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Introduction

The Computer for the 21st Century (1991)

"The most profound technologies are those that disappear. They
weave themselves into the fabric of everyday life until they are
indistinguishable from it”. Mark Weiser



Moore’s and Bell’s Law:
A Ubiquitous Computing Era
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Abstract

As revolutionary as microelectronics has been as a technology, there are functions
that it does not address. Microelectronics focuses on ever-smaller integrated circuits
(ICs) in ever-fewer square millimeters of space to increase clock speeds and decrease
the power required for computer processing functions. However, applications requiring
control, communications, computing, and sensing over a large area are difficult or cost-
prohibitive to achieve because of the material incompatibilities of traditional ICs with
structures, materials, and manufacturing technology. Macroelectronics addresses these
applications with the aim of providing active control circuitry in situ over areas of many
square meters for displays, solar panels, x-ray imagers, surface measurements,
structural shape control, vehicle health monitoring, and other large-system applications.
The materials challenges of macroelectronics integrated circuits (MEICs) reviewed in
this issue include lightweight flexible substrates, thin-film transistors (TFTs) with IC or
near-IC performance, modeling, and manufacturing technology. Compatible
component materials, flexible substrates, processing conditions, host system
composition, and functionality provide grand challenges that are just beginning to be

addressed by researchers.

Keywords: electronic material, lithography, sensor.

Electronic devices have become increas-
ingly pervasive over the last 50 years.
Advances have been driven primarily by
microelectronics, based on the well-known
Moore’s law that describes the increasing
complexity (and therefore performance)
as feature size decreases over time. While
there are many issues to be addressed, as
described by ITRS roadmap,' the main-
stream microelectronics industry continues
to provide ever-increasing performance
and functionality. However, other forms
of electronics have also become important,
as they address problems that conventional
microelectronics cannot. The most signifi-
cant of these is the display industry, which
now rivals the integrated-circuit (IC) in-
dustry in terms of revenue. The technical
drivers for these two major industries are
essentially opposite. While the IC industry
strives to make the smallest possible de-
vices in the smallest possible area, the dis-
play industry is interested in large devices
over the largest possible area. This drive to
distribute the devices over large areas can
be considered “macroelectronics,” because
neither the active devices nor the area they
cover needs to be “micro” in scale.

Commercially viable macroelectronics
began in 1988 with thin-film-transistor—
based liquid-crystal displays (TFT-LCDs).
Direct-view active-matrix liquid-crystal
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displays (AMLCDs) based on inorganic
TFTs on glass substrates represent the first
commercial success of macroelectronics.
Sales of AMLCDs have superseded the
cathode-ray tube in both revenue (2002)
and units (2004) to become the dominant
display technology on the planet.* Exam-
ples include the demonstration by Sam-
sung in 2005 of an 82-in.-diagonal screen
with six million TFTs controlling the
brightness of each of two million color
pixels (see Figure 1); a 100-in. AMLCD,
announced by LG.Philips LCD Co. in Jan-
uary 2006; and an IBM monitor product
introduced in 2002 with a 22.2-in.-
diagonal screen, 27 million TFTs control-
ling 9.1 million (3840 x 2400) color pixels,
and a TFT vertical/horizontal pitch of
1245/41.5 pm. These TFT pitches are
about a thousand times larger than those
found in ICs. This difference in transistor
density may be used as one way to distin-
guish macroelectronics ICs (MEICs) from
classical metal oxide semiconductor field-
effect transistor ICs.

