
https://F(8,152)=98.08
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uniquely distinguishable levels: (H-H), (H-M, M-H), (H-L, L-H, M-
M), (M-L, L-M), (L-L). For Annoyance we have three unique levels: 
(H-H, H-M, M-H), (H-L, L-H, M-M), (L-L, L-M, M-L). For Valence 
we have two unique levels: (H-H, H-M, M-H), (H-L, L-H, L-M, M-M, 
M-L, L-L). For Arousal we have three unique levels: (H-H, H-M, 
M-H), (H-L, L-H, M-M), (L-L, L-M, M-L). 

Table 1: Post hoc pairwise Tukey tests comparing stimulus 
levels for Experiment 1. As before, the frst letter (L,M,H) is 
the level of pulse width, the second letter (L,M,H) is the level 
of amplitude of the stimulus. 

Stimulus pairs Urgency Annoyance Valence Arousal 

H H - H L p<.0001* p<.0001* p<.0001* p<.0001* 
H H - H M p=0.0181* p=1.0000 p=0.8154 p=0.8903 
H H - L H p<.0001* p<.0001* p<.0001* p<.0001* 
H H - L L p<.0001* p<.0001* p<.0001* p<.0001* 
H H - L M p<.0001* p<.0001* p<.0001* p<.0001* 
H H - M H p=0.0057* p=0.5898 p=0.6152 p=0.0553 
H H - M L p<.0001* p<.0001* p<.0001 * p<.0001* 
H H - M M p<.0001* p<.0001* p<.0001* p<.0001* 
H L - H M p<.0001* p=0.0087* p=0.0844 p=0.0002* 
H L - L H p=1.0000 p=1.0000 p=1.0000 p=1.0000 
H L - L L p<.0001* p<.0001* p=0.0039* p<.0001* 
H L - L M p<.0001* p=0.0044* p=0.1959 p=0.0001* 
H L - M H p<.0001* p=0.0328* p=0.1185 p=0.0078* 
H L - M L p<.0001* p=0.0001* p=0.0320* p<.0001* 
H L - M M p=1.0000 p=1.0000 p=1.0000 p=1.0000 
H M - L H p<.0001* p=0.0036* p=0.1193 p<.0001* 
H M - L L p<.0001* p<.0001* p<.0001* p<.0001* 
H M - L M p<.0001* p<.0001* p<.0001* p<.0001 * 
H M - M H p=1.0000 p=1.0000 p=1.0000 p=1.0000 
H M - M L p<.0001* p<.0001* p<.0001* p<.0001* 
H M - M M p<.0001 * p=0.0020* p=0.0204* p=0.0001* 
L H - L L p<.0001* p<.0001 * p=0.0026* p<.0001* 
L H - L M p<.0001* p=0.0105 * p=0.1404 p=0.0026* 
L H - M H p<.0001* p=0.0144 * p=0.1661 p=0.0003* 
L H - M L p<.0001* p=0.0003 * p=0.0219* p=0.0002* 
L H - M M p=1.0000 p=1.0000 p=1.0000 p=1.0000 
L L - L M p=0.0004* p=0.3538 p=1.0000 p=0.0591 
L L - M H p<.0001* p<.0001 * p<.0001* p<.0001* 
L L - M L p=0.0293* p=1.0000 p=1.0000 p=0.4127 
L L - M M p<.0001* p<.0001 * p=0.0186* p<.0001* 
L M - M H p<.0001* p<.0001 * p<.0001* p<.0001* 
L M - M L p=1.0000 p=1.0000 p=1.0000 p=1.0000 
L M - M M p=0.0003* p=0.0180 * p=0.6459 p=0.0003* 
M H - M L p<.0001* p<.0001 * p<.0001* p<.0001* 
M H - M M p<.0001* p=0.0084 * p=0.0296* p=0.0032* 
M L - M M p<.0001* p=0.0005 * p=0.1272 p<.0001* 
* marks a signifcant diference (P<0.05). 

To see if either parameter of Intensity (amplitude or pulse width) 
and its level (High, Middle and Low) had more infuence on Inten-
sity than the other, a two-factor (parameter and level) repeated-
measures ANOVA was performed for each dependent variable (ur-
gency, annoyance, valence and arousal). As expected, level had a 
signifcant efect on perceived urgency (F(2,95)=280.28, p < 0.001), 
annoyance (F(2,95)=112.68, p < 0.001) and arousal (F(2,95)=148.16, 
p<0.001), with increasing values causing a greater sensation. Level 
had a signifcant efect on valence (F(2,95)=68.61, p<0.001), with 
increasing values causing a lower sensation of valence. Post hoc 
Tukey tests showed that all levels had signifcant efects on all per-
ceived sensations, all p<0.001). Parameter had no signifcant efect 
on any of perceived urgency (F(1,95)=0.011, p=0.91), annoyance 
(F(1,95)=0.061, p=0.80), valence (F(1,95)=0.0008, p=0.97) or arousal 
(F(1,95)=0.002, p=0.96). There were no interactions between param-
eter and level. 
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3.2.6 Discussion. Results showed that the strength of the Inten-
sity stimulus had a signifcant efect on all perceived sensations. 
In Figure 4, when strength of the stimulus increased, the ratings 
of urgency, annoyance and arousal also increased, with valence 
decreasing (the stronger sensation causing a less pleasant, more 
negative feeling). This indicates that we can control the level of the 
perceived sensations by manipulating the strength of the stimu-
lus. This is important for designing interfaces using electrotactile 
cues that need to elicit particular responses from users. The results 
also confrm Djozic et al.’s [9] fndings where valence was rated 
higher when intensity was low, and, additionally, we showed the 
two unique levels of it. Therefore, Hypothesis 1 is supported. 

