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Abstract

Many small electronic devices such as PDAs and cell phones have changed our daily life over the past years. A next
step will be the embedding of their functionality and circuits directly into textiles. In this paper we discuss for the first
time, feasible methods and algorithms for establishing a routing structure in textiles while utilizing standard printed
wiring board (PWB) tools. Our approaches focus on a woven textile with embedded copper wires, which guarantees
usual wearing comfort, and circuits with few chips running at few megahertz. We present differences between regular
PWBs and textiles regarding routing structure, space occupancy and electromagnetic compatibility (EMC) along with

possible manufacturing methods.
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1. Introduction

Today’s society increasingly relies on ubiquitous com-
puting. In daily life, instantaneous access to any
kinds of information at any place is taken for granted.
We are accompanied by many electronic devices such
as cell phones, PDAs, notebooks and MP3 players,
which are more or less bulky and not really wearable.
Our vision behind wearable computing sketches fu-
ture electronic systems to be an unobtrusively embed-
ded integral part of our everyday outfit. Some attempts
such as the Wearable Motherboard [1] and the Wear-
ARM [2] already exist. Nevertheless, they mainly
consist of rigid or flexible printed circuit boards and
hard boxes while their wearing comfort cannot com-
pete with normal clothing. Among other factors, they
lack drapability, which guarantees the typical textile-
like feeling (some textile terms are briefly explained
in section 2.1.).

Our approach, however, utilizes conductive
fabrics for signal transmission. In this manner, con-
ventional wires and entire circuit boards can be re-
placed by textile fabrics composing a System-on-
Textile. Inspired from PWB manufacturing, we call
the technology for electronic integration in fabrics tex-
tile packaging and the interconnection of electronic
components on fabrics textile routing. Preceding to
this paper, systematic investigations of the electrical

performance of conductive textiles were already car-
ried out by Cottet et al. [3].

A drapable embedding of electronics in
clothing would enable new applications, e.g. in the
medical field. The emerging field of medical preven-
tion and rehabilitation necessitates continuous moni-
toring of patient’s health condition by having sensing
devices close to the body. The large area of clothing
allows a distributed embedding of medical sensors and
their preprocessing circuits. Additionally, clothing it-
self could accomplish sensor functionality [4] such as
temperature and posture sensing. Wearable comput-
ing and thus, textile-embedded electronics ideally sat-
isfies such requirements since clothing offers large ar-
eas, unobtrusiveness and body proximity. Other ap-
plications could be fashion or could lie in the typical
wearable computing field of context awareness and so-
cial interruptability [5] where the wearable computer
assumes the role of a personal assistant. There, sen-
sors such as accelerometers, gyroscopes and micro-
phones are embedded in clothing close to body joints.
Based on sensors data and statistical methods, the per-
sonal assistant identifies context of the user and pro-
vides situation-dependent support.

To enable such functionality, research in tex-
tile packaging is of great importance. Since textile
packaging is still in its infancy, we currently target
modest goals compared to the current PWB technol-



ogy. Our objective focuses on interconnecting few
chips with few pads over a textile routing structure
and utilizing them at locations where they can take
clear advantages over PWBs. A typical example of a
System-on-Textile is an application with many decen-
tralized, small electronic circuitries such as in context
recognition tasks.

2. Wiring Layer and Textile Substrates

In this section, we discuss the existing approaches
and materials, which enable textiles to conduct elec-
trical current. For better understanding, some textile-
specific terms are first explained in the following sub-
section.

2.1. Textile Terms

e Hand property or handle: 1t is the way a fab-
ric feels and thus, a very subjective judgement.
The hand property may be crisp, soft, drapable,
smooth, springy, stiff, cool, warm, rough, hard,
limp, soapy, etc. Manufacturing processes and
garment wash affects the final hand property of a
fabric.

e Drapability: A term to describe the way a fabric
falls while it hangs. It is the suppleness and abil-
ity of a fabric to form graceful configurations.

o Warp and weft: Weaving is the interlacing of
warp and filling (weft) yarns perpendicular to
each other. Warp yarns generally are subjected
to more strain in the weaving process and there-
fore require more strength.

e Tex: unit of weight used to measure the density
of fabrics. 1tex = 1g/1000m = 10~%kg/m