Beyond the dominant AMLCD technol-
ogy, several niche display technologies
also use TFT backplanes to drive pixels
over large areas and thus are considered
examples of macroelectronics. Examples
include displays based on organic light-
emitting devices, electroluminescent elec-
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trophoretic ink, and field-emission mecha-
nisms. Other large-area display technolo-
gies are not macroelectronics, as they do
not have MEICs built into them. Examples
include inorganic light-emitting diodes
(LEDs), vacuum cathode-ray tubes (CRTs),
and most plasma technologies. The LEDs
now popular for jumbo-size outdoor dis-
plays in stadiums, billboards, and build-
ing facades are not macroelectronics,
because they are driven externally by per-
sonal computers, not internally by TFT
MEICs. The CRT vacuum technologies are
driven by analog electronics (e-guns and
deflection coils) and are not even digital,
let alone macroelectronic. Drive voltages
and power are also a distinguishing fac-
tor: TFT technologies typically operate at
3-5 V, drawing 1-10 W, compared with
1-20 keV and 1-10 kW, variously, for
plasma, CRT, and LED displays. The pixel
size in LEDs and plasma are also issues:
millions of LEDs are separately packaged
and hand-mounted with 10-mm pitch in
arrays meant for viewing at hundreds of
feet.

Some potential future application areas
for macroelectronics are illustrated in Fig-
ure 2. These areas include displays (top
left and top right), sensors (top right and
bottom right), energy harvesting (top right
and bottom left), electronics embedded into
gear (radios, range finders, computers) and
clothing (bottom left), and structural health
monitoring of vehicles or humans (bottom
right). Structural health monitoring in-
volves a range of sensors, processors, and
transmitters built with flexible MEICs
within vehicle composite materials to ac-
tively sense and report faults, or mounted
on/in human biomaterials (skin/tissues)
to continuously sense and transmit physi-
ological and cognitive status. The weight
and materials integration issues with ICs
make these applications impossible or un-
likely with a purely microelectronics ap-
proach and thus require macroelectronics.

The biggest challenge for macroelec-
tronics technology is to enable applications
beyond displays that involve large areas
and volumes that cannot be cost-effectively
achieved through traditional packaged-
chip fabrication followed by pick-and-place
assembly and that nonetheless require so-
phisticated, high-performance circuits. The
large scale of macrosystems gives rise to
the requirement for properties heretofore
not associated with IC applications, such
as thinness, ductility, and elasticity of elec-
tronic components, even during operation.
Depending on specific applications, some
design rules for traditional ICs must be
maintained (e.g., length of transistor chan-
nels) and others relaxed (e.g., area of cir-
cuit layout).
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As revolutionary as microelectronics and functional devices have
been a focus in the last decade, there are challenges that it does not
address to incorporate them into our everyday products.

“Applications requiring control, communications, computing, and
sensing over a large area are difficult or cost prohibitive to achieve
because of the material incompatibilities of traditional ICs with
structures, materials, and manufacturing technology.”

Introduction
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THEME ARTICLE: COMPUTATIONAL MATERIALS

Electronic Textile Gaia: Ubiquitous

Computational Substrates Across Geometric
Scales

Irmandy Wicaksono ., Juliana Cherston, and Joseph A. Paradiso ., MIT Media Lab, Massachusetts Institute of

Technology, Cambridge, MA, 02139-4307, USA

From in-body implantables to geotextiles and large-area spacecraft blankets,
electronic fabric is now poised to operate across geometric scales that span many
orders of magnitude, and thus across operational contexts with divergent material
resiliency requirements, reaching far beyond the wearable device regime that is
typically considered. This article reviews the key technical trends and lingering
hurdles that are relevant to using functional fibers and e-textiles for operating at
disparate scales—from microns to kilometers. We focus in particular on leveraging
the unique material properties of a textile and the miniaturization of electronic
devices in concert with the revolution in mass-manufacturing and digital
fabrication technologies used to customize the device at the level of polymer, fiber,
fabric, three-dimensional form, and system. We also offer a personal perspective on
interdisciplinary collaboration between engineers, scientists, designers, and
manufacturers for tackling some of the challenges in scaling and translation of

electronic textiles.

oday, we have up to 39 000 km long deep-sea

optical fibers supporting communication

between four continents, and we have deployed
up to 30-km-long electrodynamic tethers on orbit
around Earth to harvest power from the magneto-
sphere. We have developed hundred micron-scale
multisensory neural probes and millimeter-scale sen-
sory meshes that can be injected into the body, along-
side mesoscale fabrics with sensing, communication,
and even locomotive capabilities. Functionalized fab-
rics now touch the full range of scales from microns to
kilometers, with active and computational capability
achieved at the level of fiber, yarn, fabric, and system.
We consider our current place on the roadmap toward
realizing an electronic textile gaia in which the living,
nonliving, and increasingly the built environments
operate as a single, harmonious, self-regulating organ-
ism, as imagined in Figure 1.