Looking at Figure 4, we can see that urgency spanned the range of 
ratings from low to high. This means we can create cues with a wide 
range of diferent urgencies, as required for designing messages. 
Annoyance also had a wide range. The interesting thing here is that 
it is possible to design electrotactile cues which do not annoy the 
receiver, key for their efective use in interface design. But as [30] 
found for his multimodal cues, urgency and annoyance are closely 
related, with the most urgent cues being the most annoying. This 
suggests that the most urgent messages should be used with care 
so as not to annoy users. 

In terms of the Circumplex model of emotion [31], the electro-
tactile stimuli used give some coverage of the emotion space. We 
can create messages with both positive and negative valences, and 
we can create three diferent levels of arousal. This suggests electro-
tactile cues are capable of generating simple emotional experiences, 
which could be used for positive and negative messages/emojis, for 
example. This work is just a frst step into the emotional aspects of 
electroactile cues, and further work is needed to explore the space 
further. 

The detailed results showed how many unique levels of sensation 
could be identifed for each dependent variable. For Urgency we 
have fve levels, Annoyance three , Valence two, and Arousal three 
levels. This then gives us a range of diferent cues to communicate 
diferent meanings, with multiple similar cue choices at some of the 
levels. For example, if we wanted the most urgent cue possible for a 
vitally important message, (H-H, high pulse width, high amplitude) 
would be a good choice as it is the most urgent feeling with the 
highest arousal. However, this will cause the highest annoyance and 
feel the most negative to the recipient which could make the cue 
less acceptable. If we wanted a cue to indicate a low priority event, 
we could choose (L-L, low pulse width, low amplitude). This cue 
was rated lowest for urgency, low for annoyance, a more positive 
valence and low arousal. Changing the cue to (M-L) would increase 
its urgency to the next level, leaving the other aspects the same. The 
knowledge gained from the experiment gives novel useful guidance 
when designing with electrotactile cues. 

Neither amplitude nor pulse width appeared to have a greater 
impact on perceived sensation than the other. Therefore, Hypoth-
esis 2 is not supported. Combining them into the single Intensity 
parameter is the most efective way to use them. Overall, these re-
sults give a more detailed understanding of how we can manipulate 
perceived urgency, annoyance, valence and arousal by changing 
the intensity level of electrotactile stimulation. 

https://F(2,95)=68.61
https://F(2,95)=148.16
https://F(2,95)=112.68
https://F(2,95)=280.28
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3.3 Experiment 2 
3.3.1 Experimental Design. This experiment again used a within-
subjects design, and consisted of two parts. The frst investigated the 
discriminability of the same 9 levels of Intensity from Experiment 1. 
The second part investigated the discriminabilty of 6 levels of Pulse 
Frequency as this had not been tested before in the literature. In 
both parts, we used the same method as Brown et al. [7] for testing 
the discriminability of roughness for vibrotactile cues. 

For Intensity, the independent variable was: strength of stimulus 
(as before: L-L, L-M, L-H, M-L, M-M, M-H, H-L, H-M, H-H). In each 
trial, participants were presented with pairs of stimuli (eg. L-H 
followed by M-M). As with Brown et al., pairs of the same strength 
(for example, H-H followed H-H) were excluded as the aim was 
to fnd the number of discriminable levels. Therefore, there were 
36 stimuli, with each one presented twice (9*9 stimulus levels = 81 
stimulus pairs, - 9 pairs of the same level = 72, / 2 because each pair 
occurred twice = 36 possible unique pairs). The dependent variable 
was the count of intensity: how many times each stimulus was 
rated to be more intense than another. 

For Pulse Frequency, the independent variable was: frequency 
(10PPS (Pulse Per Second, see Figure 2), 30PPS, 50PPS, 70PPS, 90PPS, 
110PPS). In each trial, participants were presented with a pair of 
stimuli excluding pairs of same frequency (e.g., 10PPS, 10PPS). 
Therefore, there were 15 stimuli, with each one presented twice 
(6*6 = 36 stimulus pairs, - 6 pairs of same Frequency = 30, / 2 
because each pair occurred twice = 15 possible pairs). Previous 
research indicated a relationship between the Pulse Frequency of 
electrotactile stimulation and the sense of roughness [38]. As Pulse 
Frequency is quite abstract, participants rated the stimuli in terms 
of perceived roughness. The dependent variable was the count of 
roughness: how many times each stimulus was rated to be rougher 
than another. 

