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ABSTRACT 
Beyond a simple notifcation of incoming calls or messages, more 
complex information such as alphabets and digits can be delivered 
through spatiotemporal tactile patterns (STPs) on a wrist-worn 
tactile display (WTD) with multiple tactors. However, owing to 
the limited skin area and spatial acuity of the wrist, frequent con-
fusions occur between closely located tactors, resulting in a low 
recognition accuracy. Furthermore, the accuracies reported in pre-
vious studies have mostly been measured for a specifc posture and 
could further decrease with free arm postures in real life. Herein, 
we present Heterogeneous Stroke, a design concept for improving 
the recognition accuracy of STPs on a WTD. By assigning unique 
vibrotactile stimuli to each tactor, the confusion between tactors 
can be reduced. Through our implementation of Heterogeneous 
Stroke, the alphanumeric characters could be delivered with high 
accuracy (93.8% for 26 alphabets and 92.4% for 10 digits) across 
diferent arm postures. 

CCS CONCEPTS 
• Human-centered computing → Haptic devices. 
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1 INTRODUCTION 
As wrist-worn devices, e.g., smartwatches, have become popular-
ized, various tactile communication on the wrist-worn tactile dis-
play (WTD) has been studied [16, 18, 19, 35]. A typical WTD in 
the market uses the entire frame of the device as a single vibrotac-
tor and mainly employs the temporal profle, i.e., rhythm, of the 
vibration to design distinguishable tactile patterns. However, as 

Permission to make digital or hard copies of all or part of this work for personal or 
classroom use is granted without fee provided that copies are not made or distributed 
for proft or commercial advantage and that copies bear this notice and the full citation 
on the frst page. Copyrights for components of this work owned by others than ACM 
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, 
to post on servers or to redistribute to lists, requires prior specifc permission and/or a 
fee. Request permissions from permissions@acm.org. 
CHI ’21, May 8–13, 2021, Yokohama, Japan 
© 2021 Association for Computing Machinery. 
ACM ISBN 978-1-4503-8096-6/21/05. . . $15.00 
https://doi.org/10.1145/3411764.3445448 

the number of patterns increases, the temporal patterns become 
lengthy and difcult to interpret and memorize. 

For a more efective communication, researchers have proposed 
spatiotemporal tactile patterns (STPs) by arranging multiple tactors 
in a triangular [18], square [19, 34], or grid [16, 17, 35] layout on the 
wrist. As a consequence, the information transmission efciency 
could be increased, and more intuitive communication becomes 
possible by designing the spatial form of STP to be aligned with the 
actual meaning. For instance, the directional information for navi-
gation was delivered by the movement of stimulus [13, 16, 17, 35], 
and the alphanumeric information was delivered with STPs whose 
“spatiotemporal stroke” is close to the shape of the corresponding 
character [13, 17, 19]. 

The recognition accuracies were acceptable for relatively simple 
patterns, i.e., 92 % upon discrimination of four directional patterns 
in the up, down, left, and right directions [16], and 95 % upon dis-
crimination of 24 patterns using levels of four parameters including 
the intensity and moving direction [18]. However, for complex pat-
terns designed based on their 2D-shape like alphabet patterns, the 
accuracy was too low (71 % upon discrimination of 26 EdgeWrite 
[43] alphabet patterns [19]) to be used in real life. 

The main causes of the poor recognition accuracy are the limited 
skin area and spatial acuity of the wrist. Chen et al. [6] showed 
that out of nine vibrotactors arranged at 25 mm intervals, only two 
could be reliably localized on the dorsal and volar wrist. Owing to 
a narrow skin area, tactors are closely located, resulting in frequent 
confusion. Furthermore, most of the previous studies measured the 
accuracy in a specifc arm posture [13, 16, 19, 34, 35]. However, 
existing studies have shown that tactile perception can be infu-
enced by the posture [8, 15, 33] or movement [7, 26, 30] of the body 
parts. Considering that users can take free postures in real life, the 
accuracy reported in a specifc posture can be further decreased. 
We can state that the interaction is ready to be used in real life 
when usable accuracies are ensured across various postures. 

In this paper, we propose Heterogeneous Stroke, a design con-
cept for improving the recognition accuracy of STPs on a WTD. 
Heterogeneous Stroke assigns unique vibrotactile stimuli to each 
tactor and utilizes them to efectively recognize STPs. By making the 
stimulus of each tactor more distinguishable, confusions between 
tactors can be reduced. To implement the proposed concept, we 
designed four unique vibrotactile stimuli by combining two levels 
of frequency (170 and 300Hz) and two levels of roughness (with and 
without roughness) through an amplitude modulation of the wave-
form. We then experimentally studied the efect of Heterogeneous 
Stroke in terms of accuracy improvement. 

We frst conducted a preliminary study to investigate the efect 
of the arm posture on the recognition accuracy of the STPs to derive 
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requirements for a usable WTD. Through the task of recognizing 
the EdgeWrite [43] pattern set, which can intuitively deliver al-
phanumeric characters on a 2 x 2 tactor array, we observed that 
the accuracy can be signifcantly afected by the arm posture of 
the user. In User Study 1, we investigated the efect of Heteroge-
neous Stroke in terms of an accuracy improvement across diferent 
arm postures. The three-point-stroke set, which consists of every 
possible pattern that stimulates three consecutive points in a 2 x 2 
tactor array, was used for the task because it forms the elements 
of any STP having a 2D-shape. Finally, in User Study 2, using the 
EdgeWrite pattern set again, we confrmed that 26 alphabets and 10 
digits can be delivered with high accuracy (93.8 % for alphabets and 
92.4 % for digits) through our implementation of Heterogeneous 
Stroke. The main contributions of this study are as follows: 

• We proposed a design concept of Heterogeneous Stroke that 
utilizes unique vibration cues to improve the recognition 
accuracy of STPs on a WTD. 