1536-1268 © 2021 IEEE

Digital Object Identifier 10.1109/MPRV.2021.3078107
Date of publication 8 June 2021; date of current version
30 July 2021.

The textile has achieved ubiquity for its manufactur-
ing scalability and myriad beneficial properties—protec-
tion, three-axis conformability, abrasion resilience,
tensile strength, heat retention, high packing density,
and aesthetic and cultural appeal all serve to motivate
adoption of this material form.

While most textiles have remained electrically pas-
sive, one may still claim that computational textiles
had an early start—the Apollo spacecraft guidance
and control software developed in the 1960s at MIT
was stored in a woven substrate called core rope
memory.

Around the same time, a company called Woven
Electronics was spawned to develop fabric circuit
board prototypes that were evidently well ahead of
their time. For a fleeting moment in these early days
of printed circuit board (PCB) manufacturing, woven
fabric circuits and core rope memory were competi-
tive with silicon semiconductor technology.

Early fabric-based electronics hint at deep links
between manufacturing processes used in the textile
and electronics industries that in some cases con-
tinue into the present era: dies draw down both elec-
trical wires and fibers, lithography, and screen-printing

Authorized licetBE# Weerlimited ©oMidtibrgries. Downloaded winl Maezh I9¢ 2024582 Cehiisuid CSiooietiZEE Xplore. ReStitiidieapphyber 2021
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Jacquard Loom (1700) Core-rope Memory, MIT Project Apollo (1972)
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E-textiles: hand-crafted at the fabric-level

Musical Jacket Wearable Motherboard Musical Balls E-broidery: textile-based computing
Orth, M et al., SSIGGRAPH (1998). Gopalsamy, M et al., (1999)  Weinberg, G et al., CHI (2000). Post, E.R. et al., IBM Sys (2000).

Fully-integrated EKG Shirt Fabric PCBS: e-textile craft FabricKeyboard: Multi-modal E-textile Musical Interface
Linz et al., BSN (2006). Buechley and Eisenberg, UbiComp (2009). Wicaksono and Paradiso, NIME (2017).



E-textiles: industrial manufacturing from the yarn
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Project Jacquard

SensorKnit
Poupryev, | et al. ACM CHI (2016)

Ou et al. 3DP (2019)
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Technical and Research Contribution

Digital Knitting of Sensate Textiles

Knitted Sensate Textiles

Projects:
KnittedKeyboard
3DKnITS
Tapis Magique
Living Knitwork Pavilion

Tools

Machine Knitting

Contribution:

Design methodology and framework
Project artifact across scales
Hardware system development
Application space




Digital Knitting of Sensate Textiles

E-textiles: hierarchical architecture

Fiber Yarn 2-D Fabric 3-D Fabric End-product

r----------------- il I I = = = = = = = =B = = = =B = =

r----------'

m-km scale

nm-pm width um-mm width mm thickness

Fiber coating ' I Woven
Fiber bath DR B B
O Fiber twisting
Fiber spinning

Wire drawing

' e,
O periodic structure

S
two-layer
multi-layer

‘ hollow channels
@ embedded IC/MEMS

Woven with in-lay

Basic braiding

—m—T S >
C— = ——

Triaxial braiding
Multi-layer knit

< ’ — v | RN
SIC/SiO sy S1sEt)
I 3 1
Multimaterial drawin o itmisle
9 Knit with in-lay FH;H:
_ Multi-layer biaxial braiding e o
% S]512
Circular knit

