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Figure 1: We show how to embroider a touchpad (A), evaluate different stitch patterns (B), test their performance (C), process
acquired sensor data (D) and demonstrate possible applications (E).

ABSTRACT

In this paper, we present TexYZ, a method for rapid and effortless
manufacturing of textile mutual capacitive sensors using a com-
modity embroidery machine. We use enameled wire as a bobbin
thread to yield textile capacitors with high quality and consistency.
As a consequence, we are able to leverage the precision and ex-
pressiveness of projected mutual capacitance for textile electronics,
even when size is limited. Harnessing the assets of machine em-
broidery, we implement and analyze five distinct electrode patterns,
examine the resulting electrical features with respect to geometrical
attributes, and demonstrate the feasibility of two promising candi-
dates for small-scale matrix layouts. The resulting sensor patches
are further evaluated in terms of capacitance homogeneity, signal-
to-noise ratio, sensing range, and washability. Finally, we demon-
strate two use case scenarios, primarily focusing on continuous
input with up to three degrees-of-freedom.
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1 INTRODUCTION

Embroidering electronics has gained much attention in the HCI
community recently. Unlike other textile manufacturing techniques,
such as knitting or weaving, it provides great flexibility and en-
ables for rapid production and prototyping of textile based inter-
faces of arbitrary shape and size at high precision. Nowadays, it
is straightforward to create elaborate shapes and control essen-
tial manufacturing parameters due to approachable computerized
machine interfaces. Furthermore, the resulting textile sensors are
generally easy to operate with basic hardware, which is favourable
for both the DIY and research communities. In terms of application,


https://doi.org/10.1145/XXXXXXX.XXXXXXX
https://doi.org/10.1145/XXXXXXX.XXXXXXX

CHI ’21, May 8-13, 2021, Yokohama, Japan

they are comfortable to wear and touch, inherently unintrusive,
typically also bendable and occasionally even stretchable.

Commonly, sensing techniques for user interaction employ either
capacitive [39] or resistive [35] technology, which imply different
advantages and limitations. Some researchers also experimented
with combinations of both [42], however this results in higher
complexity of the textile’s composition. In this paper, we focus
on projected capacitive touch sensing with up to three degrees of
freedom (3 DOF, i.e. X, Y, and Z axis), in particular we utilize mutual-
capacitive sensing, which is in contrast to self-capacitive sensing
superior in that it is able to detect multi-touch, more accurate
actuator outline, and is less sensitive to EM noise.

In this paper, we provide insights we gained during our inves-
tigations, covering design, manufacturing, and operation. We of-
fer qualitative measurements of numerous sensor patterns, which
resulted in a range of distinct textile capacitors with diverse ca-
pacitance values, the set of which should cover a wide range of
requirements. Our work is motivated by the observation of short-
comings of current approaches, most notably that they require
multiple textile layers. These involve several manufacturing steps,
adding to the textile’s topological complexity and increasing (po-
tentially also manual) manufacturing time. E.g. Hamdan et al. [10]
first apply the bottom electrodes, followed by an insulation layer
of non-conductive yarn at points of trace intersections, and finally
the second electrode layer. We present a method for embroidering
sensors in a single run, eliminating the need for an insulation layer
by using an already insulated conductive thread which we use as a
bobbin. As a consequence, we also improve upon other implemen-
tations, as our approach yields a ready-to-use sensor, not requiring
additional cover for operation, as do bare conductive threads. An
additional benefit that comes with processing pre-insulated wires
is the inherent robustness to some degree of moisture, e.g. sweat,
which could otherwise cause shorts within the textile sensor.

In summary, our contributions are:

e an approach for embroidering uni-layer textile capacitive
sensors in a single manufacturing step;

e a set of textile based capacitors, including quantitative data,
providing insights into the effects of varying manufacturing
parameters, such as pattern and electrode distances;

e a scalable and highly sensitive capacitance sensor matrix on
a textile basis;

o reliable multitouch functionality on textile, by implementing
projected mutual-capacitance sensing in a matrix layout;

e investigations into washability and ranging distance;

e two prototypes that demonstrate possible interaction tech-
niques.

2 RELATED WORK

This paper relates to several areas of HCI research, including capac-
itive sensing, embroidered smart textiles, and touch input technology.
In this section, we provide an overview of relevant work of each
field we build upon.

2.1 Capacitive sensing

Capacitive sensing is an established technology [2, 9], largely pop-
ularized by the Apple iPhone in 2007, making mutual-capacitive
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touchscreens the predominant sensing technology for mobile de-
vices [17].

However, capacitive sensors were also translated onto textiles, by
means of weaving [32], sewing [41], and embroidering of conduc-
tive yarn [13, 20, 22, 33, 44], as well as by laminating [43], painting,
and printing of conductive ink onto fabric [7]. A notable pioneering
work of capacitive textile sensors is the Musical Jacket, developed
at the MIT Media Lab [28]. It included a touch-sensitive keypad
made of conductive yarn, which was embroidered onto the jacket’s
fabric. Holleis et al. [12] used a similar approach to explore diverse
applications of embroidered capacitive touch controls on various
textile-based everyday objects. The flexibility of textiles enables for
unique input metaphors, as demonstrated by Pinstripe [15], which is
a textile-based user interface created by sewing multiple conductive
yarns: it is used for continuous user input by pinching or rolling of
a fold of the cloth.