2.2. Textile Survey

Numerous electrically conductive fabrics already ex-
ist on the market. Generally, they consist of a non-
conductive fabric as substrate and a metal or carbon
structure as conductive component. The bigger the
amount of metal in such a fabric composite is, the
higher are the losses of the typical textile properties
such as drapability and hand property. Besides, con-
ductive polymers are still unsuitable for wiring be-
cause of their bad conductivity and their molecular
instability. The non-conductive fabric usually con-
sists of polyester or polyamide yarns whereas the con-
ductive component ideally utilizes a good conductor

such as silver and copper. In contrast to PWBs, sub-
strate and conductive layer do not need to be spatially
strictly separated in fabrics. They can be embedded
into each other.

In the following, the structure of the conduc-
tive fabrics, i.e. woven, non-woven or knitted, is irrel-
evant to the discussed approaches.

1. Fabric made of conductive yarn. The fabric is
entirely or partially equiped with this yarn. For
this type of fabric, conductive layer and substrate
are embedded into each other and the polymer
yarn of the substrate forms the carrier frame for
the conductive layer. Conductivity of a yarn can
be established with different methods:

(a) Thin metal wire: the metal wire is treated as
separate yarn. The fabric composes of al-
ternating polymer yarn and metal yarn. Ad-
ditionally, the metal wire itself possesses a
thin polymer coating for electrical insula-
tion.

(b) Twisted metal wire: Similar to la, but the
metal wire is twisted around the polymer
yarn. Therefore, they can be handled as sin-
gle entity.

(c) Metal filaments: the conductive yarn con-
sists of staple yarn with metallic fibers.

(d) Metal coating: the polymer yarn is chemi-
cally coated with a thin metal layer.

Using this approach, no additional step after
manufacturing of the fabric is required in order
to establish conductivity.

2. Plated fabric. The non-conductive fabric is
chemically processed after manufacturing in or-
der to deposit a metallic layer. After this process
step, the fabric is area-wide conductive.

3. Printing on fabric. A conductive structure is de-
posited (e.g. by ink-jet or screen-printing) on the
non-conductive fabric.

4. Sewing on fabric. The conductive structure
is sewed with conductive threads on the non-
conductive fabric.

The main factor in the selection of conduc-
tive fabrics is the application. In order to establish
diverse routing structures, at least two routing layers
must be provided. Variant 1a emerges as most promis-
ing candidate for our purposes since it possesses sev-
eral advantages over the other variants. Using variant



la in woven form with insulated metal wires (the fab-
ric consists of conductive threads in warp and weft di-
rection crossing each other) already provides a layer-
like structure due to the metal wire insulation. The
insulation coating prevents short-circuits among the
metal wires. Since the metal wire is treated as sepa-
rate yarn, its location is more precisely defined than in
variant 1b. These kinds of metal wires were originally
developed by Elektro-Feindraht AG, Switzerland for
clothing in shielding applications. Besides, they are
robust against washing abrasion.

Variant 2 possesses several drawbacks.
Firstly, the plating is limited to sub-micron thickness
in order to preserve the typical textile properties. A
bigger thickness would decrease the electrical resis-
tance, but at the same time increase the probability of
peeling. Several other factors such as corrosion and
oxidation of the fiber surface and process-dependent
partially plated fibers compromise reliable low-ohmic
conductance. A routing structure could be introduced
by etching whereby soaking of the etch liquid due to
the capillary attraction in the yarn complicates a con-
trolled fabrication process. Introduction of a second
routing layer would need an additional plated textile
sheet with a textile insulation layer between. This in-
sulation layer must allow feedthroughs in order to in-
terconnect the two conductive layers.

Printing of a conductive structure (variant 3)
shows similar drawbacks as variant 2. Reliable con-
ductance is difficult to achieve since most conduc-
tive inks and pastes base on silver filler resulting in
a rather high brittleness. Bending of such a piece of
fabric could immediately destroy its conductive struc-
ture. Deposition of an elastic polymer layer between
the fabric and the conductive paste could mitigate this
effect. Such a layer would smooth out the fabric sur-
face and provide a better carrier for the conductive
paste.