Nano/microfabrication

Non-woven

Functionalization at fiber-level

S

Wicaksono , Cherston, and Paradiso, E-Textile Gaia, IEEE PvC (2021) '



Digital Knitting of Sensate Textiles

E-textiles: hierarchical architecture

Fiber Yarn 2-D Fabric 3-D Fabric End-product

ﬁ
1
|
|
1
|
|
1
|
|
1
|
|
1
|
|
1
|

r----------'

m-km scale

nm-pm width um-mm width mm thickness

TR S
Fiber coating =l| lhm Woven
Fiber bath
Fiber twisting
Fiber spinning

Wire drawing '

' -,
O periodic structure

s |
two-layer
@ multi-layer

Woven with in-lay

Basic braiding
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\:t

e

]
[ | ~ = - A &
o — :
@? hollow channels : Triaxial braiding 1
I I
I I
@ embedded IC/MEMS I |
I I
N . — i et
SiC/Sio: m Y .
1 1 2 i
Multimaterial drawin o I
g : : Knit with in-lay 1 TNy
_ . Multi-layer biaxial braiding |y I el
" i : Circular knit
] ]
Nano/microfabrication i 1 ]
I 1 i
1 I i
1 1 Non-woven ]
Functionalization at fiber-level . ! : il ‘\“‘\‘ “\‘\‘ | ” Il '
| 1 e M G

Wicaksono , Cherston, and Paradiso, E-Textile Gaia, IEEE PvC (2021) 10



1st Century (1899){ O
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Whenever Nell's clothes got too small for her, Harv would pitch them into the th
and then have the M.C. (Matter Compiler) make new ones. ....
she'd use the M.C. to make Nell a special dress with lace and ribbons
Neal Stephenson/Diamond Age (1995)

19



https://en.wikipedia.org/w/index.php?title=Jean-Marc_C%C3%B4t%C3%A9&action=edit&redlink=1

Digital Knitting of Sensate Textiles

Digital machine knitting - a versatile fabrication process

-----------
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Tunable electrical, mechanical, and visual properties
Based on yarn inputs (micro), knitting structures (meso), and
patterns and forims (macro)






Digital Knitting of Sensate Textiles

One carrier yarn Multiple carrier yarns

Knitting operations

- d d d b d
P9 9 9 9o

# Double jersey

Tubular

Emn*!!@@
4o e g o e Y N i |

Single jersey

Interlock

Weft-knit . Warp-knit

Miss/Float Tuck
Increase Decrease

Double Jersey Interlock



Knitted conductive yarns resistance modeling

8787878787

"’*'"'*’_'f"'J("'J""J*'"

Textile Macroelectronics: Chapter 3

Ry

23

Resistive network + signal flow
theory

R, = Ry + 0.5R,
R, = Ris+0.5R,
Rz —_ RlS + OSRC —_ Rl7 + OSRC

(kR? + 0.5(k + 1)R,R, + 0.25R?

R =
. (k + R, + R,

2NR, (R, + Ry1,)
(M + DR, + (M — 3)R

Rtotal(m >2) —
x|y

Digital Knitting of Sensate Textiles
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Knitted conductive yarns resistance modeling

Resistive network + signal flow

Ry
theory

R, = Ry + 0.5R,
R, = Ris+0.5R,
Rz —_ RlS + OSRC —_ Rl7 + OSRC

(kR? + 0.5(k + 1)R,R, + 0.25R?