For the Intensity part, there were three phases: calibration, train-
ing and experiment. For the Pulse Frequency part, there were two 
phases: training and experiment, as the calibration was reused. 

3.3.2 Hypotheses. Based on our frst experiment, we hypothesised 
that the strength of the electrotactile stimulus would have a sig-
nifcant efect on the perception of intensity. Previous research 
indicated a relationship between the Pulse Frequency of electro-
tactile stimulation and the sense of roughness [38]. Our aim was 
to investigate this in more detail. We hypothesised that increasing 
Pulse Frequency would increase perceived roughness. Therefore, 
the hypotheses for this experiment were: 

• Hypothesis 1: Participants will be able to discriminate be-
tween Intensity levels based on the strength of the stimulus; 

• Hypothesis 2: Perceived intensity will increase as the strength 
of the stimulus increases; 

• Hypothesis 3: Participants will be able to discriminate be-
tween roughness levels based on the level of Pulse Frequency; 

• Hypothesis 4: Perceived roughness will increase as the level 
of Pulse Frequency increases. 

3.3.3 Participants. Twenty new participants (12 female, 7 males 
and 1 transgender) between the ages of 17 and 53 (Mean=26.75, 
SD=7.64, Median=25.5), one left-handed, most were students, took 

part in this experiment. None had dermatitis or other skin condi-
tions, or cardiovascular issues. Each participant read an information 
sheet and signed a consent form before the start of the experiment 
and was compensated £10 for participating. 

3.3.4 Procedure. The set up for this experiment and the calibration 
steps were the same as the frst experiment. Additionally, for the 
calibration phase, we increased both pulse width and amplitude 
simultaneously from their low values until detection threshold to be 
sure participants could detect the stimulus and set it as minimum 
the value. We repeated the same step, but using middle values 
of pulse width and amplitude until the discomfort threshold was 
reached to avoid their combination causing additional discomfort 
and set it as the maximum value. 

Intensity was tested frst. In the training phase, participants 
were presented with two stimuli, each for 1s with 1s in between. 
Then they were asked to compare the two stimuli in a forced-choice 
design, answering the question: "Which stimulus felt more intense?". 
They did 10 training trials. The experiment phase was the same as 
the training but with two blocks. In each block, all 36 possible pairs 
were presented in a randomised order twice, where each pair was 
presented in two formats: (A,B) and (B,A). To avoid fatigue, there 
was a 5 minute break between blocks and at the end of this part, 
giving 72 trials in total. 

In the second part, Pulse Frequency was tested. We used the 
same calibrated values from the intensity part. The training and 
experiment phases were the same as for intensity but with the 
question changed to: "Which stimulus felt rougher?”, giving 60 
trials in total. Participants did not receive any instructions on what 
was meant by “more intense” or “rougher” [7]; the aim was to 
see their own subjective judgements, rather than to train them to 
perceive certain stimuli as more intense or rougher than others. 

3.3.5 Results. ART was again used to transform the data to a para-
metric form. Two one-factor repeated-measures ANOVAs were 
then performed on the count of intensity and then on the count 
of roughness. Intensity level had a signifcant efect on perception 
(F(8,152)=192.74, p < 0.001), with increasing level causing higher 
ratings of intensity (Figure 5). Post hoc Tukey test results can be 
seen in Table 2 and showed 4 uniquely distinguishable levels: (H-H), 
(H-M, M-H), (H-L, M-M, L-H), (M-L, L-M, L-L) that participants 
could discriminate (Figure 5). 

Pulse Frequency had a signifcant efect on perception of rough-
ness (F(5,95)=2.64, p = 0.02). Post hoc Tukey tests showed only a 
signifcant diference for one pair: (10PPS-90PPS) (Figure 6). This 
suggests there are only two discriminable levels for this parameter. 

3.3.6 Discussion. The aim of this experiment was to fnd how 
many levels of Intensity and Pulse Frequency participants could 
discriminate, to see how many useful levels there would be for 
designing electrotactile cues. Results showed that Intensity had 
a signifcant efect on perception with 4 unique levels (Figure 5). 
Therefore, Hypothesis 1 is supported. From the same fgure, we can 
see that as the strength of stimulus increased, the count of intensity 
increases. This indicates that we can control the perception of 
Intensity by manipulating the strength of stimulus. This is important 
for designing interfaces using electrotactile cues with a desired level 
of intensity. Therefore, Hypothesis 2 is supported. 

https://F(5,95)=2.64
https://F(8,152)=192.74
https://Mean=26.75


CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

Table 2: Post hoc Tukey tests comparing intensity levels for 
Experiment 2-Intensity. As before, the frst letter (L,M,H) is 
the level of pulse width, the second letter (L,M,H) is the level 
of amplitude of the stimulus. 

