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Abstract: In recent years, wearable text input devices using watches, glasses, and clothing have become pop-
ular. However, most of them have limitations related to posture and appearance when considering ubiquitous
7anytime, anywhere” use. In this paper, we propose a wearable character input device, Yarnkey, which uses
a conductive thread sewn into the thigh region of pants to recognize two-dimensional patterns corresponding
to letters of the English alphabet, using six-point touch sensing. The advantages of Yarnkey include: it can
be used with one hand, in a seated or standing position, is unobtrusive, small, and lightweight, and can be
learned in a short period of time. This paper describes the implementation of Yarnkeyand details a user

study conducted to validate the above advantages.

1. Introduction

With the spread of mobile devices such as smartphones,
the number of computing devices around us has dramatically
increased. At the same time, wearable input devices using
objects that we can wear in our daily lives, such as watches,
glasses, and clothes, are being used to realize ubiquitous
computing, in which computers and interfaces are ”woven”
into everyday objects [1]. On the other hand, there are still
some problems in existing research cases and products re-
lated to wearable input devices :

1. Use of both arms: Some arm-worn devices such as
smartphones and the Levi’s Trucker Jacket [2] require
both arms to use and therefore is inefficient to use.

2. Limitations on posture: Arm-worn devices and gesture
input devices such as the HoloLens [3] may not be opti-
mally used in restricted environments such as crowded
trains.

3. Visual invasion, weight, and volume: Head-mounted
displays and similar devices are visually invasive. Also,
devices with large keyboards, etc. are heavy and bulky
and therefore are not optimal for being worn for a long
amount of time.

4. Steep learning curve : Using non-traditional input meth-
ods (e.g. not a keyboard or not handwriting) results in
a steeper learning curve.

Several methods have been proposed in the past to reduce
these problems. For example, in TipText [4], a thin-film
touch sensor is wrapped around the fingertip and input is
made by tapping the fingers together. While this device
is lightweight and easy to wear, it has the disadvantage of
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being visually invasive and blocking fingertips even when
input is not required. In addition, Katayama et al. pro-
posed a method of inputting data by attaching a keyboard
divided into left and right sections to the thighs of both
sides of the body [5]. However, even when this method is
used, there is a large difference in appearance because the
keyboard is attached to the clothing as it is. In addition,
since the hard and heavy keyboard is attached to clothing,
the user’s experience of wearing the keyboard is considered
to be very different from that of wearing a normal garment.
In TelemetRing [6], a powerless coil is attached to each fin-
ger as a ring-type device, and changes in the magnetic field
caused by the tapping motion are detected by the bracelet-
type coil. With this method, the weight and size of the
fingertip can be reduced because there is no need to attach
a battery to the side of the ring, however the burden on the
user remains because wearing a bracelet-type device with a
certain weight and size is mandatory. Finally, Shinoda et
al. have proposed a method for handwritten character in-
put using a 1D capacitive touch sensor array fabricated by
embroidery of conductive threads [7]. This method has the
advantage of being lightweight and unobtrusive because the
sensors can be directly embroidered and mounted on pants.
However, due to the nature of detection by mapping to 1D
input, this results in a steeper learning curve.

Therefore, this paper proposes Yarnkey, a wearable device
that uses the thigh area of pants to input 2D patterns cor-
responding to letters of the alphabet. Yarnkeyuses 6-point
resistive touch sensing with a conductive thread sewn into
the pants to recognize 30 different hand-drawn patterns.

Yarnkeyhas the following advantages:

1. Only one finger is required to use the device.
2. Since putting hands on the thighs are possible in many
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Fig. 1 (A) Overall view of Prototype 1 and (B) enlarged view
of the sensor portion. (C) Enlarged view of Prototype 2
(fabric is different from Prototype 1).

circumstances, it can be used in extreme conditions.
In a preliminary experiment, the author actually used
Yarnkeyin a bus with a lot of vibration, and the input
was almost the same as under normal conditions.

3. Since this uses resistor-based touch-sensing, the sensor
shown on the surface is around 2mm?. It is therefore
inconspicuous.

4. Since the patterns are similar to alphabets, it is easier
to learn.

Subsequent chapters will detail the implementation of
Yarnkey. We then report the results of quantitative and
qualitative user experiments conducted to verify the effec-
tiveness of our proposal. Finally, we conclude the paper with
potential future improvements.