R =
. (k + DR, + R,

R . ZNRx(Rx + Rx”y)
total(m > 2) (M + 1)Rx + (M - 3)R

x|y

AAAN

T

Digital Knitting of Sensate Textiles

1600
1400
o 1200

—
-
o
o

800
600
400
200

Resistance (Q

Knitting interconnects
M (%vales count)

5 10 15 20 25 30 35 40 45 50
Length (cm)

N (yarn count)

5 10 15 20 25 30 35 40 45 50
Length (cm)



Digital Knitting of Sensate Textiles

Knitted conductive yarns resistance modeling

Ry
Holm’s contact theory

(contact pressure resistance due to
strain/pr e)

RC= contact resistance;

p = electrical resistivity;

H = material hardness;

n = number of contact points;
p = contact pressure.

g
!
|
|

AAAANR

t

Resistance (Q)

SRR

0 10 20 30 40 50
Strain (%)
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Digital Knitting of Sensate Textiles

Architecting sensate textiles across scales ‘

Objects

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array
72 connections
0.15m?active area

KnittedKeyboard @

Musical expression



Digital Knitting of Sensate Textiles

KnittedKeyboard




Digital Knitting of Sensate Texti

KnittedKeyboard




Digital Knitting of Sensate Textiles

FabricKeyboard to KnittedKeyboard

From manual, to seamless and automated integration

FabricKeyboard (2017) KnittedKeyboard v1 (machine-produced, 2020) KnittedKeyboard v2 (2021, improved design)
12 keys/1 octave 60 keys/5 octave 60 keys/5 octave

® 12 capacitive touch sensing elements, ® 60 capacitive touch sensing elements, ® 60 capacitive touch sensing elements,

® 12 proximity sensing elements (1 multiplexed possible) ® 60 proximity sensing elements (5 multiplexed) ® 60 proximity sensing elements (5 multiplexed)
® 12 pressure sensing elements, ® 1 pressure sensing elements, ® 1 pressure sensing elements,

® 1 stretch across the keys ® 5 thermochromic color change (per octave) ® 1 stretch across the keys

o

12 electric field elements (different board)

Wicaksono and Paradiso, FabricKeyboard, NIME (2017) ,
Wicaksono and Paradiso, KnittedKeyboard, NIME (2020) °



Digital Knitting of Sensate Textiles
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Piezoresistive pressure sensing Piezoresistive strain sensing
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ooooo € Towen L O L O .

i Conductive Pocket Knit
(Squishy, Capacitive, Touch and Proximity Sensing)
- Polyester Base Knit
. - (Durable, Stretchable, Breathable)
- Conductive Knit

- Piezo-resistive Knit

(Pressure and Stretch Sensing)

Wicaksono and Paradiso, KnittedKeyboard, NIME (2020) %9







Musician, Composer: Mike Jiang, Video: Jimmy Day
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Dream Theater
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Digital Knitting of Sensate Textiles

Architecting sensate textiles across scales ‘

Body

12 x 8 pressure-sensing pixels
Objects Piezoresistive matrix

20 connections
60 touch + 5 stretch + 1 pressure

Capacitive and piezoresistive array
/2 connections

3DKnITS

Activity recognition
Biomechanics

KnittedKeyboard

Musical expression

Textile Macroelectronics: Chapter 4 34
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Digital Knitting of Sensate Textiles

3DKnITS: 3-D Knitted Intelligent Textile Sensor

] |
I b= ("i'
-~ = f""'(\' y | | [ ¢ < N
NN ACARAR I Y /(/
ARl

Fa "-l.; ﬁ! ﬁl'

gL = e BN

CLLLLLER
e o 3 0 e e D
LLULLLLD

@ Conductive Nylon
@ Piezoresistive Nylon/Spandex
® Polyester/Spandex
O Thermoplastic

. 4 § _§ § N &8 & § & § &8 & §8 § &8 § &8 8 & § § § &8 §8 &8 §® §B &0 § § & § §B § § |

Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022) >



Digital Knitting of Sensate Textiles

Electromechanical characterization

Designing knitted e-textile for robust pressure-sensing

400
25
- Untreated Untreated (Polyester)
350 ”0 gy —— Thermoformed (Polyester + TPU)
300
_ l 15
G 250
- 10 )
§ 200 S, = 2088 S -ﬂ.u:za
3 5
@ 150
. 0
100 S12= 1278 0 500 1000
Sz = 0.0053
30 S1=58.7 ;
0 — .
0 200 400 600 800 1000 20 40

Force (N) Force (N)

Percolation network of conductive molecules
Force vs resistance and stress-strain tensile characterization of both the untreated and in pressure-sensitive textiles
thermoformed knit textiles.

Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022) .



Electromechanical characterization

Designing knitted e-textile for robust pressure-sensing

400

W W
8 &

)
3

Resistance (kQ)
2 3

—

o0
o

Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022)

25

— Untreated
- Thermoformed

20

15

10
S:u = 29556

Strain (%)

0
Si2=1278 0 500 1000

S1=58.7

200 400 600 800 1000
Force (N)

Untreated (Polyester)
= Thermoformed (Polyester + TPU)

Sz=0.0053

20 40
Force (N)

Force vs resistance and stress-strain tensile characterization of both the untreated and
thermoformed knit textiles.
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Digital Knitting of Sensate Textiles
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Digital Knitting of Sensate Textiles

Multiplexing circuits _

Designing knitted e-textile hardware for robust pressure-sensing et . Al
ZHEs - - ¢ @00 cE

,BDtexi " <f

Example of parasitic resistive path

Legal coninbubon

A 4
| . . . !
| 7 CPU BLE/
' Q / é/ / /0O Wi-Fi/
Shift e ADC RF
Register
xi\ R12 R1a R14
o\
x R12 R1a Ria
/ - 0 \% Riz Rz Ria
i 1'|.- . o e I'I,II e d/
i jﬁ (the voltage here is V, )| =
A _;-: e . Riz2 Ri13 R4
v 2Re \%\ o A
Select  A/D MCU Select
SPDT Mux
Vidal-Verdu et al., Sensors (2011) Our multiplexing circuit (16x16)

Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022) 9



Digital Knitting of Sensate Textiles

Dense spatiotemporal pressure-imaging

16x16 pressure-sensing pixel (2.5cm pitch) 8x12 pressure-sensing pixel (2.5cm pitch) 8x10 pressure-sensing pixel (2.5cm pitch)
256 pixels, 45x45 cm 96 pixels, 24x30 cm 80 pixels, 24x25cm

Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022) Y



Digital Knitting of Sensate Textiles

Deep learning-enabled applications

Push-ups Planking

Activity, exercise,and posture
recognition from temporal
2-D pressure images

» Jump

16

Convolution
Fully-connected
= SN M\
Convolution S Fully-connected N
- N (™
Max-Pool \ % N 28
b_ ~ : _ 1(\\ ¥ - (\ .
Convolution \‘ YRNX BB, DL Balancing Dancers
No Activty IR 0 0 0 0 0 0 0 i e LY Q M Pigeon Pose
o ot J N poecd f v Output
Balancing Pigeon 0 267 1 0 1 0 1 0 800 Onvo u Ion (¥ .; .j I f“\-.‘ \ A Y i_‘f
Max-Pool N Ny SN £ "
pevissspasss |0 1 248 0 2 0 3 0 500 Flatten 32 1 r‘\j ‘, KX r’\; \ b _ @ }V.J A \,ﬁ"l
No Activity 0 0 0 0 250 bt : X ‘. N _ \: f ('\ «
EageDrisi O 0 1 176 3 1 2 0 Loris f:_‘) PR S (; DR % ~
| andin 0 0 0 0 ’ | 'h e S / - . . e
o e W R VRO 2 - RN, %‘
Eagle P 0 1 276 0 3 0 e 200 \ N R F 7 N _ :
Left step K 0 0 L i " .5 8 ._ \ A N g o . If'\ i '
Tree P 1 0 1 2 0 8 2 0 j \ \J > 4 N ¥ i B
_ — 200 Right step 0 0 0 0 150 \ N A AN L 2
I \J NN p
w0210 4o e e . ; 2-D Convolutional N\t o N
— 100 ‘ AN e {
_ - 100 \ L Y \J i o,
waw 00 0 o o o o m . rarem ARG T Neural Network model = = -~~~
—0 0 NNAN: A A
; E} % % % g E g F Push-up Up 0 0 0 0 0 1 12 0 -50 3 NZ 2 N
= 'g % E I..% E ¥ | ~J' / I‘\_)I
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Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022) 42