• Through our implementation of Heterogeneous Stroke, we 
empirically showed that the proposed design signifcantly 
improves the recognition accuracy of STPs on a WTD. 

2 RELATED WORK 
We frst review various STPs proposed within the wearable tactile 
display domain. We then review previous studies that imply that the 
user’s posture can infuence a tactile pattern recognition. Lastly, we 
review previous work that facilitates diferent vibration parameters 
for the information encoding and position the current study among 
them. 

2.1 Spatiotemporal Tactile Patterns on 
Wearable Tactile Displays 

Researchers have proposed various STP designs by locating mul-
tiple tactors on the wearable tactile display for a more efective 
information transmission. 

The previous STP designs can be divided into two diferent pur-
poses. One purpose is to explore the combinations of spatiotemporal 
parameters to produce a large number of usable patterns within a 
given tactor layout. Shim et al. [34] and Lee et al. [18] designed 16 
and 24 patterns, respectively, by combining the levels of parameters 
including the starting point and moving direction of the STPs. More 
studies [23, 28] have designed a pattern set in a similar way and re-
ported the information transfer they achieved. These studies aimed 
to explore the information transmission capacity of the designed 
wearable tactile displays, rather than support a specifc application. 

In other approaches, researchers exploited STPs for intuitive 
information encoding under a target scenario. The spatial form 
of the patterns was designed to be aligned with the actual mean-
ing. Various studies [14, 16, 17, 27, 34, 35, 39] have delivered di-
rectional information for navigation based on the movement of 
stimuli. Information such as alphabets [13, 17, 19], numbers [19], 
and phonemes [40, 44] has also been delivered with STPs whose 
spatial form implies the shape of the letter or position of the tongue 
when pronounced. In particular, Liao et al. [19] attempted to deliver 
all 26 alphabets and 10 digits on the wrist by employing EdgeWrite 
pattern, which is a set of uni-stroke paths that connect the points 
of a 2 × 2 array. These designs consider the types of information to 

be conveyed at the application level and aim for users to intuitively 
understand and learn patterns through shape recognition. 

In the latter designs, the recognition accuracy was reported to 
be acceptable for a relatively simple pattern set, e.g., 92 % upon 
the discrimination of four directional patterns [16]. However, for 
complex patterns that are based on their 2D-shape, achieving a 
usable recognition accuracy was difcult or required additional 
resources. In the study of Liao et al. [19], the average duration 
of the pattern was increased from 2.2 to 2.9 s to improve the low 
discrimination accuracy of 70.7 % for the 26 EdgeWrite alphabet 
patterns up to 85.9 %. 

Our proposed solution, Heterogeneous Stroke, achieves a high 
recognition accuracy with complex STP set such as those used in 
the EdgeVib [19] study, even without lengthening the duration of 
the patterns. 

2.2 Postures and Tactile Pattern Recognition 
Applying wearable vibrotactile haptics technology into the wild 
requires careful design considerations. Environmental diferences 
between the lab condition and real world have been described as 
one of the factors that makes the experimental results from the lab 
unreliable [2]. In this sense, the body posture of the user may afect 
the tactile recognition. 

Researchers have observed the infuence of the user’s physical 
activity, e.g., running [7] and biking [26], on the tactile pattern 
recognition. In particular, Post et al. [30] showed that the tactile 
ability to detect and scale the vibration stimuli can deteriorate when 
people repeatedly fex and extend the elbow with their arms. The 
motor task that afected the tactile perception could be interpreted 
as a repetition of switch between two body postures. Cody et al. 
[8] reported that the skin stretch of the wrist caused by bending 
the hand can reduce the tactile spatial acuity, implying that even a 
static posture can infuence the tactile recognition ability. 

In addition to the physical infuence, the body posture may also 
afect the neural process of decoding the tactile stimuli. The localiza-
tion of tactile stimuli requires multiple information to be integrated 
[24]. Systematic distortions can occur in localization tasks [20, 22], 
and various factors can infuence this process [24]. Previous studies 
have shown that the head orientation induces a systematic bias of 
tactile localization in the waist [9] and forearm [31]. Lawson et al. 
[15] and Schocchia et al. [33] also showed that the head orientation 
with a certain arm posture could infuence the response time and 
error rates of a haptic identifcation task. This tendency of interpret-
ing the haptic signals based on the head-centered reference frame 
may alter the perception of identical tactile patterns owing to the 
body postures, or in other words the spatial relationship between 
the head and the arm. 

Diverse postures can be applied in our daily life. One can put an 
arm down to hold a shopping bag, raise it up to grab a bus handle, 
reach it forward to grasp a steering wheel, or simply bring it in 
front of your body to check the time on a watch. However, previous 
WTD studies have mostly evaluated the recognition accuracy in 
a specifc arm posture. Participants were guided to put their arm 
forward on a desk while sitting [13, 16, 34, 35], put it close to 
their body as if looking at a wristwatch [19], or simply rest it 
with a comfortable posture without much control [18, 23]. In the 
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preliminary study, we frst investigated whether the arm posture 
afects the pattern recognition accuracy of the STPs. Three arm 
postures used in previous studies, as shown in Figure 3, were tested. 