Finally, variant 4, sewing, must be treated
specially: not a conductive layer, which must be struc-
tured in a later step, is added to the substrate, but
the routing structure itself. It can only be manufac-
tured in a serial process, i.e. the routing is com-
posed of point-to-point connections, in contrast to the
other variants where point-to-multipoint connections
are feasible. Additionally, sewing with solid metal
wires was proven as unreliable for electrical connec-
tions [6]. The mechanical stresses on the metal wires
during the sewing are too high resulting in broken
wires.

The remainder of this paper focuses on the
fabric variant 1a as shown in Figure 1. It consists of
a polyester multifilament yarn (4 threads and 15 fila-

Figure 1: Woven conductive fabric prototype (vari-
ant 1a, wire pitch d = 0.5mm)

ments per threads, 8.47ex) and coated copper wires
woven by Sefar Inc. This fabric possesses a distance
between each metal wire of 0.5mm (wire pitch) in
warp and weft direction. The copper wire is 40um in
diameter; this with the 7um insulation coating gives
a final diameter 2r = 54um, which approximately
corresponds to the thickness of a human hair. These
dimensions represent a compromise between copper
wire density, thus connectivity, and maintaining of
textile properties.

3. Textile Substrate Properties

This fabric type features significant differences to a
standard printed wiring board (PWB) concerning me-
chanical as well as electrical properties. Table 1 gives
a brief summary of these differences where the values
for PWB and some values for the fabric were taken
from literature. The following comments should give
some clarification how the table needs to be inter-
preted.

The weight of the fabric can be estimated
with formula (1) utilizing the tex value of the yarn
and the yarn density where n; = 2 because of warp
and weft direction, TEX = 8.4-107%g/m, ny, = 4
because of the rep 4/4 arrangement (4 threads) and
d = 0.5mm.

m=ny 'TEX% [kg/m?] (1)

For the weight of the PWB, a thickness of
0.3mm was assumed (corresponding to the fabric
thickness) along with a specific weight of 1.8g/cm3.
Glass temperature T, is much higher for polyester



Table 1: Property comparsion of substrates: PWB
vs. fabric of figure 1

| Property | PWB (FR4) |  Fabric
hand property rigid smooth
weigth m [g/m?] 540 140
glass temp. T, [°C] 135 220
CTE [ppm/K] 15 70
moisture abs. [%] < 0.25 0.4
ten. strength [M Pa] 275 60
€r 4.5 3.3
pitch [um] < 100 500
layout arbitrary grid, perp.
tolerance (&) 30um 40pum, (8%)
# of layers arbitrary > 2
PWR/GND planes yes no

than for the PWB material. On the other hand, maxi-
mum operating temperature for polyester is limited to
150°C. The coefficient of thermal expansion (CTE)
of the polyester fabric cannot be determined precisely
since the structure of the woven has a bigger influ-
ence on the geometry than temperature. The moisture
absorbance neglects the capillary attraction caused
by the woven structure. Relative permittivity e, is
listed for polyester, however, fabrics are assembled
of polyester fibers and air in-between and therefore,
the effective ¢, will be smaller. While the layout on
a PWB is of arbitrary structure, a layout in the given
fabric must follow the perpendicular structure of the
woven in the 0.5mm grid. Furthermore, trace width
cannot be randomly chosen. It is bounded to the cop-
per wire diameter and multiple of it when connected
in parallel.

The layer count of a PWB is nowadays high
and basically limited by technology and tolerances. In
our case, it is not clear of how many layers the fabric
consists. A definition of layers to be spatially sepa-
rated in vertical dimension and vias as interconnec-
tion between them does not apply to the fabric since
weaving does not allow spatial separation. Rather than
this definition, many layers merges to one layer in our
fabric due to the insulation of the copper wires. Traces
crossing each other need to be on different layers in a
PWB and vias must be used to switch layers. In the
fabric, however, copper wires cross each other with-
out shorts and no vias are necessary. On the other
hand, warp and weft direction are strictly separate in
the fabric. Figure 2 shows a cross section of such a
woven fabric. In order to fulfill a direction change in

Figure 2: Cross section of woven fabric showing
warp and weft

the wire trace, an interconnection to a crossing wire is
required. Further, traces can run on top of each other
on different layers in a PWB. For fabrics, a compli-
cated weaving technology is necessary to enable this
option.