. _ : ' ====o—===== 25ms/step
: ==zsszzsz==zssszsss=s=zssz=z=s== 24ms/step
Sssosoo====== 0s 23ms/step
‘ ommon Activities /i [z 0s ons/ste Yoga Pose
and Exercises o e e s 2t ol Recognition
s=sss=ssssssssssssssssssssss== 24ms/step -

— desfstep

wiilillilg

CENNEEoED

.,xﬂﬁﬂ__]:ﬁﬁm_

NO_ACTIVITY

12ms/step
12ms/step
1llms/step
13ms/step

NO_ACTIVITY
step
12ms/step
12ms/step
13ms/step
12ms/step
12ms/step
-NO_ACTIVITY
12ms/step
1lms/step

lims/step
1lims/step

_TEMPORAL .NO_ACTIVITY v 3 ; s
1lms/step - - - X o n

12ms/step
12ns{step p - a o [ : . ! v - - -
s ' | e SRR Visualization
1/1 11lms/step : g i y
ACTIVITY_TEMPORAL .NO_ACTIVITY

13ms/step



Architecting sensate textiles across scales

Room-scale

30 x 60 pressure-sensing carpet
Piezoresistive matrix
90 connections
2 .
Body 45m actlve area

a\%

16 x 16 pressure-sensing mat

. . I . | | Ili
ObjeCtS 8 x 12 pressure-sensing sock Piezoresistive matrix | |.'

. L : i | |
Piezoresistive matrix 32 C(;””e.Ct'O”S 3 e |
20 connections 0.2 m©active area -

0.072 mZactive area

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array
72 connections
0.15m?active area

3DKnITS

Activity recognition
Biomechanics

KnittedKeyboard

Musical expression

' - Tapis Magique

~ Interactive dance

Digital Knitting of Sensate Textiles
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Related Work

Magic Carpet (1997)
Paradiso, Hsiao, Greenworld
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icaksono, Haddad, and Paradiso, Tapis Magique, ACM C&C(2022)
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Choreographer, Dancer: Loni Landon, Sound Mapping: Don Derek Haddad
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Digital Knitting of Sensate Textiles

Architecting sensate textiles across scales — .

Building

24 Tx/Rx antennas
Room-scale Active capacitive/e-field
24 connections

30 x 60 pressure-sensing carpet 25m? active area

Piezoresistive matrix
90 connections
2 .
Body 4.5m- active area

16 x 16 pressure-sensing mat
Piezoresistive matrix
32 connections
0.2 m? active area

Objects

8 x 12 pressure-sensing sock

Piezoresistive matrix
60 touch + 5 stretch + 1 pressure 20 connections

Capacitive and piezoresistive array 0.072 m2 active area
72 connections
0.15m?active area

Living Knitwork Pavilion

Immersive environments
Telepresence

Tapis Magique
~ Interactive dance

3DKnITS

Activity recognition
Biomechanics

KnittedKeyboard

Musical expression
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Black Rock City, NV
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Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, paper in review (2024)
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Living Knitwork Pavilion

On-site building crew

Agevan—dér IVlel
- Sam Chin,

ﬁ ﬂ,Judyta thhoka
Gabrrela Advmcula
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Digital Knitting of Sensate Textiles

Living Knitwork Pavilion

Designing temporary structures for extreme environments

wvon Mises

l 3.0
Y
24
21

. 1€

15

I J

_ 0t

0.€

0.z

0.c

Height [m): 6.0

Lath Tot.Lenght [m): 323.0%
MNurm ol Joints: 744

1.2D«+ 1.20LL < 1 .OW
(90mph only on tower)