2.3 Using Diferent Vibrotactile Parameters for 
Wearable Tactile Display 

Researchers have explored various tactile attributes to expand the 
information transmission capacity of the tactile display [37]. The 
physical parameters such as frequency [3, 5, 36], duration [3], wave-
form [3], amplitude [3, 18, 36], and spatial location [5] and higher-
level parameters such as roughness [3, 5] and rhythm [3, 5, 18] 
using a signal modulation were explored for the vibration. 

Reed et al. [32] and Tan et al. [38] designed a forearm-mounted 
device consisting of 4 × 6 vibrotactor array, and efectively conveyed 
39 English phonemes with combinations of parameters such as fre-
quency and duration. Luzhnica et al. [21] designed a glove-type 
wearable display with several vibrotactors attached, and conveyed 
26 alphabets through the back of the hand with high accuracy us-
ing combinations of spatial locations that were stimulated. Within 
the WTD domain, BuzzWear [18] designed 24 patterns with com-
binations of parameters such as the amplitude and rhythm in a 
triangular tactor layout. These patterns can be conveyed with a 
high accuracy with a pattern duration of 2.3s. 

The idea of Heterogeneous Stroke is diferent from that of pre-
vious approaches [18, 21, 32, 34, 38] in that it focuses on solving 
the positional ambiguity of tactors by assigning a unique vibration 
to each tactor. Previous studies explored exhaustive combinations 
of vibration parameters to increase the number of usable patterns 
(e.g., an “i5” tactor in Reed et al.’s study [32] can present 6 types of 
vibration), where as Heterogeneous Stroke is a redundant approach 
that can be applied to the existing pattern set to strengthen the 
distinction between tactor positions. Heterogeneous Stroke is an 
efective approach to overcome the limitation of the wrist space. It 
helps users better recognize a “spatiotemporal stroke” by reducing 
the positional ambiguity of the tactors. 

3 HETEROGENEOUS STROKE 
The wrist, a representative body part where wearable devices are 
worn, has a potential as a space for tactile communication but at the 
same time has a limitation of a small skin area and low spatial acuity. 
Owing to such limitation, the distance between multiple tactors 

becomes smaller than the two-point discrimination threshold of 
the forearm (i.e., 40mm [41] using Von Frey flaments), which leads 
to frequent confusions between the tactors. Among the nine tactors 
arranged on the wrist at 25mm intervals, only two could be reliably 
localized in Chen et al.’s [6] study. 

Heterogeneous Stroke is a design concept that assigns unique 
vibrotactile stimuli to each tactor and utilizes them to efectively 
recognize STPs. By making the stimulus of each tactor more dis-
tinguishable, the confusions between tactors can be reduced. As 
shown in Figure 1a, the perceptual space [10] is in 1D when only 
the locus of the stimulus is used to distinguish between two stimuli. 
If we provide another perceptual dimension, e.g., the texture of 
the stimulus, the perceptual space can be extended to 2D. Because 
the perceptual distance [10] between two stimuli can expand in a 
2D perceptual space, the confusion between the two stimuli are 
expected to be reduced. 

Azadi and Jones [1] explored the basic vibrotactile parameters, 
including frequency, amplitude, waveform, and temporal profle (i.e., 
rhythm) with a single tactor. Among the nine vibrotactile Tactons 
[3] they designed, fve or six can be distinguished both on the 
fnger and forearm. However, when multiple tactors are arranged 
closely on the wrist and produce STPs, the situation becomes more 
challenging. Initially, a certain level of intensity should be ensured 
not to cause confusion between tactors again. For instance, when 2 
and 5 V are used to control the vibration intensity, 2 V will possibly 
worsen the ambiguity of the position. Therefore, the variation in 
amplitude was difcult to utilize. In addition, to apply the variation 
of rhythm, the burst of vibration in each rhythm should be sufcient 
in length. However, this can make the entire STP too long. 

To implement the Heterogeneous Stroke, we utilized two vibro-
tactile parameters, frequency and roughness [4], to design unique 
vibrotactile stimuli considering insight from the previous studies 
[4, 5, 29]. The vibrotactile roughness can be created using an ampli-
tude modulation of the waveform. Previous research [42] reported 
that the amplitude modulated version of vibration was felt to be 
“rougher” than the un-modulated version. By combining two levels 
of frequency (170 and 300 Hz) and two levels of roughness (with and 
without roughness), four unique vibrotactile stimuli were designed 
to implement the Heterogeneous Stroke. 

3.1 Apparatus 
The 170 Hz was the resonance frequency of the used motor, and 300 
Hz was chosen as a value sufciently far from 170 Hz within the 
perceptual range where the stimulus can clearly be felt. To balance 
the perceived intensity between the two conditions, the vibration 

Figure 1: Extending the perceptual space from 1D to 2D. Figure 2: Three types of method used in User Study 1. 
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motors using 300 and 170 Hz were driven by 9 and 5 V, respectively. 
The driving voltage was determined through an informal pilot study. 
To implement the roughness of the vibration, we used a 12.5-Hz 
on/of modulation of the waveform. Park et al. [29] reported that, 
at a modulation frequency of 1-20 Hz, the amplitude-modulated 
vibrotactile stimuli were perceptually dissimilar compared to the 
non-modulated version. Within this range, we selected a modula-
tion frequency in which the roughness of vibration can be clearly 
felt. 