3.1. Electrical Properties

Similary to Cottet et al. in [3], we first wanted to know
the most important electrical properties of the fabric,
i.e. DC resistance R5, characteristic impedance Zj
(relative permittivity) and bandwidth bw. The mea-
sured parameters are shown in table 2. Note that the
DC resistance is only about 12 higher than an unwo-
ven straight wire of same diameter would have.

Table 2: Electrical properties of fabric

| Property | Fabric |
DC resistance [2/m] 14.5
char. impedance [{2] 248
effective €, [-] 2.4
bandwidth [MHz/cm] 200

The DC resistance was measured using the
4-wire method. Considering a wire pitch of 0.5mm,
we can convert this result in a sheet resistance of
7.3m/0O. 1In contrast, a PWB with loz copper
(35um) possesses a sheet resistance of 0.49mQ /1.
Although, there is a factor of about 15 between the
two values, power transmission in fabric without too
many losses is possible by connecting several wires in
parallel.

Permittivity was extracted from scattering
parameter measurements of two wire pairs (signal



[dB/ecm] ©
(5,

-
T

1.5 L L L
10° 107 10° 10° 10"
frequency [Hz]

Figure 3: Bandwidth [dB/cm] for wire pair config-
uration in fabric

and ground) of different lengths using techniques ex-
plained by Grzyb et al. in [7]. Given the difference
of lengths and the phase differences of s2; and s;9,
respectively, phase per unit length can be extracted as-
suming linear phase. Eventually, effective permittiv-
ity €.f ¢ can be computed along with the characteristic
impedance using formula (2) for wire pairs.

Zy = In(d/r) [0 @)

m €eff

Whereas ground planes in PWBs allow con-
trolled impedances using microstrip configuration,
they are not available in our fabric. Thus, we have to
deploy wire pair configurations to control impedances
such as described in Cottet ef al. [3]. Nevertheless, it
can easily be seen from (2) that the typical 50€2-lines
cannot be achieved with the low ¢, of fabrics. Even
with several signal lines in parallel only about 1002
line impedance can be reached as shown in [3].

The bandwidth can be computed similarly to
the permittivity. Figure 3 shows that frequencies up
to several 100MHz can be transmitted over short dis-
tances without big losses.

3.2. Mechanical Properties

The textile substrate has to withstand the mechani-
cal stresses of daily life without damage. However,
we also need to consider the occurring mechanical
stresses during the weaving process. There, weaving
stress mainly acts on the polyester yarn and on the
copper wire, but not on the fabric as a whole. Since
copper is stiffer and less ductile than the polyester
yarn, it is the critical part for breaking. The force-
strain diagram in figure 4 illustrates the maximal yield
strength depending on the wire thickness. From this

Force yield strength
A ¥

thick wire

thin wire

p AL
W_—l -
elastic plastic

Figure 4: Yield strength of wires for elastic elonga-
tion

point of view, a thick wire would be beneficial for
weaving. However, thickness has a big effect on the
bending stress indicated by formula (3), where bend-
ing force F' is proportional to the 4" order of the wire
diameter d. As result, wire thickness is limited by the
required bending y during the weaving process on one
hand and by the allowed load on the weaving machine
on the other hand. Therefore, a thin wire would be fa-
vorable concerning bending forces. This tradeoff be-
tween strain forces and bending forces with respect to
wire thickness was optimized by Sefar Inc.

FxE-d'-y 3)

Concerning the mechanical properties of the
entire fabric, there exists many mechanical tests. A
good overview of mechanical test for fabrics is given
by Saville [8]. In the design of our fabric, we however
focused on a secure embedding of the copper wires.
We had to ensure that the woven substrate, i.e. the
polyester yarn, absorbs strain stresses of daily life,
but not the copper wires in order to avoid breaking of
them. In other words, when applying the same force to
the polyester yarn and the copper wire, the elongation
of the copper wire AL¢, must be bigger. Thus, the
polyester yarn is the limiting factor. This statement is
formulated in (4).