Beyond academic research, interactive textiles are starting to gain
attention for consumer products. Google’s Project Jacquard [32], is
available for purchase in a Levi’s jacket and a Yves Saint Laurent
backpack. It is based on a copper core that is over-braided with
traditional yarn, acting as an insulation. The resulting composite
yarn is then woven into fabrics and used as a self-capacitance
sensor. In a more complex setup, Meyer et al. [22] presented a
capacitive textile sensor based on a multi-layer design, consisting
of conductive and non-conductive fabrics in combination with
a spacer fabric and foam, which alter the resulting capacitance
when compressed. Although this sensing approach provides higher
accuracy in measuring pressure, it requires a more complex multi-
layer design, cf. [37].

2.2 Embroidered smart textiles

Creating interactive textiles by integrating sensing capabilities has
been studied for some time [6, 28, 31, 39, 42]. Embroidery, in partic-
ularly machine embroidery, is one of the most popular fabrication
methods in research [8, 10, 27, 31], due to its versatility and its value
for rapid prototyping [18]. Mecnika et al. [21] provide an excellent
overview of numerous embroidered smart textile applications, in-
cluding embroidered circuits, electroconductive interconnections,
antennas, heating, and keypads.

The approach most similar to our work is Sketch&Stitch [10],
which presents an embroidered mutual-capacitive sensor. In con-
trast to our sensor, the authors used a more complex and (arguably)
error-prone fabrication process, stacking three different layers to-
gether, yielding a sensor that still has to be covered with an addi-
tional layer in order to be touched, due to its use of bare conductive
thread. Moreover, the comparably complex composition compli-
cates down-scaling.

2.3 Touch input technology

In related literature, especially in context of wearables, there is an
apparent preference towards using capacitive technology [32, 41],
as opposed to resisitive-based approaches [29, 30]. A reason may
be that, although capacitive technology is generally more challeng-
ing to operate due to their sensitivity to external interference, a
crucial advantage is their potentially higher sensitivity and they
allow for sensing beyond contact, e.g. for detecting hovering. Some
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researchers went beyond a flat fabric, such as Olwal et al. [24],
presenting an interactive cord with embedded capacitive sensors
and fiber optics strands for visual feedback. Although they used a
mutual capacitive sensing approach, most related work employs
self-capacitance [32, 38], which is easier to implement and operate
but in general limited in accuracy.

Motivated by PocketTouch [38] and the application of micro-
interaction [25, 40], our sensor allows designers of interactive tex-
tiles to implement a high-resolution sensing pattern. This enables
tracking of subtle on-surface gestures, which can be valuable for
accessories in combination with small wearable devices (e.g. wrist-
band of smart watch, in order to avoid the fat finger problem [3, 11]).

3 DESIGN AND OPERATIONAL PRINCIPLE

3.1 Capacitance Sensing

Nowadays, capacitive sensing is the predominant input technology
for touch sensing in consumer electronics. It is used in numer-
ous touch-enabled computing devices, and exists in a number of
implementations [9]. The underlying idea is to track changes in
capacitance between sensor and environment in order to detect ac-
tivation by a user. This is mostly achieved by capacitive coupling of
two electrodes (transmit TX and receive RX electrode), separated by
an an insulator, which results in a capacitor. In mutual-capacitance
sensing, which is the variation of projected capacitance sensing, a
conductive object (e.g. finger, stylus) draws charge from the electric
field formed by the two electrodes by introducing an additional
capacitor into the system (cf. Figure 2C). This alters the capaci-
tive coupling and therefore causes a change in the measured (i.e.
apparent) capacitance between TX and RX.

A sensor for input along two dimensions X and Y can be achieved
by arranging TX and RX electrodes in rows and columns. The re-
sulting matrix of capacitive sensor cells can be used for tracking
actuators along two axes. For this work, we decided to use mutual
capacitive sensing over the more basic approach of self capacitance.
A central advantage of the former is found in the ability to retrieve
a more precise representation of the actuation shape, since each
TX/RX combination in the matrix is scanned individually. Contrar-
ily, self-capacitance is notoriously reporting ghost-points when
multiple touches are present. Furthermore, it obtains a less precise
actuator outline and is more sensitive to EMI [1].

As our electrodes can be formalized as sections of straight wires
(cf. Figure 2A), the resulting capacitance for parallel sections is
given by the Lecher line formula

megeRl

C= )

arcosh % ’
where ¢ is the vacuum permittivity, eg is the insulator’s relative
permittivity, [ is the wire length, d is the wire distance, and r is
the wires’ cross-section radius [14]. While ¢g and r are immutable
parameters of the yarn in use, both [ and d are a consequence of the
electrode layout and can be controlled rather easily by choosing
adequate embroidery patterns. From Equation 1, we derive that in
order to maximize capacitance, we need to minimize d. Due to the
inverse relationship between C and d, we expect that sections of
electrode traces running closely will have the greatest effect, which
is a vital cue for selecting embroidery patterns. This crucial property
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is frequently called the coupling length in related literature [1] and
it is also pivotal for maximizing the signal-to-noise ratio (SNR).
Furthermore, although not covered in our work, controlling the
electrodes’ distance and layout will most certainly have an impact
on the range of the touch system, e.g. the electric field strength at a
certain sensor distance will be smaller for interdigitated electrodes
(assuming same capacitance, cf. Figure 2C).