2. Design and Implementation

2.1 Design

As shown in Fig. 1, Yarnkeyrecognizes single-stroke letters
similar to the alphabet by touch-sensing six points with con-
ductive threads embroidered on the thighs of the garment.
Let us consider a stroke that connects multiple touch sensor
points to express the English alphabet, and consider the grid
size required to input the character. For example, if a stroke
connecting two to four points is detected on a 2 x 2 grid,
4P> + 4P3 + 4P4+ = 60 patterns can be represented, enough
to distinguish 26 letters in the English alphabet. However,
with a 2 x 2 grid, the input strokes may have a pattern that
is very different from the alphabet, and the learning cost
regarding the correspondence between the strokes and the
alphabet is expected to be high. Therefore, in this paper,
we decided to use a touch sensor in the form of a 2 x 3
grid with two horizontal points and three vertical points.
The grid corresponds to a 2D stroke pattern similar to the
alphabet shown in Fig. 2.

2.2 Touch-Sensing Hardware

Fig. 3 shows the how the resistor-based touch sensing op-
erates. First, when the finger is not in contact with point
A, the voltage at point A is pulled up by a resistor to Vpp.
When a finger touches point A, a contact resistor Ra is in-
serted between AB, and the voltage at point A drops. By
detecting this voltage drop with the AD converter built into
the micro controller (Adafruit ItsyBitsy M4 Express), the
micro controller could sense when a finger was touching the
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Fig. 2 2D recognition patterns based on the English alphabet.
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In this paper, considering that the contact resistance be-
tween the human body and the sensor is at most several M(2,
the resistance R is set to 20 M2. As for the capacitance
C, a large value is desirable in order to reduce inductive
noise of 60 Hz. However, if the capacitance is too large, the
time constant of voltage change on contact becomes large,
and strokes input at a speed above a certain level cannot be
detected. Considering those two points, the capacitance C
was set to be 1nF.

Since direct contact between point A and the thighs can
cause malfunctions, plastic tape is applied to the back of
point A to reduce this in this paper.
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Fig. 3 rcuit configuration. Circuit model of a resistive touch
sensor when (A) a finger is not touching and (B) it is
touching.

2.3 Software Implementation

The micro controller is continuously measuring the output
of 6 ADCs (analog digital converter). When the output of a
point is over the threshold, it recognizes that the point was
pressed and inserts it in a set of pressed points. When there
is no interaction (no presses) for a certain time (”timeout”),
the micro controller assumes that the input is finished and
sends the corresponding key to the computer.

Commonly mistaken patterns are corrected in advance.
The optimal timeout is different for each user. If it is too
short, then the micro controller will stop the input before
it was fully drawn. If it is too long, the device cannot be
used as quickly. One improvement that can be made is to
automatically calibrate the timeout.

In the current implementation, the timeout time is deter-
mined manually for each user. This is because the optimal
timeout time varies depending on the user’s input speed.
For example, if the timeout period is too short, the charac-
ter input period ends in the middle of writing, and if it is

too long, the user will not be able to type characters quickly.



Therefore, in the experiment described below, we adjusted
the time between 0.5s and 0.7 s according to the user.

2.4 Operation
Fig. 4 shows the input of the string “hello” from Yarnkeyto
a smart phone. As can be seen, the input can be done with

fine movements of the fingertip.

Fig. 4 The input of “hello” from Yarnkeyto a smartphone.

Fig. 5 also shows how text is input to the smartwatch
when the Yarnkeyis worn on the arm rather than the thigh.
Having an external input device for a small screen can be
used to prevent occlusion of input and output.

Fig. 5 The input of “ok” from Yarnkeyto the smartwatch.

3. Experiments and Evaluations

This chapter describes user tests conducted to verify
Yarnkey’s input speed, error rate, learning speed, changes
in input experience due to posture, differences in error rate
due to input patterns, and ease of use.

3.1 Applications for User Testing

First, a web application shown in Fig. 6 was created using
Svelte [8] for use in user testing. The application displays
example sentences that the user should input and returns
output that is color-coded according to the correctness or
incorrectness of the user’s actual input. We used this appli-
cation for user training and data acquisition. The example
sentences displayed were randomly selected from the phrase
set  [9] developed by Mackenzie et al. for evaluating the

performance of text input methods. The acquired data were
sent to a server for storage and later analysis.
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Fig. 6 Web application for user testing.