Considering that the spatial acuity of the longitudinal axis is 
signifcantly lower than that of the transverse axis on the wrist [25], 
we used a parameter judged to make the stimulus more distinguish-
able than the other along the longitudinal axis. Through an informal 
pilot study, the variation of roughness was judged to be more efec-
tive than that of frequency. As shown in Figure 2c, the two levels 
of frequency and roughness were used to reduce confusion in the 
transverse and longitudinal axis of the wrist, respectively. 

For a comparative analysis in User Study 1, we set up three 
methods. The Baseline method uses only normal vibration (Figure 
2a), 2-Hetero uses two unique vibrations made by two levels of 
roughness (Figure 2b), and 4-Hetero uses four unique vibrations 
made by two levels of roughness and frequency (Figure 2c). 

4 PRELIMINARY STUDY: EFFECT OF 
POSTURE 

To derive the requirements for a usable WTD, we frst investigate 
the efect of posture on the recognition accuracy of STPs in the 
preliminary study. 

4.1 Independent Variables 
We set the arm posture and type of reference frame as independent 
variables. We tested three arm postures depicted in Figure 3, which 
were mainly used in previous studies. [13, 16, 18, 19, 23, 34, 35] 

As depicted in Figure 4, the pattern can be delivered by assum-
ing the side of the watch near the hand as the top (Figure 4a), or 
interpreting it as an ordinary wristwatch (Figure 4b). Because there 
is a diference in spatial acuity in the transverse and longitudinal 
axis of the wrist [25], we expect that the recognition accuracy of 
each pattern can be afected by the type of reference frame. 

4.2 Apparatus 
We implemented a WTD prototype that is identical to that used in 
Liao et al.’s [19] study, except that the plastic tips were not attached 
to each tactor. On a 3D printed watch frame with a size of 40 × 40 
mm2, four vibration motors of 10 mm in diameter were attached in 
a 2 × 2 array form. The distance between the center of the motors 

Figure 3: Three arm postures tested in Experiment 1. 

Figure 4: The EdgeWrite pattern for letter U is shown in each 
type of reference frame: (a) Reference Frame 1 (RF 1) and 
(b) Reference Frame 2 (RF 2). The pattern starts at a colored 
point. 

Figure 5: Wrist-worn tactile display prototype. 

was 30 mm, as shown in Figure 5. Damping sponges were placed 
between the motors and the frame to isolate the vibration. In the 
preliminary study, Eccentric Rotating Mass (ERM) vibration motors 
were used, and each motor was driven with a voltage of 5 V. We 
used an Arduino UNO as a microcontroller to control the actuators. 

4.3 Tactile Pattern Set 
From the 36 alphanumeric EdgeWrite [43] patterns used in Liao et 
al.’s [19] study, we selected 11 alphabet patterns with four vibration 
counts. The duration of each burst was 0.5 s, and there was no 
inter-stimulus interval (ISI). The spatiotemporal description of the 
pattern set is shown in Figure 6. 

Figure 6: Pattern set used in Experiment 1. (a) 11 EdgeWrite 
alphabet patterns, (b) spatiotemporal description of the 
EdgeWrite pattern for letter U. The pattern starts from the 
colored point. 
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Figure 7: The experimental setup. 

4.4 Participants 
We recruited 12 participants (2 females, mean age of 24.1 and SD of 
4.49) from the university’s public online community. All participants 
were right-handed. The participants were paid approximately $20 
for participating in this IRB-approved experiment. 

4.5 Procedure 
We guided the participants to a silent room and gave them the 
experimental guidelines. The participants wore the WTD prototype 
on their left wrist while sitting on a chair. The prototype was worn 
below the head of the ulna. They were encouraged to self-adjust 
the position or tightness of the strap to perceive the STPs as best 
as possible during the experiment and were asked to rest their arm 
comfortably as depicted in Figure 7. After being guided on how to 
handle the GUI experiment program, the participants wore noise-
canceling headphones playing a pink noise to block out the sounds 
of the vibration. 

Before the training and testing session, a 15-min learning ses-
sion was conducted to allow the participants to become familiar 
with the 11 EdgeWrite patterns. A random alphabet was repeat-
edly prompted on the screen, and the participants answered the 
corresponding EdgeWrite pattern by clicking on a 2 x 2 grid of 
circular buttons with a mouse. During, and even after, the learning 
session, the participants could see the pattern set with the printed 
table. During the training and testing session, the participants were 
asked to answer the random pattern displayed on the WTD for 
every trial. They pressed the space key to play the pattern, submit-
ted the answer with the alphabet keys, and fnally confrmed by 
pressing the enter key. The pattern to be answered could be played 
only once during each trial. Before confrmation, the participants 
were allowed to modify their answer by pressing the backspace key. 
Only during the training session, the participants could manually 
play the patterns they wanted by pressing the alphabet keys before 
pressing the space key. Visual feedback was provided to indicate 
the correct answer. A short break was given for every 20 trials. 
Between conditions, the participants had to take of the device and 
rest at least 1 min to relieve the fatigue. 

The training and testing session consisted of 33 trials (11 patterns 
× 3 reps) and 55 trials (11 patterns × 5 reps), respectively. The 

Figure 8: Mean of AC (%) from the preliminary study. The 
error bars show standard errors. 

RF 1 RF 2 
Forward Right Down Forward Right Down 

AC 54.3 45.1 60.9 58.0 44.2 57.8 
IT 1.18 0.84 1.40 1.37 0.91 1.39 
RT 3.4 3.3 3.1 2.9 3.6 3.2 

Table 1: Mean of AC (%), IT (bits), and RT (s) from the pre-
liminary study. 

order of the patterns was randomized. It took approximately 2 h to 
complete the entire experiment. 