To determine the suitability of our proposed electrode patterns
for use with commodity sensing hardware, we also regard their
expected RC time constants 7 = RC for an RC circuit. Formally,
the constant 7 specifies the time it takes to charge the capacitor C
through a resistor R from a charge voltage of zero to ~63.1%, while
in general after a period of 57, a charge of 99% is reached.

3.2 Embroidery

In contrast to other textile manufacturing techniques, such as weav-
ing and/or knitting, embroidery is an additive method, primarily
used for finishing. Machine embroidery in particular provides de-
signers and researchers with a valuable tool for rapid prototyping.
Consequently, it is of great popularity within the research field of
smart textiles. Unlike sewing, which is the process of conjoining
multiple pieces of fabric, it provides a fast and easy way of augmen-
tation. It also enables to create free-form appliqués, which makes
it highly useful for attaching custom textile electronics. Similar to
sewing, it involves two separate threads, an upper and the lower
(bobbin) thread, which run on either side of the textile and are
repeatedly interlocked along the embroidery trace, yielding stitches
(cf. Figure 2B).

4 EMBROIDERING A CAPACITIVE SENSOR

Existing approaches, such as [10] and [43], require multiple manu-
facturing steps, e.g. by applying TX electrodes via bare conductive
yarn, which must be insulated by an extra layer of conventional,
non-conductive yarn on the intersection points, before the RX
electrodes can be attached on-top. This can be tedious and time
consuming but above all risks malfunctions whenever the insulat-
ing layer is flawed, which would result in shorts. Additionally, the
bare sensor electrodes should to be covered for operation, e.g. by
sandwiching it between additional textile layers.

As an improvement on these methods, we propose a single-step
approach that enables to manufacture capacitive sensor matrices
in a single run, thus optimizing the workflow and avoiding error-
prone steps and parts. We accomplish this by embroidering a thin
insulated wire, which has little impact to the base material’s textile
quality. Moveover, this enables us to produce complex shapes and
capacitor electrode layouts (cf. Figure 1B), beyond what can be
achieved with printing techniques due to limited printing precision.
This enables thorough control over electrode traces and therefore
proximity of TX and RX, yielding components with a variation of
different capacitance values. In contrast to conventional conductive
yarn, where delicate metal wires are braided or twisted, our wire
shows consistent low resistance per meter due to its high diameter
of conductive parts. This enables us to utilize intricate pattern
structures, which result in relatively high electrode lengths.

One key attribute of our process is that, equivalent to [34], we
use our wire as a bobbin thread, in order to minimize mechanical
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Figure 2: In mutual-capacitance, two electrodes (TX/RX) cause capacitive coupling. For embroidered wires, sections of the
electrodes can be modeled as parallel lines (A). Contrary to conventional embroidery, we adjust machine thread tension in a
way that the bobbin thread is not pulled into the fabric, so the electrode runs flat on the back side of the textile (B). Conductive
objects penetrating the electric field (e.g. human hand) draw charge, causing an apparent change in capacitance between TX
and RX. Coupling length is higher for interdigitated electrodes when compared to adjacent filled areas, resulting in increased

capacitance. However, the sensing range drops (C).

stress and thereby preventing thread breakage. In contrary to con-
ventional embroidery, where visual quality of the textile’s front
side is most valued, we require flawless finishing of the back side,
i.e. an exact routing of the electrode wires is essential (cf. Figure
2B).

For the approach presented in this paper, no expensive multi-
needle machine is required; settings as provided by entry level
embroidery machines are sufficient.! As an electrode, we used an
enameled silver-plated copper wire 2 with a diameter of 0.15 mm
and a resistance of 0.95 Q/m. Despite its labelling as "wire", it is
specifically designed to be fit for textile manufacturing and also
proved practical in previous work [34].

Figure 3: Overall, we investigated five different pattern lay-
outs, including the Diamond variants Zigzag (A) and Spiral
(B), as well as Antenna (C), Meander (D), and Flower (E). As
can be seen, the coupling length is highest for Antenna and
Meander. Note that Antenna involves twice the amount of
yarn (i.e. electrode length) per area, as most parts have to be
stitched both ways - in and out.

We used a Tajima SAI MDP-S0801C, which is a moderate multi-needle machine as
found in reasonably well-equipped maker spaces and is priced at abt. USD 11k at the
time of this writing. However, also cheaper machines may be used to yield comparable
results.

2Elektrisola Textile Wire Cu/Ag20 http://www.textile-wire.ch/en

Our objective was to inspect different trace layouts to learn about
their advantages and downsides. Ultimately, we aim for small-scale,
high resolution sensor matrices, which requires to find patterns that
still feature adequately high capacitance at small sizes, so we can
operate them with commodity sensing hardware. Before creating
matrix arrangements, we therefore investigated different patterns
in isolation.