Stimulus pairs count of Intensity 

H H - H L p<.0001* 
H H - H M p<.0001* 
H H - L H p<.0001* 
H H - L L p<.0001* 
H H - L M p<.0001* 
H H - M H p<.0001* 
H H - M L p<.0001* 
H H - M M p<.0001* 
H L - H M p<.0001* 
H L - L H p=0.2810 
H L - L L p<.0001* 
H L - L M p<.0001* 
H L - M H p<.0001* 
H L - M L p<.0001* 
H L - M M p=1.0000 
H M - L H p<.0001* 
H M - L L p<.0001* 
H M - L M p<.0001* 
H M - M H p=1.0000 
H M - M L p<.0001* 
H M - M M p<.0001* 
L H - L L p<.0001* 
L H - L M p<.0001* 
L H - M H p<.0001* 
L H - M L p<.0001* 
L H - M M p=0.0013* 
L L - L M p=0.0726 
L L - M H p<.0001* 
L L - M L p<.0001* 
L L - M M p<.0001* 
L M - M H p<.0001* 
L M - M L p=0.0663 
L M - M M p<.0001* 
M H - M L p<.0001* 
M H - M M p<.0001* 
M L - M M p<.0001* 
* marks a signifcant diference (P<0.05).

For Pulse Frequency, results showed only two unique levels that 
participants could discriminate (Figure 6). This makes it a more 
limited cue for design than Intensity but still has some potential. 
It also provides more insight into Yoshimoto et al.’s [38] fndings
where manipulating pulse frequency had an efect on roughness 
perception as we showed that only two levels from our set were 
distinguishable. Further work could investigate lower levels of pulse 
frequency below 10PPS to see if other levels are discriminable. 
Therefore, Hypothesis 3 is partially supported.

From (Figure 6), we can see that there were no signifcance difer-
ences between pulse frequencies 30PPS and above, which suggests 
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Figure 5: Efect of Intensity on perception in Experiment 2. 

0

5

10

15

20

10PPS 30PPS 50PPS 70PPS 90PPS 110PPS
Roughness levels

C
ou

nt
 o

f R
ou

gh
ne

ss

Figure 6: Efect of Pulse Frequency on perception in Experi-
ment 2. 

that above that level cues are no longer distinguishable. This pro-
vides more evidence in line with [2, 12, 38] where participants could 
not discriminate between stimuli with higher pulse frequencies as 
these are above the threshold of sensation. Therefore, Hypothesis 4
is only partially supported. 

4 OVERALL DISCUSSION 
The results of the two experiments give us useful insight into Inten-
sity and Pulse Frequency as parameters for designing Electrotactons.
From Experiment 1, we know that it can evoke a wide range of sen-
sations from calm, non-urgent and not annoying, to highly urgent, 
alarming and annoying. This gives it great potential for making 
meaningful messages/emojis with an emotional dimension, espe-
cially for handheld devices that touch the palm. From Experiment 2, 
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we know that participants can discriminate four levels of Intensity, 
the same number of distinguishable levels found by Brown et al. [7] 
in Tactons. For Pulse frequency, participants can discriminate be-
tween two levels. These fndings make both parameters useful cues 
and a strong contributors to the Electrotacton design space. 

Our future work will carry out similar experiments on other po-
tential parameters, such as rhythm, spatial location and waveform 
so that we can fully understand their properties. With distinguish-
able stimuli for each, we can then create efective cues where users 
can learn the mapping between the Electrotactons and their mean-
ings, with a desired level of sensation. 

4.1 Calibration 
One aspect of electrotactile cue design that difers from vibrotactile 
is the issue of calibrating the signals. Calibration is key so that 
the cues are perceptible but do not cause muscle contractions or 
pain. In the calibration phase of each experiment, we collected 
the minimum and maximum values for Amplitude (mA) and Pulse 
width (µs). Each participant has their own dynamic range that is 
based on their skin impedance, the distance between the electrodes, 
and its size. These values allow us to see the ranges that were 
chosen by participants and gives us information on the variability 
between people. 

Looking at Figures 7, 8, 9 and 10 we can see the distribution of 
values for both Amplitude and Pulse width across all participants 
where light grey bars represent the minimum values (detection 
threshold) and dark grey bars represent the the maximum values 
(discomfort threshold). From Figures 7 and 9 for Amplitude, we 
observed that the granularity in it is more distinguishable when 
increasing its value compared with Pulse width (Figures 8, 10). This 
is why the range of Pulse width values is wider than Amplitude. 
Based on the diference in ranges between Amplitude and Pulse 
width, we recommend when calibrating for electrotactile signals to 
increase the value of Amplitude by steps of 1 mA and for Pulse width 
by steps of 10 µs, as this would save some time in the calibration 
phase. 

4.2 Limitations 
The two studies had some limitations which potentially afect the 
generalisability of the results. We used only one size of electrodes, 
only tested on the palm of the hand, and used a fxed spacing 
of the electrode pair. Using the same size electrodes throughout 
both experiments prevents us from observing if size impacted the 
sensations and discrimination of electrotactile feedback. Diferent 
sized electrodes might have a higher current density, requiring 
diferent stimulation values [28]. In our next study, we will compare 
electrodes of diferent sizes to see if they change perception. 