3.2 Procedures and Conditions
The experiment was conducted in Ontario, Canada, using
the following procedure :
1. Explain Yarnkeyand how to use it in 5 minutes.
2. Ask participants to sit down.
3. Have participants learn how to use Yarnkey(15 min-
utes).
4. Measure the number of characters that can be entered
and the error rate. (Test #1)
5. Have participants practice using Yarnkey(15 minutes).
6. Measure the number of characters that can be entered
again and the error rate. (Test #2)
7. Perform the same measurements in a standing position.
(Test #3)
8. Ask them to fill out a survey about the following items
— System Usability Scale (SUS) [10](Ease-of-use rating,
on a 5-point scale: 1-very much disagree, 3-don’t know,
5-very much agree)
— Gender (male, female, other, don’t want to answer),
age
— Do you usually use a keyboard, and if so, what kind of
device (computer or smartphone) and how often?
This procedure was performed on 5 participants (18 to 64
years old, average 47 years old, 2 males, 3 females, 0 others).

3.3 Evaluation Results
3.3.1 Input speed and error rate

Fig. 7 and Fig. 8 show Yarnkey’s input speed and error
rate from user testing. First, as shown in the input speed
results in Fig. 7 the average input speed was 0.37 char./sec
and 0.46 char./sec for Test #1 and Test #2. According to
[11], the average speed of handwritten input by a second
grader is 0.40 char./sec. Compared to handwriting, the in-
put speed of Yarnkeyis 93% of the average of second grade
elementary school students in Test #1 and 115% in Test
#2, which means that Yarnkeycan reach a level equivalent
to the input speed of second grade handwriting in a total
usage time of about 40 minutes.

In Test #2, in which about 15 minutes of practice was
given after Test #1, the average input speed improved by
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Fig. 7 Input speed (n = 5). Error bars are maximum and mini-
mum values (excluding outliers). Boxes above and below
are the 75% and 25% percentiles.
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Table 1 A ranking of error rates for each letter of the alphabet,

where Target indicates the number of times the letter

10% was to be entered and Actual indicates the number of
: times it was entered.
SUA) ,,,,,,,,,,,,,,,,,,, NS
I Rank  Character FError Rate  Target Actual
0% %—\ 0 0.0 % 51 51
0

Error rate

a
“ ) ) 1 c 0.0 % 51 51
Test#1 Test#2  Test#3 2 d 0.0 % 51 51
(seated) (standing) 3 o 0.0 % 51 51
Fig. 8 Error rate (n = 5). Error bars are maximum and mini- 4 f 0.0 % 51 51
mum values (excluding outliers). Boxes above and below 5 i 0.0 % 51 51
are the 75% and 25% percentiles. 6 j 0.0 % 51 51
7 k 0.0 % 51 51
24% (= 0.46/0.37), indicating that the input speed improved S 1 88 Z’ gi g}
m .
even with a short practice time and that initial learning was 10 n 0.0 «72 51 51
somewhat easy. On the other hand, the input speed de- 11 o 0.0 % 51 51
s s 12 q 0.0 % 51 51
creased to 9.29 char./sec in Test #Fﬂ, .Where the input was 13 ¢ 0.0 % 51 51
performed in an upright state. This is thought to be due 14 u 0.0 % 51 51
to the difficulty in visually recognizing the location of the 15 w 0.0 % 51 51
. . . 16 X 0.0 % 51 51
sensing points and the unevenness of the fabric area where 17 b 20 % 51 50
the sensor is located. Nevertheless, the results showed that 18 g 2.0 % 51 50
it is possible to input.at a speefl some\.x/%lat close to that of ;g E 38 Zz g} 28
a seated person even in a standing position. 21 2 2.0 % 51 50
In addition, the input error rate shown in Fig. 8 decreased 22 s 3.9 ZJ 51 49
. . 23 v 3.9 51 49
from an average of 4% in Test #1 to an average of 1% in 2 v 3.9 (72 51 49
Test #2, confirming that learning is possible in a short time 25 r 7.8 % 51 47
26 space NaN 0 0

period even in this result. On the other hand, the average

error rate in the standing state (7%) increased more than in
the seated state. This is thought to be due to the difficulty
of visual inspection and the unevenness of the cloth as well
as the input speed discussion.
3.3.2 Input pattern
We then asked two of the five users to perform an addi-
tional experiment to determine the error rate for each letter.
Table 1 shows a ranking of the error rates after asking users
to enter a total of 51 patterns corresponding to all letters of
the alphabet except SPACE. This shows, for example, that
the error rates for R, Y, V, and S are relatively high. The
reasons for the high error rates for these characters may be
due to the following factors :
e The direction in which the pattern for letter R is writ-
ten differs from the direction in which the letter R is
hand written (when writing the letter R, the letter R