In order to obtain sensor layouts matching respective hardware
implementations, we analyzed patterns used in related work, cf.
Figure 3. Arguably, the most apparent approach for replicating
capacitive sensors on textiles would be to imitate the widespread
Diamond pattern [4] and fill the shape with conductive yarn, e.g. in
a Zigzag manner, which was also our first implementation. How-
ever, we noticed that this pattern reduces the potential coupling
length by half, due to the serpentine run (cf. details of Figure 3A
vs. B). We therefore included a Spiral filling strategy in our tests,
since distance between electrode has an immense impact on capaci-
tive coupling, as apparent in Equation 1. Furthermore, we included
three more layouts, to cover the ones arguably most common in
printed sensors (cf. Figure 3 for exemplary embroidery traces): the
Antenna [26], the Meander [19], and the Flower [4] pattern. This
set can be roughly divided into two classes: the first is of patterns
largely consisting of filled areas (i.e. Diamond and Flower), the
second exhibits interdigitated electrodes (i.e. Antenna and Mean-
der, the intertwined traces of the latter can be regarded a sort of
interdigitation). Note that for comparison, we needed to divide the
areas of the Diamond patterns in half, as each area forms capacitors
with up to two neighbouring areas, which comprises a topological
difference to the other patterns. Therefore, we decided to use its
effective single sensor cell areas (cf. Figure 4A), resulting in trian-
gles instead of diamond shapes for an objective comparison with
respect to area [7].

In general, we expected to obtain higher capacitance for patterns
with a higher gross of coupling length (i.e. Meander and Antenna,
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Figure 4: We compare effective sensing area. Note that, only
half of a diamond contributes to a sensor in observation, the
other half can be considered part of the neighbouring cell
(A). We specify our patterns by the geometric properties w
(total width, square shape assumed), s (cell size, equivalent
to pitch), d (intra-electrode distance, gap between TX/RX),
and e (distance between inter-electrode windings, where ap-
plicable) (B).

while Diamond Spiral should outperform Diamond Zigzag). Con-
trarily, we expected larger sensing range from the opposite (Dia-
mond, Flower), cf. Figure 2C, as the emerging electric field should
be greater. To specify shapes, we identified significant geometry
metrics as follows (cf. Figure 4B):

(1) distance between areas or traces of RX and TX electrodes d,

(2) electrode winding distance e, affecting the fillrate,

(3) sensor cell size s (which we define identical to what is often
termed cell pitch in related literature), implying different
winding counts, when both e and d are kept constant.

4.1 Fabrication

For a well performing sensor matrix, it is favorable to have capacitor
cells that are highly homogeneous, meaning minimum deviation in
terms of capacitance. Due to the inverse relation between electrode
distance d and resulting capacitance C, fabrication precision is
substantial for replicable sensors.

Figure 5: Too low bobbin thread tension can cause erroneous
wire loops and enclosures (A) or even wires protruding the
textile (B). When tension on the upper thread is set too low,
it can get pulled out of place by the bobbin, resulting in
distorted patterns (C). Very dense materials may generate
messy patterns, due to high opposing forces on the wire (D).
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In order to achieve this, several material, design, machine, and
manufacturing aspects must be considered:

Thread tension: When embroidering metal wires, thread ten-
sion settings for upper and lower thread have to be particu-
larly high and also well balanced. Too little bobbin thread
tension can lead to undesirable wire loops (cf. Figure 5A) or
enable the upper thread to pull wire through the fabric (cf.
Figure 5B), causing considerable glitches in sensor perfor-
mance. Too high bobbin thread tension can cause the wire
to break or prevents the upper thread from fixing the bob-
bin thread when starting a trace. We set the upper thread
tension of the Tajima SAI to the maximum and adjusted the
lower thread tension accordingly to avoid undesired loops
and wire breaks.

Base material: Dense and firm base materials (such as leather),
can cause high friction on the wire and lead to highly irreg-
ular results (cf. Figure 5C). Contrarily, sheer textiles (e.g.
voile, chiffon, jersey, etc.) can lower the precision in stitch
placement, which can be overcome using iron-on backing
material.

Digitization>: The position and quantity of stitches along a
trace is vital to the resulting sensor’s quality. Additional
stitches support acute angles, as they distribute the exerted
tension among them. Figure 6 shows the effect of varied
stitch distribution on identical traces.

Hoop tension: High hoop tension should be ensured, to avoid
flagging*, which would impair the machine’s achievable
precision. Furthermore, badly fixed textiles may shift during
embroidery, causing misalignment of the electrodes (and
consequently considerable flaws in the capacitors).

Wire endings: The machine leaves extra wire at the beginning
of a trace, which may get overrun by consecutive stitches.
This complicates accessing the wire for attaching electronics.
More importantly, the presence of extra wire with uncon-
trolled course causes interference in the electric field and
therefore malfunctions. These challenges can be met at de-
sign time by guiding the beginning and end of the wires
to adequate distance from the sensor, if spatial conditions
permit. If this is not possible or desired, the machine can be
paused at the beginning of a pattern, to manually move the
wire beginning off the subsequent stitching path.

Connecting electronic components: Special attention must
be paid towards connector placement, so neighboring pins
do not touch and cause shorts. In our implementation, the
sensors are connected to the electronics via soldering of in-
sulated copper wire or ribbon cables with adequate spacing.