We only stimulated the palm. The aim was to simulate the feed-
back one would receive when holding a mobile device, steering 
wheel, etc. Diferent body locations have diferent numbers of 
mechanoreceptors [15] so this could potentially change the sen-
sations elicited. The hand has a larger number of receptors than 
the bicep, for example if the user was wearing a device on their 
upper arm. Stimulating the palm’s glabrous hairless skin would be 
diferent from hairy skin as it contains more mechanoreceptors, 
making it more sensitive and discriminative. Hairy skin contains 
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Figure 8: The distribution of min and max values for Pulse 
width from the calibration phase in Experiment 1. 

C-tactile aferents that the glabrous skin does not have, which again 
may have an impact on afective sensation [1]. In our next study, we 
will compare the palm, wrist and upper arm to see how perception 
is afected. 

We only tested one distance between the two electrodes. Chang-
ing the distance would change the depth that the current penetrates 
the skin, potentially changing perception. Further work is needed 
to investigate this and the other limitations to see what afects they 
would have on perception to give a deeper insight into the design 
space of electrotactile feedback. 

5 CONCLUSIONS 
This paper presented two studies investigating two diferent as-
pects of electrotactile cue design on the palm. It expanded upon 
previous work, exploring the design space of electrotactile feed-
back for creating efective cues and has provided new knowledge 
about the importance of diferent parameters. In the frst study, we 
investigated the efect of manipulating intensity on the perceived 
sensations of urgency, annoyance, valence, and arousal. Results 
showed that intensity had a signifcant efect on subjective percep-
tion, giving clear diferent levels of each sensation. An increase in 
intensity increased perceived urgency, annoyance and arousal, but 
caused a decrease in perceived valence. We did not fnd a difer-
ence between amplitude and pulse width in the study, with results 
suggesting that both had similar efects. For user interface design, 
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Figure 9: The distribution of min and max values for Ampli-
tude from the calibration phase in Experiment 2. 
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Figure 10: The distribution of min and max values for Pulse 
width from the calibration phase in Experiment 2. 

this means we can generate cues with clearly diferent levels of 
perceived sensation by using intensity with greater number of 
discriminable levels. 

The second study investigated how many distinguishable levels 
can be perceived from intensity and pulse frequency that would 
be useful for richer messages or notifcations. Results showed that 
intensity and pulse frequency both had a signifcant efect on per-
ception, giving clear four distinguishable levels for intensity and 
two for roughness from pulse frequency. An increase in intensity 
caused an increase in perception. For pulse frequencies 30Hz and 
above, roughness perception did not change. Two guidelines can 
be drawn from these studies: 

Designing cues with desired sensations: Designers can choose 
from fve levels of Urgency, three for Annoyance, two for Valence 
and three for Arousal to create cues that elicit a particular response; 

Designing cues with desired levels of Intensity and Pulse 
Frequency: Designers can choose from four distinguishable levels 
of Intensity and two of Pulse frequency to create electrotactile cues. 
When going over 30PPS, cues are no longer distinguishable. 

This research has provided an in-depth understanding of using 
intensity and roughness as parameters to create electrotactile cues 
with desired sensations. These give some initial insight into the 
design space for Electrotactons, opening up the opportunity for 
using them in areas such as mobile and wearable devices where 
visual interaction is limited. Designers could use the results to select 

suitable cues for designing novel, distinguishable notifcations and 
messages. 

REFERENCES 
[1] Rochelle Ackerley, Karin Saar, Francis McGlone, and Helena Backlund Wasling. 

2014. Quantifying the sensory and emotional perception of touch: diferences 
between glabrous and hairy skin. Frontiers in Behavioral Neuroscience 8, FEB 
(2014), 1–12. https://doi.org/10.3389/fnbeh.2014.00034 

[2] Yosuef Alotaibi, John H. Williamson, and Stephen Brewster. 2020. Investigating 
Electrotactile Feedback on The Hand. In 2020 IEEE Haptics Symposium (HAPTICS), 
Vol. 2020-March. IEEE, Crystal City, VA, USA, 637–642. https://doi.org/10.1109/ 
HAPTICS45997.2020.ras.HAP20.13.8ee5dc37 

[3] Mojtaba Azadi and Lynette A. Jones. 2014. Evaluating Vibrotactile Dimensions 
for the Design of Tactons. IEEE Transactions on Haptics 7, 1 (1 2014), 14–23. 
https://doi.org/10.1109/TOH.2013.2296051 

[4] PAUL BACH-Y-RITA, CARTER C. COLLINS, FRANK A. SAUNDERS, BENJAMIN 
WHITE, and LAWRENCE SCADDEN. 1969. Vision Substitution by Tactile Image 
Projection. Nature 221, 5184 (3 1969), 963–964. https://doi.org/10.1038/221963a0 

[5] Stephen A. Brewster and Lorna Brown. 2004. Tactons: Structured Vibrotactile 
Messages for Non-Visual Information Display. AUIC 2004, Dunedin, New Zealand: 
Australian Computer Society 28, January (2004), 15 – 23. http://citeseerx.ist.psu. 
edu/viewdoc/summary?doi=10.1.1.111.8580 