ALp < ALcy “)

At this stage, we utilized the stress-strain dia-
gram as simplified approach shown in formula (5) and
neglect the effects of the woven structure. Applied to
(4), we obtain (6) since force F' and initial length L
are the same for copper and polyester.

F-Lg

AL 1L

(&)



i D S

—

(@ (b)

Figure 5: Textile routing (a) vs. PWB routing (b)
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<
ACu X ECu (6)
This formula needs to be translated to for-
mula (7), so that we can use the tex unit and the
so-called inital modulus, which is about Epi, =
1000cN/tex for polyester. Eventually, we obtain
59um as maximal diameter of the copper wire using

the Young’s modulus of copper E¢,, = 125G Pa.

Apa < E’;fc TEX ™

From mechanical point of view, a very small
diameter for the copper wire would again be bene-
ficial. However, electrical resistance increases with
smaller diameter. To be on the safe side while still
having reasonable electrical resistance, we chose a
copper diameter of 40um. This diameter also con-
forms the requirements of the weaving process.

3.3. Textile Properties

A big difference between a flexible PWB and a piece
of fabric concerning mechanical aspects is drapabil-
ity. For example, a typical, flexible PWB can only be
bent in one direction at a time while being stiff in the
cross-direction. A textile farbic, however, can be bent
in all directions at the time, which leads to a comfort-
able garment.

4. Textile Via/Pad Manufacturing

In this section, we briefly discuss the manufacturing
technology for a routing structure in our fabrics. Con-
sidering the woven structure of the fabric, it is obvious
that only perpendicular layouts can be implemented.
Therefore, we cannot use the typical 45°-bendings of
a PWB layout when changing trace directions from
horizontal to vertical and vice versa. This compari-
son is illustrated in figure 5, where the actual routing
structure is emphasized in the wire grid (gray) and the
polyester is omitted for ease. On the right side in the
figure, the two layers of the PWB are shown in black
and gray.

(d

Figure 6: Manufacturing process of a textile via;
(a) Skinning, (b) Connecting, (¢) Cutting, (d) Pro-
tecting

Secondly, the wires in the fabric are insulated
against each other. Hence, the insulation needs to be
removed at a point in order to interconnect crossing
wires, which constitutes a sort of a via. Such a rex-
tile via is the fundamental building block for a routing
structure in fabrics. The four necessary manufacturing
steps for a textile via are depicted in figure 6.

1. Coating removal on copper wires at defined in-
tersections. For example, laser ablation removes
the coatings of the copper wires using stan-
dard laser machines for microvias manufacturing

(6(a)).

2. Interconnection of the skinned wire sections. A
small drop of conductive adhesive is dispensed
on the ablated spot connecting the two crossing
wires (6(b)).

3. Cutting of certain wires in order to avoid short-
circuits with the rest of the routing (since the
wires span the entire woven area). Cutting of the
wires is achieved with laser light with a fluence
greater than 4.J/cm? [9] (6(c)).

4. Adding mechanical and electrical protection to
interconnection. Epoxy resin protection is de-
posited on the connection established (6(d)).



5. Textile Routing

After having shown that our fabric substrate as well
as the embedded copper wires possesses promising
properties for electrical signal transmission, we focus
on the implementation of circuits on textiles. Firstly,
we want to study the substrate area consumption of
a circuit in comparison to a PWB. We then consider
textile-specific constraints for placement and routing.
Some of them might already be supported by EDA
tools and some probably need new modifications, e.g.
macros. Finally, we present two methods to solve
the problem of cutting the shorting wires previously
shown in figure 6(c). Our motivation is to utilize stan-
dard EDA tools with few modifications for textile sub-
strates.

5.1. Substrate Area Estimation

To get a better understanding for dimensions, we com-
pare the area occupied by a circuit realized on our fab-
ric substrate and on a standard PWB. This comparison
shows feasibility of routing structures on fabrics using
empirical formulas summarized by Garg et al. [10]
and by Brown [11] applied to the example stated be-
low in italics.