4.2 Pattern Evaluation

During formal pattern analysis, we started with computational
simulations based on numerical modelling, similar to [13]. However,
we had to accept that the nature of textile manufacturing comes
with inevitable and hard to predict imprecision, having significant
impact on the outcome. Consequently, we decided to focus on

3Digitization: the process of converting an artwork or pattern to a sequence of discrete
stitch positions
*Flagging: the disruptive up and down oscillation of the fabric during embroidery
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Digitized pattern Top view

2

Bottom view

Figure 6: Comparison of samples with stitches only placed
on pattern corners (A) vs. additional stitches close to corners,
for additional support of acute angles (B). Both examples
were fabricated with identical machine settings. High wire
tension causes pattern distortions more easily, when no ex-
tra stitches are present.

the engineering challenges that arise during actual manufacturing
and evaluated our designs in a formal study. We varied geometric
parameters which were expected to have a significant effect on the
electric field: electrode distance d (0.5, 1.0, 2.0 mm), electrode winding
distance e (0.25, 0.5, 1 mm), and cell size s (5, 10, 20 mm), cf. Figure
4B. We refrained from creating every possible combination, due to
the high number of samples this would imply. Instead, for each of
the variations of one parameter, we kept the other two constant (to
values put in bold). Note that for patterns without interdigitated
RX/TX electrodes, (i.e. Antenna and Meander), there are no filled
areas and therefore no reasonable equivalent to the property e, so
we only varied d and s for those two. Overall, this resulted in 31
individual configurations, each of which was fabricated tree times,
for elimination of outliers.

4.2.1 Apparatus. All patches were created with a Tajima SAI MDP-
S0801C at 400 rpm, using the Creator software from Pulse Microsys-
tems Ltd. The embroidery designs for evaluation where generated
with a custom tool producing SVG files, which could easily be
loaded into the software. Alternatively, patterns can be created by
any vector graphics drawing program. All anchor points of the
created path are translated to basic lockstitches. Based on previ-
ous experience, we used a plain twill weave bonded to a polyester
fleece® as a base material, which allows for sub-millimeter preci-
sion stitches, due to its high density. However, the choice of base
material is not critical; other materials can as well be used, given
they are fit for embroidery, meaning they feature adequate backing
material or are non-stretchable by nature. As an upper thread, we
used a polyester embroidery thread®.

For this evaluation, we were interested in the capacitance C at
rest. The measurements were performed with a factory calibrated

SBadgeTex 2900 with 330 g/m?
Shttps://www.amann.com/products/product/isacord/
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capacitance to digital converter (CDC) AD7745. We used the CDC’s
highest conversion time, which yields highest accuracy, with a
range of +4.096 pF at an effective resolution of 20.9 bits. To account
for noise and settling effects, we sampled each individual sensor
for about two seconds at a rate of about 10 Hz and took the mean
and SD values for further analysis.

4.2.2  Results. Results of our evaluation of single sensor cells are
presented in Figure 7, which shows the mean and SD of three
samples each. The detailed data can be found in the supplementary
material. We eliminated 6 outliers, where anomalous measurements
led us to detect visible manufacturing flaws.

From the results, we see that patterns with interdigitated elec-
trode layouts result in much higher capacitance, which is potenti-
ated with reduction of RX/TX electrode distance. We were not able
to confirm our hypothesis that the Spiral filling strategy generates
higher capacity than Zigzag for the Diamond pattern. In general,
the Antenna stands out with highest capacitance in most variations.
This was expected, as the majority of the traces have to be stitched
twice (in and out, i.e. along the antenna’s forks). In fact, the amount
of yarn per area is converging to twice the amount of other patterns
with identical e and d, which results in twice the electrode length [
and hence twice the coupling length. Also in line with theory was
the observation that Meander result in higher capacitance when
compared to Diamond variants and Flower, as the coupling length
is much higher in comparison. As discussed earlier, the distance
of RX/TX electrodes inversely attributes to capacity, so sections
with closely running RX/TX have by far the highest influence. For
Diamond variants and Flower, these scale linearly with size, while
for interdigitated patterns, such as Antenna and Meander rise with
power of 2 (i.e. linearly with area). While higher capacitance re-
quires higher charging currents, it potentially allows for variations
in hardware design, providing more flexibility. On the other hand,
we can see that we are able to create capacitors with higher ca-
pacitance per area, meaning we can downscale our sensors while
still keeping them suitable for commodity touch sensing hardware,
which is targeted and tuned for specific capacitance value ranges,
which are common in printed electronics.

The SDs within pattern type variant provide insights about man-
ufacturing accuracy. As discussed, high inconsistencies result in
poor sensor performance when used in a matrix arrangement. Ex-
amining the relative standard deviations (RSD) shows that in general,
Diamond patterns are more consistent, with a Spiral filling being
slightly superior over Zigzag filling strategy. Flower turns out to
perform the worst with respect to RSD, which may be a result of
the diagonal connectors between the "leaf” areas.

For implementations of sensing matrices, we chose to compare
an areal (lower capacitance) against an interdigitated (higher ca-
pacitance) layout. Even though the Antenna pattern performed
superior in terms of capacitance, we disregarded it as a candidate
for our matrices, as we expected it to perform poorly with our
hardware, as its high RC time constant 7 would drop the achievable
sample rate. In addition, it features an unfavorable haptic quality,
being rather rigid due to the compact, double-stitched traces. As
a result, we chose the Meander as a candidate for interdigitation.
From the candidates of areal patterns, we chose the Diamond Spiral,
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Figure 7: In terms of capacitance, the Diamond variants show little difference. The Antenna pattern results the highest ca-
pacitance overall. Both Antenna’s and Meander’s capacitance rises in polynomial fashion with increasing s and decreasing d.