4.6 Design & Analysis 
The experiment was a 3 × 2 within-subjects design with the follow-
ing independent variables and levels: 

• Arm posture: Forward, Right, Down 
• Type of reference frame: RF 1, RF 2 

We counterbalanced the order of conditions using a balanced 
Latin square. We collected 3960 answers (55 trials × 6 conditions 
× 12 participants) and calculated the pattern recognition accuracy 
(AC) and reaction time (RT) for each condition. The RT was mea-
sured as the time from the end of the pattern transmission to the 
moment the submission of the answer was confrmed by the en-
ter key. For analysis, we performe a two-way repeated-measures 
ANOVA on the AC and RT. A pairwise t-test with a Bonferroni 
correction was used for a post hoc comparison. 

4.7 Results 
In the case of the AC , the efect of the arm posture (F (2,22) = 20.482, 
p < .000) was signifcant. The post hoc comparison revealed that 
the AC of the Right arm posture was signifcantly lower than that 
of Forward (t = 4.399, p < .005) and Down (t = -5.431, p < .005), when 
the ACs in RF 1 and RF 2 were averaged. The efect of the type 
of reference frame was not signifcant. There was no signifcant 
interaction efect. For the RT data, no independent variable showed 
a signifcant efect. The confusion matrices for each condition are 
attached in the Appendix section. 
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Figure 9: Three-point-stroke set used in User Study 1. (a) 24 
three-point-stroke patterns, (b) spatiotemporal description 
of one pattern. The pattern starts from the colored point. 

4.8 Conclusion 
The results revealed that the arm posture can signifcantly afect 
the recognition accuracy of the STPs. This implies that the diferent 
arm postures need to be considered when designing and evaluating 
the STP pattern set. Based on this fnding, we designed User Studies 
1 and 2 to evaluate the efect of Heterogeneous Stroke considering 
diferent arm postures. 

5 USER STUDY 1 
We designed User Study 1 to investigate the efect of Heterogeneous 
Stroke in terms of accuracy improvement. We set the arm posture 
and the Heterogeneous Stroke method as independent variables. 
Two arm postures, Forward and Right, which showed a signif-
cant diference in accuracy in the preliminary study were chosen. 
Three Heterogeneous Stroke methods, i.e., Baseline, 2-Hetero, and 
4-Hetero, depicted in Figure 2, were tested. The apparatus applied 
was identical to that of the preliminary study except that linear 
resonant actuators (LRAs) of 10 mm in diameter and with a 170 
Hz resonance frequency (DMJBRN1036CB from Samsung Electro-
mechanics) were used to control the vibration frequency. 

5.1 Tactile Pattern Set 
We used the three-point-stroke set, which consists of all possible 
three consecutive independent points in a 2 × 2 tactor array so 
that all tactors can be used in a symmetrical manner. Because these 
patterns are basic elements of STPs with any 2D shape, we expect 
that it makes the empirical result of this study more generalizable. 
The spatiotemporal description of the pattern set is shown in Figure 
9. 

5.2 Participants 
We recruited 12 participants (2 females, mean age of 23.8 and SD 
of 3.64) from the university’s public online community. One par-
ticipant was left-handed but wore a watch on the left wrist. The 
participants were paid approximately $50 for participating in this 
IRB-approved experiment. 

5.3 Procedure 
The procedure was similar to that of the preliminary study except 
that there was no learning session, and only the mouse was used 
to control the GUI experiment program. The participants clicked 

Figure 10: Mean of AC (%) from the User Study 1. The error 
bars show standard errors, and the asterisks indicate signif-
icant diferences (p < .05). 

Forward Right 
Baseline 2-Hetero 4-Hetero Baseline 2-Hetero 4-Hetero 

AC 41.7 77.6 79.8 26.9 69.7 64.3 
IT 1.96 3.51 3.58 1.59 3.23 2.97 
RT 3.1 2.9 3.2 3.3 3.3 3.5 

Table 2: Mean of AC (%), IT (bits), and RT (s) from User Study 
1. 

the play button to display the pattern, submitted their answer by 
consecutively clicking three points on the 2 × 2 grid of circular 
buttons, and fnally confrmed by clicking the confrm button on 
the screen. Both the training and testing sessions consisted of two 
blocks of 48 trials (24 patterns × 2 reps). The study was conducted 
for 2 days, for approximately 2 h for each day. 

5.4 Design & Analysis 
The experiment used a 3 × 2 within-subjects design with the fol-
lowing independent variables and levels: 

• Arm posture: Forward, Right 
• Heterogeneous Stroke method: Baseline, 2-Hetero, 4-Hetero 

We counterbalanced the order of the conditions using a balanced 
Latin square. We collected 6912 answers (48 trials × 2 blocks × 6 
conditions × 12 participants) and calculated the AC and RT. For the 
analysis, we performed a two-way repeated-measures ANOVA on 
the AC and RT. Because the AC violated the normality assumption, 
we applied an aligned rank transform (ART) before conducting 
the RM-ANOVA. For a post hoc comparison, a pairwise t-test or 
Wilcoxon signed-rank test with a Bonferroni correction was used 
depending on the result of the normality test. 