[6] Jas Brooks, Shan Yuan Teng, Jingxuan Wen, Romain Nith, Jun Nishida, and Pedro 
Lopes. 2021. Stereo-smell via electrical trigeminal stimulation. Conference on 
Human Factors in Computing Systems - Proceedings (2021). https://doi.org/10. 
1145/3411764.3445300 

[7] L.M. Brown, S.A. Brewster, and H.C. Purchase. 2005. A First Investigation into the 
Efectiveness of Tactons. In First Joint Eurohaptics Conference and Symposium on 
Haptic Interfaces for Virtual Environment and Teleoperator Systems. IEEE, 167–176. 
https://doi.org/10.1109/WHC.2005.6 

[8] Lorna M. Brown, Stephen A. Brewster, and Helen C. Purchase. 2006. Multidi-
mensional tactons for non-visual information presentation in mobile devices. 
In Proceedings of the 8th conference on Human-computer interaction with mobile 
devices and services - MobileHCI ’06. ACM Press, New York, New York, USA, 231. 
https://doi.org/10.1145/1152215.1152265 

[9] Damir J. Djozic, Dubravka Bojanic, Goran Krajoski, Nikola Popov, and Vojin Ilic. 
2015. Psychophysical characteristics of electrotactile stimulation: The impact of 
changes in stimulation pulse width and frequency on human perception. In 2015 
IEEE 15th International Conference on Bioinformatics and Bioengineering (BIBE). 
IEEE, Belgrade, Serbia, 1–5. https://doi.org/10.1109/BIBE.2015.7367711 

[10] Enes Selman Ege, Furkan Cetin, and Cagatay Basdogan. 2011. Vibrotactile feed-
back in steering wheel reduces navigation errors during GPS-guided car driving. 
In 2011 IEEE World Haptics Conference. IEEE, 345–348. https://doi.org/10.1109/ 
WHC.2011.5945510 

[11] M. Franceschi, L. Seminara, L. Pinna, S. Dosen, D. Farina, and M. Valle. 2015. 
Preliminary evaluation of the tactile feedback system based on artifcial skin and 
electrotactile stimulation. Proceedings of the Annual International Conference of 
the IEEE Engineering in Medicine and Biology Society, EMBS 2015-Novem (2015), 
4554–4557. https://doi.org/10.1109/EMBC.2015.7319407 

[12] Emily L Graczyk, Breanne P Christie, Qinpu He, Dustin J Tyler, and Sliman J 
Bensmaia. 2021. Frequency Shapes the Quality of Tactile Percepts Evoked 
Through Electrical Stimulation of the Nerves. bioRxiv (2021), 2020.08.24.263822. 
https://doi.org/10.1101/2020.08.24.263822 

[13] Eve Hoggan and Stephen Brewster. 2007. Designing audio and tactile crossmodal 
icons for mobile devices. In Proceedings of the ninth international conference on 
Multimodal interfaces - ICMI ’07. ACM Press, New York, New York, USA, 162. 
https://doi.org/10.1145/1322192.1322222 

[14] Zhen Jia, Jianqing Li, and Congyan Chen. 2017. Efectiveness of Multi-Parameter 
Compound Tactons for Navigating in a Virtual Urban Environment. Interacting 
with Computers (2017). https://doi.org/10.1093/iwc/iww011 

[15] Lynette A. Jones and Susan J. Lederman. 2006. Human Hand Function. Oxford 
University Press. 1–280 pages. https://doi.org/10.1093/acprof:oso/9780195173154. 
001.0001 

[16] K.A. Kaczmarek and S.J. Haase. 2003. Pattern identifcation and perceived stimulus 
quality as a function of stimulation waveform on a fngertip-scanned electrotactile 
display. IEEE Transactions on Neural Systems and Rehabilitation Engineering 11, 1 
(3 2003), 9–16. https://doi.org/10.1109/TNSRE.2003.810421 

[17] K.A. Kaczmarek and S.J. Haase. 2003. Pattern identifcation as a function of 
stimulation on a fngertip-scanned electrotactile display. IEEE Transactions on 
Neural Systems and Rehabilitation Engineering 11, 3 (9 2003), 269–275. https: 
//doi.org/10.1109/TNSRE.2003.816874 

[18] Kurt A. Kaczmarek, Mitchell E. Tyler, Uchechukwu O. Okpara, and Steven J. 
Haase. 2017. Interaction of Perceived Frequency and Intensity in Fingertip 
Electrotactile Stimulation: Dissimilarity Ratings and Multidimensional Scaling. 
IEEE Transactions on Neural Systems and Rehabilitation Engineering 25, 11 (11 
2017), 2067–2074. https://doi.org/10.1109/TNSRE.2017.2702628 