Flower shows rather high relative standard deviation.

Figure 8: We evaluated matrices of Diamond Spiral (A) and
Meander (B) patterns. The test apparatus for SNR sampling
consisted of a custom PMMA frame, a stylus, and a grounded
100 g weight (C).

justified by the superiority in RSD in contrast to Diamond Zigzag
and Flower.

5 BUILDING A SENSOR MATRIX

We focus on low-scale sensing matrices for up to 3-DOF input
(X, Y, Z). For our purpose of operation, we use a Cypress PSoC
4 board’, in combination with the PSoC Creator IDE software,
both of which are commonly used for capacitive touch surfaces. By
manually adjusting the charging resistance R, we control the current
to adequately charge our sensor capacitor cells. In general, high
charging currents are beneficial, as faster charging and discharging
cycles allow the sensing hardware to run at higher clock speeds,
decreasing the overall readout time required, consequently allowing
for operation of larger resolution matrices at still adequate sample
rates.

5.1 Evaluation

We evaluated homogeneity of capacitance values and signal-to-
noise ratio (SNR) of all sensor cells in matrices of 5x5, with d = e =
0.5 mm. We fabricated Diamond Spiral and Meander matrices with

7Cypress 4200M CY8C4247AZI-M485

cell sizes of and s = 6 mm and s = 11 mm, resulting in total matrix
widths of w = 30 mm and w = 55 mm respectively.?

The apparatus for capacitance measurement was identical to
the one described in the previous section. Again, we calculated the
mean values of samples taken for 2 seconds at 10 Hz. We sampled
each RX/TX intersection independently, while all other pins were
floating.

For capturing SNR data, we used the Cypress Tuner software
that ships with the PSoC Creator IDE’. The SNR measurement per
sensor is performed by sampling multiple readout values in resting
Co, as well as actuated state C,. The difference of mean values
results in the base signal Cs = C, — Cp, which is then normalized
by the peak-to-peak noise acquired, in order to calculate the SNR.

The test apparatus for SNR measurements is depicted in Figure
8C. For consistent results we used a stylus held in place by a custom
built PMMA frame. This construction was aligned for each sensor
before measurements were taken with a grounded weight of 100 g
placed on top of the stylus, to simulate a soft touch. For objective
comparison, we used identical calibration settings for the sensing
hardware through all samples in our evaluation.

5.2 Results

Figure 9 shows the capacitance distribution of four matrices. The de-
tailed data can be found in the supplementary material. As expected,
the meander patterns show higher capacitance throughout the sens-
ing grid compared to the Diamond Spiral of equal size. While the
absolute SD is lower for the Diamond in general, we observed that
for the small-scale matrix, the relative distance (RD) to capacitance
mean value is actually lower for the Meander. This means that, in
terms of capacitance homogeneity, Meander outperforms Diamond
Spiral for the small matrix, while for the large matrix, Meander
is by far inferior. We attribute this to slight misalignments of RX
and TX traces, which accumulate to a much higher deviation in a
larger pattern. Due to the inverse correlation of C and d, the closely
running electrode traces of the Meander are much more sensitive
to slight variations.

Figure 10 shows the results of SNR measurements. The larger
matrices gain significantly better results than the smaller ones,
with the Diamond Spiral slightly outperforming the Meander. For
the smaller matrix, Meander is clearly superior. According to the

8We include the design files in our supplementary material in DST, PES, and PXF
formats, so the interested reader can more easily reproduce our sensor matrices.
https://www.cypress.com/products/psoc-creator-integrated-design-environment-
ide
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Figure 9: Capacitance distribution and the relative deviation of the 5x5 diamond-sensor (top) and the meander-sensor (bottom).
We can see that for smaller matrices (left), Meander is more homogeneous, while for larger matrices (right), the Diamond Spiral

performs better.

Cypress design guide [5], an SNR of at least 5 should be achieved
to ensure reliable touch sensing performance with our hardware of
choice. For application of small-scale matrices, we therefore chose
the Meander pattern.

5.3 Further Evaluations

To briefly determine the capability of distinguishing hover from
touch or capability of adding overlays, we performed trial SNR mea-
surements on one single sensing matrix using a similar apparatus.
By adding overlays, designers could further augment the sensors,
e.g. with additional textile appliqués to adapt haptic and visual
appearance. In order to simulate several controlled distances, we
added LDPE sheets (¢g = 2.3) with a thickness of 1 mm as spac-
ers. We stacked 1, 2, and 3 spacers for taking measurements of the
Meander grid with w = 55 mm. We sampled SNR at 9 individual
sensor cells at positions depicted in Figure 11A, and took the mean
as a resulting metric. The resulting trend is shown in Figure 11C.
Note that since the electrodes are running on the back side, our
embroidered sensors inherently feature an overlay already, which
is the base material plus the upper thread, adding up to about 1 mm.
The reported distances are relative to the top of this textile overlay,
thus excluding the intrinsic overlay layer. We see a moderate de-
cline of mean SNR with increasing distance. At 1 mm distance, we
achieve ~70% of the reference SNR, declining to ~30% for a distance
of 3 mm. Given these results, we estimate that robust hover sens-
ing at a distance at 2 mm could still be realistic for the large-scale
Meander matrix we created, although SNR is borderline below the
recommended minimum of 5.