is written from top to bottom and then to the upper
right, while the R pattern is written from bottom to
upper right).
e Y includes diagonals, and when writing it, surrounding
dots may be touched and misidentified as T or other
patterns.
e V requires writing the longest diagonal line, which may
be more difficult.
e S has three fine bends, and when writing it, the sur-
rounding dots may be touched and misidentified as dif-
ferent patterns.
Based on the above considerations, the following three
points were considered for future improvement of input pat-
terns: (1) make the pattern more intuitive to the user by
matching the actual character and stroke direction, (2) min-
imize patterns that include diagonal lines and simplify non-
diagonal lines, and (3) take into account variations in finger
thickness when designing sensor size.
3.3.3 Usability
Table 2 summarizes the results of the post-experiment

questionnaire. It shows that Yarnkeyreceived an average
score of 4 or higher for all questions except Q1 (and less than
2 for questions where a lower score is desirable). In partic-
ular, Yarnkeyobtained good results for Q3 (ease of use), Q7
and Q10 (ease of learning), and Q8 (small size), indicating
that Yarnkeymeets the target requirements. Note that P3
scored 1 for Q1 (”I think that I would like to use this key-
board frequently.”). When P3 was interviewed about this
point, it was found that this is because P3 does not use the
computer at all when he is not at his desk and does not feel
the need to use Yarnkey.

I am almost never in a situation where I want to

interact with my computer but am not at my desk.

That is why I, personally, do not believe I would

use it.
Table 2 Questionnaire questions and distribution of scores for

each question (n = 5),

# of scores Ave.

Question 2 3 score

34
14
46
14
40
20
46
18
40
16

Q1 Ithink that | would like to use this keyboard frequently.

Q2 I found the keyboard unnecessarily complex.

Q3 Ithought the system was easy to use.

Q4  Ithink that I would need the support of a technical person to be able to use this keyboard

Q5 I found the various functions in this system were well integrated.

Q6 |thought there was too much inconsistency in this system.

Q7 Iwould imagine that most people would learn to use this keyboard very quickly.

Q8 I found the keyboard very cumbersome to use.

Q9 Ifelt very confident using the keyboard

wlo|m|lol=|lo|a|lo|w|=]|=

01
20
00
01
10
3.1
00
21
10
11

olm|o|lm|olrm|olv|o|m| s
o|lv|o|lw|lo|v|o|lw|o|=|w

Q10 | needed to learn a lot of things before | could get going with this system.

3.3.4 Other Considerations

Other issues identified in the user testing include the need
to properly select the pull-up resistor R; of the touch sensor
to suit the user. Since skin resistance varies greatly depend-
ing on the individual and the environment, it was necessary
to adjust the pull-up resistor accordingly during the exper-
iment. In the future, this could be improved by creating
buffer circuits with individual components or by introduc-
ing calibration procedures on the software side.

Feedback from P3 also commented that Yarnkeymay be
useful for field studies and game controllers used in public
transportation, where natural behavior is required, due to
its small external differences :

One of the neat things about Yarnkeyis its stealth—
field scientist finding that
feature useful. ... I can also imagine it being very

you can imagine a ...

popular as a game controller, for use on a bus or
train.

4. Future Works

4.1 Calibration function

As mentioned earlier, the timeout time and pull-up re-
sistor R; used for recognition in this paper needed to be
changed to suit the user. We are considering introducing a
automatic calibration mechanism in the future.

4.2 Expansion of touch points

With the current implementation, the user must place
his/her finger exactly on the sensor’s point when inputting
the data, and the alphabet pattern may deviate from the
original shape due to the small number of touch points.
Therefore, a possible future improvement would be to allow
the user to start drawing from a larger area. In addition,
this could increase the degree of freedom in the shape of the
input pattern and allow for more natural input.

4.3 Improved usability and application to other
uses

Other minor improvement ideas could include wireless
communication between the micro controller and the main
device (e.g. a mobile phone). In addition, there is a pos-
sibility that this can be used as a Braille input device by
utilizing the common point pattern that a subset of Braille
uses.

5. Conclusions

This paper proposes Yarnkey, a wearable device that uses
a 6-point resistive touch sensor made of conductive thread
to input 2D patterns resembling English alphabets. Yarnk-
eycan be used with a single finger, is discreet, small, and
lightweight. User studies have shown that Yarnkeyis capa-
ble of inputting patterns with an average speed of more than
0.29 char./sec and an average error rate of less than 10 %
even under seated and standing conditions. Furthermore,
the input speed and error rate improved after a few minutes
of training time.

Finally, demonstration videos, and an English version of
this paper, etc. have been uploaded to the following URL
*1
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