https://doi.org/10.3389/fnbeh.2014.00034
https://doi.org/10.1109/HAPTICS45997.2020.ras.HAP20.13.8ee5dc37
https://doi.org/10.1109/HAPTICS45997.2020.ras.HAP20.13.8ee5dc37
https://doi.org/10.1109/TOH.2013.2296051
https://doi.org/10.1038/221963a0
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.111.8580
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.111.8580
https://doi.org/10.1145/3411764.3445300
https://doi.org/10.1145/3411764.3445300
https://doi.org/10.1109/WHC.2005.6
https://doi.org/10.1145/1152215.1152265
https://doi.org/10.1109/BIBE.2015.7367711
https://doi.org/10.1109/WHC.2011.5945510
https://doi.org/10.1109/WHC.2011.5945510
https://doi.org/10.1109/EMBC.2015.7319407
https://doi.org/10.1101/2020.08.24.263822
https://doi.org/10.1145/1322192.1322222
https://doi.org/10.1093/iwc/iww011
https://doi.org/10.1093/acprof:oso/9780195173154.001.0001
https://doi.org/10.1093/acprof:oso/9780195173154.001.0001
https://doi.org/10.1109/TNSRE.2003.810421
https://doi.org/10.1109/TNSRE.2003.816874
https://doi.org/10.1109/TNSRE.2003.816874
https://doi.org/10.1109/TNSRE.2017.2702628


First Steps Towards Designing Electrotactons 

[19] Hiroyuki Kajimoto. 2012. Electrotactile Display with Real-Time Impedance 
Feedback Using Pulse Width Modulation. IEEE Transactions on Haptics 5, 2 (4 
2012), 184–188. https://doi.org/10.1109/TOH.2011.39 

[20] Hiroyuki Kajimoto, Naoki Kawakami, T Maeda, and S Tachi. 2004. Electro-tactile 
display with tactile primary color approach. IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems, IROS 10 (2004). https://doi.org/10.1252/ 
kakoronbunshu.2.541 

[21] H Kajimoto, N Kawakami, and S Tachi. 2003. Psychophysical evalua-
tion of receptor selectivity in electro-tactile display. 13th Int. Sympo. on 
Measurement and Control in Robotics (ISMCR) January (2003), 3–6. http: 
//www.researchgate.net/publication/228581427_Psychophysical_evaluation_ 
of_receptor_selectivity_in_electro-tactile_display/fle/72e7e518259ac1d98e.pdf 

[22] Hiroyuki Kajimoto, Masaki Suzuki, and Yonezo Kanno. 2014. HamsaTouch. In 
Proceedings of the extended abstracts of the 32nd annual ACM conference on Human 
factors in computing systems - CHI EA ’14. ACM Press, New York, New York, USA, 
1273–1278. https://doi.org/10.1145/2559206.2581164 

[23] G Kim, R Okuno, M Yoshida, and K Akazawa. 2004. Sensory substitution system 
of two-channel electrotactile stimulation for transmitting verbal information. 
In The 26th Annual International Conference of the IEEE Engineering in Medicine 
and Biology Society, Vol. 4. IEEE, San Francisco, CA, USA, 4948–4951. https: 
//doi.org/10.1109/IEMBS.2004.1404367 

[24] Georgios Korres, Camilla Birgitte Falk Jensen, Wanjoo Park, Carsten Bartsch, 
and Mohamad Eid. 2018. A Vibrotactile Alarm System for Pleasant Awakening. 
IEEE Transactions on Haptics 11, 3 (7 2018), 357–366. https://doi.org/10.1109/ 
TOH.2018.2804952 

[25] Shinobu Kuroki, Hiroyuki Kajimoto, Hideaki Nii, Naoki Kawakami, and Susumu 
Tachi. 2007. Proposal for tactile sense presentation that combines electrical and 
mechanical stimulus. Proceedings - Second Joint EuroHaptics Conference and 
Symposium on Haptic Interfaces for Virtual Environment and Teleoperator Systems, 
World Haptics 2007 (2007), 121–126. https://doi.org/10.1109/WHC.2007.92 

[26] Xiaoran Li, Shunan Zhong, and James Morizio. 2017. 16-Channel biphasic current-
mode programmable charge balanced neural stimulation. BioMedical Engineering 
OnLine 16, 1 (12 2017), 104. https://doi.org/10.1186/s12938-017-0385-0 

[27] Pedro Lopes. 2016. Proprioceptive Interaction. In Proceedings of the 2016 CHI 
Conference Extended Abstracts on Human Factors in Computing Systems. ACM, 
New York, NY, USA, 223–228. https://doi.org/10.1145/2851581.2859014 

[28] G.M. Lyons, G.E. Leane, M. Clarke-Moloney, J.V. O’Brien, and P.A. Grace. 2004. 
An investigation of the efect of electrode size and electrode location on comfort 

CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA 

during stimulation of the gastrocnemius muscle. Medical Engineering & Physics 
26, 10 (12 2004), 873–878. https://doi.org/10.1016/j.medengphy.2004.08.003 

[29] Henning Pohl and Kasper Hornbæk. 2018. ElectricItch. In The 31st Annual ACM 
Symposium on User Interface Software and Technology - UIST ’18. ACM Press, New 
York, New York, USA, 765–778. https://doi.org/10.1145/3242587.3242647 