5.5 Results 
In the case of the AC, the efect of the arm posture (F (1,11) = 18.329, 
p < .001) and the Heterogeneous Stroke method (F (2,22) = 60.468, p 
< .001) were signifcant. There was no signifcant interaction efect. 
A post hoc comparison revealed a signifcant diference between 
the Baseline and other methods for both arm posture conditions: 
2-Hetero (Z = -3.061, p < .05 for Forward arm posture; Z = -3.059, 
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p < .05 for Right) and 4-Hetero (Z = -3.059, p < .05 for Forward; 
and Z = -3.061, p < .05 for Right). For the RT data, no independent 
variable showed a signifcant efect. The confusion matrices for 
each condition are attached in the Appendix section. 

5.6 Discussion 
The Baseline, 2-Hetero, and 4-Hetero showed an accuracy of 34.3 
%, 73.7 %, and 72.1 %, respectively, when the ACs of both postures 
were averaged. Through our implementation of the Heterogeneous 
Stroke, the accuracy could be signifcantly improved, resulting in 
more than twice the value. In addition, the deviation in the accuracy 
was greatly reduced when comparing the accuracy ratio of the two 
postures in the Baseline (0.65 = 26.9 %/41.7 %) and 2-Hetero (0.90 = 
69.7 %/77.6 %). This implies that the overall accuracy improvement 
can reduce the inconsistency caused by the diferent postures. 

The recognition task with the three-point-stroke set was chal-
lenging for which even a single confusion regarding the location 
of the tactor results in the wrong answer. Therefore, the overall 
accuracy was still low even when the 2-Hetero and 4-Hetero (∼70 
%) were applied. In the following experiment, we apply Hetero-
geneous Stroke to the case of conveying alphanumeric characters 
with the EdgeWrite pattern set to examine if the proposed design 
can achieve a high performance with a complex STP set requiring 
an accurate shape recognition. 

6 USER STUDY 2 
User Study 2 was designed to see whether the alphanumeric charac-
ters can be delivered with high accuracy by applying Heterogeneous 
Stroke. We chose the tactile EdgeWrite pattern set used in Liao et 
al.’s [19] study because it covers both the complete alphabets and 
numbers. We also followed the experimental design of the study 
including the pattern set and other details such as the vibration 
motor model (Precision Microdrive 310-113) to beneft from its 
formulated experimental settings. 

We set the arm posture and the Heterogeneous Stroke method 
as independent variables. The two arm postures used in User Study 
1 were tested again. Because there was no signifcant diference 
in accuracy between the 2-Hetero and 4-Hetero methods, only the 
Baseline and 2-Hetero methods were tested. 

6.1 Participants 
We recruited 12 participants (5 females, mean age of 23.0 and SD of 
4.05) for the alphabet group and 12 participants (5 females, mean age 
of 23.7 and SD of 2.87) for the digit group. In each group, one partic-
ipant was left-handed but wore a watch on their left wrist. The par-
ticipants in the alphabet and digit groups were paid approximately 
$50 and $20, respectively, for participating in the IRB-approved 
experiment. 

6.2 Tactile Pattern Set 
We used 26 EdgeWrite alphabet and 10 EdgeWrite digit patterns for 
each group. Unlike User Study 1, there was an ISI of 0.1 s between 
bursts to follow the experimental detail used in Liao et al.’s [19] 
study. The spatiotemporal description of the pattern set is shown 
in Figure 11. 

Figure 11: The pattern set used in User Study 2. (a) 26 
EdgeWrite alphabet and 10 digit patterns, (b) spatiotempo-
ral description of EdgeWrite pattern for letter U. The pattern 
starts from the colored point. 

6.3 Procedure 
Several details were modifed from a preliminary study to reproduce 
the experimental settings of EdgeVib [19]. During the training 
session, the participants could repeatedly display the pattern by 
pressing the space key in each trial. The visual feedback for the 
correct answer was also provided during the testing session. For 
the alphabet group, the training and testing session consisted of 52 
trials (26 patterns × 2 reps) and 104 trials (26 patterns × 4 reps). For 
the digit group, the training and testing session consisted of 20 trials 
(10 patterns × 2 reps) and 50 trials (10 patterns × 5 reps). The study 
for the alphabet group was conducted for two days (approximately 
1.5 h each day), and the study for the digit group was conducted in 
a single day (approximately 2 h). 

6.4 Design & Analysis 
The experiment was a 2 × 2 within-subjects design with following 
independent variables and levels: 

• Arm posture: Forward, Right 
• Heterogeneous Stroke method: Baseline, 2-Hetero 

We counterbalanced the order of the conditions using a balanced 
Latin square. We collected 4992 answers (104 trials × 4 conditions × 
12 participants) for the alphabet group and 2400 answers (50 trials × 
4 conditions × 12 participants) for the digit group. We calculated the 
AC and RT for each condition. We excluded one outlier subject in 
each group from the analysis who showed an AC outside 2 sigmas 
under at least one condition. We performed a two-way repeated-
measures ANOVA on the AC and RT. Because the AC of the digit 
group violated the normality assumption, we performed an aligned 
rank transform (ART) before applying the RM-ANOVA. For a post 
hoc comparison, a pairwise t-test or Wilcoxon signed-rank test 
with a Bonferroni correction was used depending on the result of 
the normality test. 

6.5 Results 
The main results are summarized below and the confusion matrices 
for each group and condition are attached in the Appendix section. 

6.5.1 Alphabet Group. In the case of the AC, the efect of the arm 
posture (F (1,10) = 22.526, p < .005) and the Heterogeneous Stroke 
method (F (1,10) = 21.621, p < .005) were signifcant. There was no 
signifcant interaction efect. The efect of the arm posture (F (1,11) 
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Figure 12: Mean of AC (%) from the User Study 2. The error 
bars show standard errors, and the asterisks indicate signif-
icant diferences (p < .005). 