Sensors nodes need to be embedded in cloth-
ing for context recognition purposes in wearable com-
puting. These nodes are located at different body
Jjoints in a distributed manner and connected over tex-
tile transmission lines to a centralized processing unit
forming a textile body area network (T-BoNe). Each
sensor node consists of an accelerometer, a gyroscope,
a magnetic field sensor and an analog-to-digital con-
verter providing a serial interface to the T-BoNe. In
this example, we compare space occupancy of a sin-
gle sensor node implemented on the fabric substrate
and on a PWB with 2 layers.

Table 3: Chip dimensions for sensor node

Chip #of | Pad pitch | Chip area

pads [um] [mm?]
Accel. 8 350 (2x3)=6
Gyroscope 32 350 3.52 =123
Magn. sensor | 16 250 32=9
ADC, 8 Ch. 24 250 (4x25)=10

Table 3 and table 4 summarize the given pa-
rameters. The pads are located along the chip side

whose dimension is given first in column Chip area of
table 3, except for the gyroscope where the pads are
places around the entire chip die. Additional 1.8mm
spacing was reserved on the substrate for each bond-
ing row according to the rule of thumb by Brown [11]
resulting in an extended footprint area Ay,. Core
formulas for the estimation are given by (8) and (9)
where Lyy is the total wiring length, Pp the average
chip pitch, N the number of terminals, Ay the total
wiring area and /Ny, the number of layers.

Table 4: Substrate pitches

| Substrate | Pitch Py [um] |

PWB 150 (6mil)
Fabric 500
Lw =225-Pp - Nt (8)
Lw : PW
Ay = ——— 9
w N, 9)

The most important results are shown in ta-
ble 5, where A, is the totally occupied area and A ;.
the sum of the bare die areas. Looking at their ra-
tio, PWBs utilize their board area more then twice
as efficient as the fabric. Although this result could
have been expected in advance and might even be-
come worse when other textile-specific factors such
as higher tolerances and restricted routing capabilities
are included, this drawback diminishes when consid-
ering the fact that textiles generally span a wide area,
which can be utilized. Secondly, we target routing
structures considering few chips with few pins running
at low frequency as given in the example stated above.

Table 5: Area estimation for sensor node

| | PWB | Fabric |
Pplmm] 6.6 6.7
Ly [mm)] 1180 | 1211
Aw [mm? 89 303
Ay [mm? 108 | 134
Agot[mm? 197 437
Adie /Atot [%] 54 24

5.2. Component Placement

Among the usual constraints for a PWB such as hav-
ing short connections and few vias, an important new



possible fold

Figure 7: Placement of 9 components on a fabric,
which ensures drapability

requirement is introduced for fabrics. Even though
placement of electrical components on fabrics results
in rigid spots, as much drapability as possible should
be maintained. An approach is to place components
and component groups, respectively, in a quadratic
grid. Such a grid is shown in figure 7 for an exam-
ple with 9 component groups. A maximum number of
folds and folding directions can be achieved with such
an arrangement while having components with mini-
mal distances to each other. Eventually, best drapabil-
ity is ensured. The components or component groups
should be small and of equal size. The grid spacing is
determined by the longest edge of a component group
indicated with a in figure 7. Hence, the grid spacing
would be at least 2a. As result, a circuit with n? com-
ponents placed in such a manner with n components
in a row features 6(n — 1) possible folds.

5.3. Routing Layout

As biggest contrast to PWBs, a textile layout must be
entirely perpendicular determined by the structure of
the woven fabric. Such a layout can be enforced by ad-
justing the design rules of the EDA tool or by the user.
Favorably, different layers for horizontal and vertical
traces are chosen in order to give a visual feedback.
Secondly, a via must be placed at each change of trace
direction while routing. At the same time, proper cuts
need to be placed around the via avoiding shorts with
other signals. For fast signals, the cuts should be as
close to the via as possible in order to suppress signal
reflections.

In a way, the cutting step in the textile rout-

ing process behaves inversely to the PWB routing pro-
cess. While the electrical traces are already embedded
in the fabric and connections must be removed by cuts,
traces must be added for a PWB. Textile routing most
probably resembles a vero board implementation. Be-
low, four typical features of PWBs concerning routing
are addressed and listed in comparison to the fabric.

e DC resistance of the thin copper wires in the fab-
ric is rather high. Further, power/ground planes
are not realizable in the fabrics. Therefore, sev-
eral wires might be connected in parallel for
power supply purposes. Reliability seems to be
another reason to connect wires in parallel.

o Similarly, microstrip configuration is not feasi-
ble in the fabric and must be replaced by sig-
nal/ground wire pairs if applicable.

e Concerning pitch compatibility of fabric and
components, an interposer can be utilized.

e Similarly to PWB fabrication where the num-
ber of drill holes mainly determine costs, it is
the number of interconnects and cuts in a fabric
forming a textile via, which dominates costs.