[30] Ioannis Politis, Stephen Brewster, and Frank Pollick. 2013. Evaluating mul-
timodal driver displays of varying urgency. In Proceedings of the 5th Interna-
tional Conference on Automotive User Interfaces and Interactive Vehicular Ap-
plications - AutomotiveUI ’13. ACM Press, New York, New York, USA, 92–99. 
https://doi.org/10.1145/2516540.2516543 

[31] James A. Russell. 1980. A circumplex model of afect. Journal of Personality and 
Social Psychology 39, 6 (1980), 1161–1178. https://doi.org/10.1037/h0077714 

[32] Taiga Saito, Jianyao Zhang, Takayuki Kameoka, and Hiroyuki Kajimoto. 2021. 
Thermal sensation presentation to the forehead using electrical stimulation: 
comparison with other tactile modalities *. In 2021 IEEE World Haptics Conference 
(WHC). IEEE, 888–893. https://doi.org/10.1109/WHC49131.2021.9517195 

[33] Graham Wilson and Stephen A. Brewster. 2017. Multi-moji. In Proceedings of the 
2017 CHI Conference on Human Factors in Computing Systems. ACM, New York, 
NY, USA, 1743–1755. https://doi.org/10.1145/3025453.3025614 

[34] Jacob O. Wobbrock, Leah Findlater, Darren Gergle, and James J. Higgins. 2011. 
The aligned rank transform for nonparametric factorial analyses using only 
anova procedures. In Proceedings of the 2011 annual conference on Human factors 
in computing systems - CHI ’11. ACM Press, New York, New York, USA, 143. 
https://doi.org/10.1145/1978942.1978963 

[35] Vibol Yem and Hiroyuki Kajimoto. 2017. Comparative Evaluation of Tactile 
Sensation by Electrical and Mechanical Stimulation. IEEE Transactions on Haptics 
10, 1 (1 2017), 130–134. https://doi.org/10.1109/TOH.2016.2605084 

[36] Vibol Yem and Hiroyuki Kajimoto. 2017. Wearable tactile device using mechanical 
and electrical stimulation for fngertip interaction with virtual world. In 2017 
IEEE Virtual Reality (VR). IEEE, 99–104. https://doi.org/10.1109/VR.2017.7892236 

[37] Vibol Yem, Ryuta Okazaki, and Hiroyuki Kajimoto. 2016. FinGAR. ACM SIG-
GRAPH 2016 Emerging Technologies on - SIGGRAPH ’16 Figure 2 (2016), 1–2. 
https://doi.org/10.1145/2929464.2929474 

[38] Shunsuke Yoshimoto, Yoshihiro Kuroda, Masataka Imura, and Osamu Oshiro. 
2015. Material Roughness Modulation via Electrotactile Augmentation. IEEE 
Transactions on Haptics 8, 2 (4 2015), 199–208. https://doi.org/10.1109/TOH.2015. 
2412942 

https://doi.org/10.1109/TOH.2011.39
https://doi.org/10.1252/kakoronbunshu.2.541
https://doi.org/10.1252/kakoronbunshu.2.541
http://www.researchgate.net/publication/228581427_Psychophysical_evaluation_of_receptor_selectivity_in_electro-tactile_display/file/72e7e518259ac1d98e.pdf
http://www.researchgate.net/publication/228581427_Psychophysical_evaluation_of_receptor_selectivity_in_electro-tactile_display/file/72e7e518259ac1d98e.pdf
http://www.researchgate.net/publication/228581427_Psychophysical_evaluation_of_receptor_selectivity_in_electro-tactile_display/file/72e7e518259ac1d98e.pdf
https://doi.org/10.1145/2559206.2581164
https://doi.org/10.1109/IEMBS.2004.1404367
https://doi.org/10.1109/IEMBS.2004.1404367
https://doi.org/10.1109/TOH.2018.2804952
https://doi.org/10.1109/TOH.2018.2804952
https://doi.org/10.1109/WHC.2007.92
https://doi.org/10.1186/s12938-017-0385-0
https://doi.org/10.1145/2851581.2859014
https://doi.org/10.1016/j.medengphy.2004.08.003
https://doi.org/10.1145/3242587.3242647
https://doi.org/10.1145/2516540.2516543
https://doi.org/10.1037/h0077714
https://doi.org/10.1109/WHC49131.2021.9517195
https://doi.org/10.1145/3025453.3025614
https://doi.org/10.1145/1978942.1978963
https://doi.org/10.1109/TOH.2016.2605084
https://doi.org/10.1109/VR.2017.7892236
https://doi.org/10.1145/2929464.2929474
https://doi.org/10.1109/TOH.2015.2412942
https://doi.org/10.1109/TOH.2015.2412942

	Abstract
	1 Introduction
	2 RELATED WORK
	2.1 Electrotactile stimulation
	2.2 Electrotactile Feedback
	2.3 Electrotactile Intensity
	2.4 Electrotactile Roughness
	2.5 Tactons

	3 EXPERIMENTS
	3.1 Apparatus
	3.2 Experiment 1
	3.3 Experiment 2

	4 OVERALL DISCUSSION
	4.1 Calibration 
	4.2 Limitations

	5 CONCLUSIONS
	References