Alphabet Group 
Forward Right 

Baseline 2-Hetero Baseline 2-Hetero 
AC 83.0 95.4 75.3 92.1 
IT 3.71 4.42 3.44 4.13 
RT 3.2 3.4 3.5 3.4 

Digit Group 
Forward Right 

Baseline 2-Hetero Baseline 2-Hetero 
AC 82.1 90.9 80.9 94.1 
IT 2.41 2.67 2.39 2.81 
RT 3.3 4.4 2.9 4.0 

Table 3: Mean of AC (%), IT (bits), and RT (s) from the User 
Study 2. 

= 10.5488, p < .005) and Heterogeneous Stroke method (F (1,11) = 
61.9274, p < .001) was still signifcant even when the data of the 
outlier were included. For the RT data, no independent variable 
showed a signifcant efect. 

6.5.2 Digit Group. In the case of the AC, the efect of the Hetero-
geneous Stroke method (F (1,10) = 18.441, p < .001) was signifcant. 
The efect of the arm posture was not signifcant. There was no sig-
nifcant interaction efect. The efect of the Heterogeneous Stroke 
method (F (1,11) = 20.646, p < .001) was still signifcant even when 
the data of the outlier were included. For the RT data, no indepen-
dent variable showed a signifcant efect. 

6.6 Discussion 
Using the 2-Hetero method, we achieved high accuracies of 93.8 % 
and 92.4 % on average in the alphabet and digit group, respectively. 

Most of the apparatus and procedures were similar to those of 
the EdgeVib study [19]. The condition with the Right arm posture 
and Baseline is the equivalent condition of User Study 2 of the 
EdgeVib study. Comparing the results, we observed a slightly higher 
accuracy in our study (alphabets, 70.7 % [19] versus 75.3 %; and 
digits, 78.5 % [19] versus 80.9 %). Considering that the subjects were 

able to perform more training owing to the repeated measure design 
in our study, mostly consistent results were obtained. In the EdgeVib 
study, the duration of the EdgeWrite patterns was increased by 
inserting a delimiter in the middle of the pattern, forming a multi-
stroke pattern to improve the accuracy. The alphabet and digit 
patterns with an average duration of 2.2 and 2.4 s were increased 
to 2.9 and 3.3 s, respectively, and the accuracy could be improved 
to 85.9 % and 88.6 % with these EdgeVib patterns. In comparison, 
the Heterogeneous Stroke design achieved a high accuracy (> 90%) 
without lengthening the duration of the pattern. 

7 DISCUSSION 

7.1 Comparison between 2-Hetero and 
4-Hetero methods 

The results of User Study 1 showed no signifcant diference in 
accuracy between the 2-Hetero and 4-Hetero methods. Although the 
number of unique vibrations was increased to further reduce the 
confusion, there was no additional improvement in accuracy with 
4-Hetero. We asked the participants the following question after 
the study, "Which type of method made it easiest to recognize the 
pattern?" Nine of the participants (75 %) responded that the 4-Hetero 
method was the easiest, and three participants (25 %) responded 
that the 2-Hetero method was the easiest. Whereas a majority of 
the participants preferred the 4-Hetero method, more than a few 
participants clearly preferred the 2-Hetero method. 

To the survey question asking about the distinction of each vibro-
tactile parameter, all 12 participants responded that the roughness 
was well distinguished, whereas only 7 of the participants (58 %) 
responded that the frequency was well distinguished. The rest re-
sponded with "I’m not sure" (four participants, 33 %) or it was "barely 
distinguishable" (one participant, 8 %). We analyzed the experimen-
tal results using a confusion matrix and found that 760 out of 918 
moments of confusion (82.8 %) occurred from misinterpreting the 
frequency (Table 4). From the survey and confusion data, we ob-
served that the levels of frequency were difcult to perceptually 
distinguish in comparison to the roughness. We expect this to be 
the main cause of no signifcant diference in accuracy between the 
2-Hetero and 4-Hetero methods. 

In the interview conducted after the experiment, the participants 
who preferred the 4-Hetero method generally agreed that the difer-
ence in frequency was relatively difcult to distinguish, but it was 
still helpful. P4 stated that "At the beginning of the experiment, two 
frequencies were almost indistinguishable, but as the experiment pro-
gressed, it slowly became possible to distinguish them. It was therefore 
easier to using 4-Hetero than 2-Hetero." By contrast, those who pre-
ferred the 2-Hetero method pointed out that the recognition process 
became complicated. P6 stated that "With 4-Hetero, the addition of 

Table 4: Number of confusions in frequency and roughness 
under 4-Hetero from User Study 1. 

Frequency Roughness Both Total 
Forward 228 46 14 288 
Right 532 66 34 632 
Total 760 110 48 918 
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a difcult hint (frequency) was rather disturbing when I had to focus 
on the locus of the stimulus." We expect that there is an advantage 
that can be obtained by increasing the number of “hints” and a dis-
advantage owing to the mental load incurred when perceiving and 
interpreting the stimulus simultaneously. If an added hint can make 
the stimuli sufciently distinctive, the advantage will be greater 
than the disadvantage. Otherwise, the tradeof between the two 
should be considered when designing Heterogeneous Stroke. 