Following the philosophy of using as much
functionality of the EDA tools as possible, we present
two methods in the subsequent sections to integrate
the additional cutting step (see figure 6(c)) in the ex-
isting EDA process.

5.4. Method 1 for Cutting Step

For the first approach, we need to define three types of
thermal vias in the EDA tool including their 90° turns
as shown in figure 8. Each trench of a thermal via rep-
resents a cut in the textile whereas the drilling hole de-
fines the electrical connection. Further, the definition
of a power plane in the layer stack-up of the EDA tool
is essential. Keeping the grid of the fabric in mind,
the proper thermal via and its rotated versions must
be chosen at each change of trace direction during the
layout process in order to avoid unwanted connections
to other nets. Pads need to be replaced by vias. Fi-
nally, only the gerber file of the power plane and of the
drilling holes will be needed for manufacturing. The
power plane file defines the cuts whereas the drilling
defines the positions for the skinning, for the adhesive
drops and for the protective epoxy. Figure 9 illustrates
the first approach whereby the gray lines indicate the
grid of copper wires.
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Figure 8: Three thermal via definitions in EDA tool
for method 1

drilling file

—

power plane file

Figure 9: Necessary manufacturing layers for first
method

5.5. Method 2 for Cutting Step

The second approach is similar to the first one, but no
attention to the choice of vias must be paid and no
power plane is necessary. It is based on the IPC-D-
356A file generated by the EDA tool. This file con-
tains all information about via/pad positions and the
nets they belong. A script reads this file and generates
a gerber file containing the positions and lengths of the
cuts. This file together with the drilling file represents
the manufacturing data as can be seen in figure 10.

The algorithm in the script goes through the
list of vias and pads. It selects a via/pad and perpen-
dicularly seeks in all four directions in the plane until
it hits another via/pad, a cut or the border of the board.
In case of a via/pad, the algorithm checks whether it
belong to the same net. If not, a cut of appropriate
length is placed at the appropriate location in order to
electrically separate them. In case of a cut or the bor-
der, the selected via/pad is already insulated and noth-
ing needs to be done. After that, the next via/pad in
the list is selected and the algorithm is iterated again.
The principle of this algorithm is shown in figure 11
where the arrows indicate the seek direction and the
letters denote the electrical nets the via/pad belongs
to. Figure 12 expresses the result with the added cuts
after iterating over pad A.

Main goal of the second method is to pre-
serve the mechanical strength of the textile. It ana-
lyzes the structure and places cuts only when neces-
sary. In comparison, method one places cuts at all
bendings of a signal path, which is not always needed.
This drawback is, however, relieved when vias and
pads are casted in epoxy later on. Nevertheless, ap-

drilling file

v

script 1 ¥

generated file

Figure 10: Necessary manufacturing layers for sec-

ond method
-

Figure 11: Principle of method 2 (arrows indicate
seek directions, letter indicate nets)
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proach one is rather error prone since the tool user has
to choose the right vias for the cuts whereas the cuts
are placed automatically in approach two. However,
approach two produces open-ended traces in the elec-
trical path leading to worse electrical performance,
though this effect is not severe at low frequencies. Be-
sides, the script for method two can easily be changed
so that cuts are always placed similarly to approach
one. It is implemented in MatLab and can be down-
loaded at http://www.ife.ee.ethz.ch/ ilocher/texrout/.
This script has already been successfully used for sev-
eral projects.