Lastly, we also evaluated the impact of washing on the sensor’s
capacitance, based on the method proposed by Rotzler et al. [36].
Therefore, we used a neutral soap and 1kg of support fabric in
every wash cycle in a Bosch TitanEdition Series 6, set to 800 rpm,
with a water volume of 121, with temperature set to 40 °C. We
filled soap of 1% by weight and washed for 35 minutes, followed
by spinning (2 minutes at 500 rpm plus 5 minutes at 800 rpm) and
rinsing (3 minutes, 20 °C, 40% on-time, 121 of water — 3 minutes,
20 °C, 40% on-time, 121 of water). We chose this program, since
according to Rotzler et al., it exerts a high amount of stress on the
textile under test. All tests were performed in ambient conditions

(ambient relative humidity). After each washing cycle, the test-
sample was air dried at room temperature for >6 hours. Overall, six
wash cycles were performed. After each cycle, we performed an
SNR evaluation as described above and additionally analyzed for
visible damage using a microscope.

Figure 11D provides an overview of SNR measurements after
each washing cycle. Just like for range measurements, we sampled
at 9 positions and reported the mean. As can be seen, the mean SNR
after five washing cycles is acceptable, since still above 5. However,
after the 3™ washing cycle, we detected first visible wire breaks,
which were mostly at the electrode endings, so the sensor was still
usable. However, during subsequent iterations, more wire breaks
emerged, causing a steep decline of the SNR. Ultimately, we judged

the sensor defect after the 6! washing cycle (cf. Figure 11B).

6 INTERACTION TECHNIQUES AND
APPLICATIONS

In this section and in the video figure, we present a number of
possible interaction scenarios. Devices with tiny screens, such as
smartwatches, frequently suffer from the fat finger problem. In
this context, we show the benefits of our high-resolution textile
interface when combined with small mobile devices and wearables,
ranging from a wristband for a smartwatch to a mobile textile-based
touchpad, integrated into pants for controlling a remote device. The
hardware was operated with a Cypress PSoC 4 controller. Data was
processed by a custom application running on a PC and results
were sent to the smartwatch. Note that this was done purely for
sake of simplicity and does not pose a limitation; the processing is
applying basic image processing steps and is therefore inexpensive
- it may just as well be done on limited hardware like the PSoC
4 or the smartwatch: to eliminate noise and outliers, we take the
median of the previous three readings of each sensor cell and apply
a running average on the result. The low-res matrix is upscaled
with bicubic interpolation, subsequently touch coordinates are ac-
quired by performing blob detection and finding the blobs’ center
of mass. For both applications we used grounded conductive fabric
as shielding to avoid noise from skin contact on the sensors back
side.
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Figure 10: With respect to SNR, the Meander performs better on small-scale matrix, while the Diamond Spiral achieves slightly

better results for the large matrix.

6.1 Wristband input for Smartwatch

To demonstrate our sensing matrix for continuous 3-DOF input,
we implemented a wristband prototype for an Apple Watch. The
wristband itself consists of 4x5 sensors on a size of 25X30 mm?,
resulting in 20 discreet touch sensors.

6.1.1 Text Input. Stroke-based gesture input is a powerful modal-
ity for input areas with limited size. We created a basic text input
application, via the $1 Unistroke Recognizer [45] C# implementa-
tion'?, transforming the wristband to a gesture driven text input
device. Similar to [38], characters are written in sequence on top of
each other, while the recognizer classifies the stroke as soon as the
finger is lifted.

6.1.2  Navigation. In a basic maps application, running on the
smartwatch, the user can pan the map by rolling her thumb on
the sensor patch (left/right/up/down), while pressure information
is used to zoom in.

6.2 Textile Touchpad on Garment

Furthermore, we integrated a textile touchpad into pants as an
unobtrusive gesture-interaction space to control personal devices
such as smartphones or any remote device. The sensor was em-
broidered onto a small textile patch which was then sewn onto the
garment. The patch also incorporates ornamental patterns, derived
from the sensor pattern. The touchpad consists of 5X5 cells, at a to-
tal size of 55x55 mm?, resulting in 25 discreet touch sensors. Signal
processing was implemented similar to the wristband application;
input was then forwarded to a computer game built in Unity3D,
for control of a character in first-person view. Subtle motions on
the touchpad’s X and Y axes were used to rotate left/right and
up/down respectively, while walking speed was controlled by Z, i.e.
the amount of pressure applied.

Taking this idea further, one could imagine a diverse set of ready-
made textile touchpads with different sizes, colors and shapes,

Ohttp://depts.washington.edu/acelab/proj/dollar/

which then could be applied to any garment. This would provide
fashion designers with a swift way for prototyping interactive gar-
ments.