7.2 Efect of posture on pattern recognition 
accuracy 

The arm posture of the subject showed a signifcant efect on the 
pattern recognition accuracy in the preliminary study and User 
Study 1, and in the alphabet group of User Study 2. Compared 
with other postures, the Right posture showed a signifcantly lower 
accuracy. The Right posture can be applied frequently in life when 
checking the time with a wristwatch. Previous WTD studies were 
conducted using diferent arm postures, including Forward [13, 16, 
34, 35], Right [19], and Down [18] arm postures. Lower accuracies 
might be obtained in the studies that use a Right posture. This 
fnding implies that WTD studies need to evaluate the pattern 
recognition accuracy in consideration of the diferent postures. This 
also implies that, when comparing the accuracy in previous studies, 
the posture needs to be considered as an independent variable. 

Lawson et al. [15] and Scocchia et al. [33] reported a signifcant 
increase in the response time and error rate in haptic object identif-
cation tasks when the arm crosses the midline of the body while the 
head is not facing the object. Lawson et al. explained that proprio-
ceptive and haptic inputs are remapped into the coordinate system 
of an external space and that this remapping is more difcult when 
the body is in an unusual position (e.g., hand crossing the body 
midline and the head facing away from the hand). Although the 
tasks conducted in our study were diferent from those of Lawson 
et al.’s, the Right posture is similar with the “unusual” posture in 
Lawson et al.’s study in that it also makes the hand cross the body 
midline. We might interpret our results on the Right posture as 
being incurred from a failure of remapping the tactile pattern into 
the external space, as shown in Lawson et al.’s and Scocchia et al.’s 
studies. 

7.3 Actuators for Heterogeneous Stroke 
We overdrove LRA and ERM vibration motors with a voltage of 5 V 
throughout the experiment to implement the proposed concept. In 
particular, in User Study 2, because an LRA motor with a single reso-
nance frequency was used to produce vibrations with two diferent 
frequencies, we used an overdriving voltage of 9 V to balance the 
intensity of the 300-Hz vibration with that of the 170-Hz vibration. 
However, overdriving the system can result in a safety problem. In 
our testing environment, the duration of the vibration was short 
and the pause until the next vibration was long (e.g., for the alpha-
bet group in User Study 2, a motor was actuated for approximately 
0.5 s per 2.23 s on average), and there was sufcient rest between 
blocks and trials. Although there were no safety problems owing 
to the controlled setup in our studies, unsafe circumstances (e.g., 
overheating) can occur when the motor is frequently actuated with 
an overdriving voltage. 

Hwang et al. [12] used a dual mode actuator (DMA) [11] capa-
ble of producing vibration composed of two primary frequencies 
to express diverse vibrotactile pitches for music playback. DMA 
has a structure that includes two built-in mass-spring elements 
with diferent resonance frequencies. If DMA can be utilized, ex-
cessive overdriving can possibly be avoided when implementing 
Heterogeneous Stroke using diferent vibration frequencies. 

7.4 Efect of reference frame in the 
preliminary study 

In the preliminary study, we set the type of reference frame as 
an independent variable. Because there exists a diference in the 
spatial acuity in the transverse and longitudinal axis of the wrist 
[25], we expected that it can afect the pattern recognition accuracy. 
However, there was no signifcant efect of the type of reference 
frame on the accuracy. 

The diference in the average accuracy between the two reference 
frames was only 0.1 %. However, the standard deviation (SD) of the 
accuracy across the entire patterns was 11 %; for some patterns, the 
accuracy was higher with RF 1 or with RF 2. For instance, for letter 
x, a 17.2 % higher accuracy was found in RF 1, and for letter z, a 
16.7 % higher accuracy was found in RF 2. This may imply that the 
type of reference frame may still afect the recognition accuracy 
depending on the design of the pattern set. 

8 CONCLUSION 
In this study, we present Heterogeneous Stroke, a design concept 
that assigns unique vibrotactile stimuli to each tactor to efectively 
recognize STPs. We designed four unique vibrations for each tactor 
of a 2 × 2 grid type WTD by combining two levels of frequency 
and roughness of vibration to implement the proposed concept. We 
then experimentally showed the efects of Heterogeneous Stroke in 
terms of accuracy improvement. We achieved a high accuracy (93.8 
% for alphabets and 92.4 % for digits) when delivering 26 alphabets 
and 10 digits through our implementation of Heterogeneous Stroke. 
We also observed that the arm posture can signifcantly afect the 
recognition accuracy of STPs on the wrist. This implies that future 
WTD studies need to consider diferent postures when designing 
and evaluating the interaction with STPs. We hope that the pro-
posed design concept and the empirical fnding of our study can 
contribute to the design of efective tactile communications on a 
WTD. 
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A APPENDIX 
Although omitted from the main text owing to a paper length issue, 
we attach confusion matrices here to help a clearer understanding 
of the experimental results of tactile pattern recognition tasks. Con-
fusion matrices from the preliminary study and User Study 1 are 
shown in Figure 13 and 14, respectively. Confusion matrices from 
the User Study 2 are shown in Figure 15 and 16. 

Figure 14: Stimulus-response confusion matrices of all con-
dition from User Study 1. A three-point-stroke pattern dis-
played for each trial was counted as three stimuli to simplify 
the confusion matrix. 

Figure 13: Stimulus-response confusion matrices of all con-
dition from preliminary Study. 

Figure 15: Stimulus-response confusion matrices of all con-
dition of alphabet group from User Study 2. 
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Figure 16: Stimulus-response confusion matrices of all con-
dition of digit group from User Study 2. 
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