5.6. Constraint Summary

A short overview of the additional routing constraints
for EDA tools is summarized below.

e Placement of components in quadratic grid

e Ensure perpendicular routing

Place via at each trace direction change

No ground/power plane available

o 10|
Q

Figure 12: Placed cuts after iteration over pad A
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Figure 13: Connection method; (a) not optimized,
(b) optimized

o Consider high resistance of thin copper wires

e Use script to insulate electrical nets

An additional optimization step, which re-
duces the number of cuts, shall be briefly explained.
Consider a capacitor whose pads each cover four in-
tersections of wires depicted in figure 13(a). There-
fore, the pad size determines the skinning area on the
fabric and two horizontal and two vertical wires are
affected by the skinning for a pad. If the capacitor is
connected in the manner described before in section
4., the four wires would be connected together and a
cut between the pads would be necessary for electrical
insulation. However, if we guarantee precise manufac-
turing processes and a routing layout, which connects
the capacitor from the long side, only the insulation of
the horizontal wires can be removed. Thus, no cut is
needed anymore as seen in figure 13(b).

This optimization is feasible using a very
precise textile fabric and at locations where the cop-
per wire appears at the fabric surface (compare figure
1, where the copper wire is alternately on the top and
underneath the surface). For the skinning step, laser
precision should not be an issue since laser spot sizes
are typically less than 40pm.

6. EMC Aspects

This section discusses the some EMC (electromag-
netic compatibility) aspects of woven fabric. It is
worthwhile to clarify from the outset that fabrics
possess worse electrical properties than a PWB. A
low-ohmic power supply is fundamental for high-
frequency electrical circuits. In order to achieve this
goal, power planes are essential components in PWB
designs providing low DC impedance and controlled
characteristic impedances. However, the thin copper
wires of 40p4m in the fabric feature about 132 /m ac-
cording to AWG 46 (American Wire Gauge). For low
DC impedance, several wires need to be connected in

chip

t—1 chip ,
cut A

bl

(a) (b)

Figure 14: Scatter field example on fabric (a) and
PWB (b)

parallel eating up a lot of space. Besides, the max-
imum allowed current is less then 20mA per wire
(AWG 46).

Since ground planes cannot be realized in
fabrics, coplanar waveguide-like structures with con-
trolled impedance can be established instead by using
wires in parallel in a ground-signal-ground arrange-
ment [3]. Although utilizing of several wires in par-
allel increases reliability against mechanical stresses,
it introduces signal distortions when running at higher
frequencies because of odd modes [3].

Note that wires, which are not connected
to any nets, are floating and could act as antenna.
However, this effect can be neglected at low frequen-
cies. Similarly, reflections due to unconnected ends of
traces can then be disregarded.

The perpendicular structure of the routing in-
creases the effect of a scatter field. A rectangular guid-
ance of the traces to a chip as depicted in figure 14(a)
results in a bigger enclosed area between signal and
ground. The 45° angular structure on a PWB (figure
14(b)) decreases the enclosed area A as well as the to-
tal trace length /. In formula (10) and (11), the electri-
cal dependencies are shown where ¢ is the magnetic
flux, B the flux density, uy the induced noise volt-
age and ug the signal voltage. Therefore, the induced
noise due to a scatter field is directly proportional to
the enclosed area. In other words, an increased area
between signal and ground lowers the signal-to-noise
ratio (SNR). This fact must be considered when de-
signing a circuit for textiles.

d¢ dB
SNR =20 log(22) (11)
un



7. Conclusion

In this paper we have shown a solution how to inte-
grate simple routing structures into fabrics. Although
the electrical behavior of fabrics is worse compared
to PWBs, our targeted applications consisting of chips
with few pins running at low frequency are feasible. A
textile routing structure generally occupies more space
and requires more vias whereas a PWB needs more
layers. Efficient manufacturing of circuits on fabrics
is still an open issue because of the flexible nature of
fabrics and because of their worse form stability com-
pared to PWBs. Pattern recognition of vias and cuts
by online image processing could be an approach to
overcome these problems.

In the future, we will further promote mea-
surements and modeling of the fabric in order to de-
termine the electrical properties of vias and pads. An-
other issue is washability of the electronics as well as
reliability under mechanical stresses.

Systems-on-Textile have the potential to en-
able entirely new applications not only in medical en-
vironments, but also as a personal assistant in our daily
life obtaining information about timetables of public
transportation or giving guidance through a foreign
city. Through unobtrusiveness and wearing comfort,
wearable computing is able to become as established
as today’s mobile phones.
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