7 BENEFITS, LIMITATIONS, AND
CONCLUSION

While in this work our attention was on small-scale manufactur-
ing, we acknowledge that large-scale production will come with
additional challenges, which however are beyond the scope of this
paper. Still, we do expect that our key findings will apply also in this
domain. Based on our findings from outlined experiments and the
prototype implementations, we therefore summarize the following
observations:

Careful manufacturing: For creation of a well performing
capacitive sensing matrix, careful manufacturing turns out
to be most essential. We found that even small imperfec-
tions in electrode traces can have great implications, causing
inhomogeneous capacitances that are hard to deal with. In
particular, avoiding accidental loops and irregular enclosures
of residue wire is of high significance for sensor quality.

Choice of pattern: For patterns with high coupling length,
manufacturing in homogeneity is generally more challeng-
ing, as tiny imperfections can have huge impacts. Areal pat-
terns are generally more robust in this regard, however they
achieve lower capacities, which may be problematic, depend-
ing on the use cases. Interdigitated patterns, on the other
hand, provide higher coupling length and therefore achieve
higher capacitance. These two factors have to be confronted,
in order to find a compromise appropriate to the sensing
hardware in use.

Use of overlays: Augmenting the sensor with appliqués tex-
tiles on top is possible but should be done with care. Sensors
with already low SNR will suffer from the increased distance
between electrode and actuator. Altough not analyzed in
depth, we expect a better range for areal patterns, since the
emerging electric field is less focused to the sensing surface.


http://depts.washington.edu/acelab/proj/dollar/

CHI ’21, May 8-13, 2021, Yokohama, Japan

__100%

& 80%

[a'g

Z 60%

()]

L 40%

T 20%

£ 0%

0 1 2 3

IE' actuator distance [mm]
__100%

= 80%

o

Z 60%

[9p)

L 40%

T 20%

A

0 1 2 3 4 5 6
washing cycles

(=]

Figure 11: For sensing range and washability tests we ob-
served the mean of SNR samples measured at 9 positions on
the matrix (A). The relative SNR decreased moderately with
increasing actuator distance (C). Also, the SNR decreased af-
ter each washing cycle, with a steep decline after the 5th jt-
eration (D). In our tests, 6 washing cycles resulted in wire
breaks and consequent sensor defect (B).

Iz' smart wristband

textile touchpad on garment

Figure 12: For demonstration, we implemented a touchband
(A) and a pair of touchpants (B).

Deformations: Depending on the use case, frequent bending
of the textile may be an issue. In an informal first experiment,
we observed that in terms of signal processing, the intro-
duced interference can be easily filtered, provided it is of low
frequency and the bending radius is moderate, e.g. that of

Aigner, Pointner, Preindl, et al.

a human limb. We did not touch the domain of stretchabil-
ity, since our base material as well as our patterns are not
designed for stretching. We argue that embroidery of the
required stitch density hardly permits stretching in the first
place. More importantly, we expect stretching will introduce
glitches hard to discern from user input, however additional
research into this topic will be required.

Shielding: The effect of external noise and presence of con-
ductors resulting in false actuation is an issue particularly
for use on garments, i.e. for sensors worn on the body. We
noticed significant variations in SNR, also depending on the
mounting surface, introducing glitches and false detection,
and decreased dynamic range. During implementation of
the demo applications we concluded that finding a way of
integrating shielding directly into the sensor patch during
manufacturing would be optimal.

Washing: We noticed a considerable decline of sensor quality
with each washing cycle. In our tests, the sensor sample was
damaged after just 3 and fully defect after 6 washing cycles.
Yet, we applied the test for particularly high mechanical
stress, according to [36], so we expect handling the sensor
with more care could increase the lifespan.

Hardware: Although we used a capable 8-needle machine in
this work, our sensors only require a single upper thread.
Therefore, single-needle machines are sufficient, which may
be cheaper, since generally machine cost depends on the
number of upper yarns that can be handled. We success-
fully replicated our sensors on a Brother 770 QE without
any difficulties. Consequently, we believe that there is great
latitude in hardware choice without having to sacrifice the
most essential requirement, which is stitching precision.

8 FUTURE WORK

We presented a method for creating ready-to-use capacitive sensors
by the means of embroidery. We investigated different patterns
derived from common print-layouts, harnessing the flexibility that
machine embroidery provides, resulting in homogeneous textile
based sensor cells for use in matrix arrangements. Consequently, we
valued quality and consistency over over aesthetics. Nonetheless,
we see potential for research into visual and haptic aspects, e.g. by
careful placement of (technically redundant) stitches for yielding
particular visual effects, or by offsetting parts to create special
effects, similar to [16]. This could be valuable to distinguish active
from passive areas on the textile for both visual and eyes-free
detectability [23].

For future work, we plan to investigate the impact of shielding
electrodes on overall signal quality in a more controlled setting. We
plan to evaluate several ways of embroidering passive shielding
electrodes, which can be directly stitched onto the sensor.

Moreover, we intend to explore the possibility of adding proxim-
ity detection to our sensor matrices. An additional self capacitance
scan could enable more reliable detection of proximity at much
higher distances. To further increase the range, all electrodes would
be linked together to form one large area sensor the size of the
overall sensor matrix.
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Finally, we plan to explore the effect of bending to signal quality
and durability, as well as hybrid sensing techniques by combining
our sensors with resistive methods, in order to avoid false activation
or to distinguish generic pressure from skin touch.
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