Okoumee T0Cm x O0.9Cm
Segment [(m]: 0.4
Displ | [em): 2.26

Wind simulation: Tongge Yu
Central structure design: Judyta Cichoka, Alfonso Parra Rubio

Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, accepted (2024)
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Digital Knitting of Sensate Textiles
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Digital Knitting of Sensate Textiles

. Analog circuits and
main controller

v

o o o oo -
Living Knitwork Pavilion -

Integrated system for an immersive space

Rotating DMX lighting system

R s » Top steel ring for fixture and PC
carabiners 4 )
Max/MSP Spatial Audio
Sound ation and synthesis,
Sensor Data #1 uunang;l;::tul:dec::nad]ulérnn, = SYStem
Sensor Data #2 MIDI USB spatialization
Sensor Data #3 TEEI"IS}F -
Soatial 360° aud , J Channel 0-16 aLC
patia > audio system + . .
A Sensor Data #N Projection angles, rotation speed DMX nghtlﬂg
d direction, RGB, brightness,
e anlrllﬂ:trnh& Im.re'lng = S?Stﬂm
J

Rx electrodes

A

Tx electrodes

A

Fabric anchors

A

Tower anchors

b
2 pr

LiFePO4 Battery

My

Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, acceted (2024)




Digital Knitting of Sensate Textiles

Living Knitwork Pavilion

An architectural theremin, distributed e-field sensing

Tx-Rx
neighbor
#even

Tx-Rx local

Tx-Rx
neighbor
#odd

LF‘—\\;\
A ——

Shunt Mode Receive Mode Transmit Mode

Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, accepted (2024)



Digital Knitting of Sensate Textiles

Living Knitwork Pavilion

Hardware system for e-field sensing

Transmitter (Tx) 180kHz, 120V Receiver (Rx)

..............................................................................................................................................................................................................................................
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Hardware design with Sam Chin

Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, accepted (2024)
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KnitworkVR: A dual-reality telepresence experience

Connecting to the virtual and vice versa, driven by real-time sensor data and interaction

: | Spatial Audio Speaker
: Interface System
\ .

/PC W : -
Max/MSP ) ; PC .
mo gltht pmtpllt dt J R MaX/MSP —
(" Unity LKP 3D Model ) —
~ N ( N L sensordt 4 ) MIDI-USB (
Object and Scene UDPListener | € 3 € UDPSender |* Teensy 3.1
Generation : \ %
-Orbs \_ Y, UDP/OSC p N
- 4 ) .
Sandstorm fint1-int8 : | aLce
-Effects PlayerLocation leftDistance-rightDistance | seesamaresionres, |+
: \ | J
X - / z -
: Living
: Knitwork
: Sensors
HTC Vive HTC Vive
System Base Station :
— U
~— :
e
Virtual Environment : _
: Physical Environment
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Wicaksono, Colon, Chin et al., KnitworkVR, paper in review (2024)






Bl

U ek g S W

THE & =—WE &

et e AR et
Paarorry BE

o P Fpaas Fiaeas isders
Ty D e B

el
Bl il il P el Bl e

L

P | ing Wtk Pl i s i, Famrihy, =

TS il ] W ety o W il P ma E

e ey, P Iy Byl g i P ol

i e el ey g Pk s = Fa
Livrg omtacnt i w mpars sl i Tt myelun Tomyg 0¥

Il o W S 4 s

4

-
=
T

—

-

Fpay, PSS TR

T ek e i e it i ARes b P S e e

Al e o TR

e Pocimine &g Gw

= L

s eyl L) nowte, g Lt g e B

b ey

1l e, B it |
g ey ba- O g
Loy o wg S
L Fra e W 0

merka P pho o EE

LR

ey o S e e g e e
Tout By sy Jubdl i Pl =g ]

E o

LR TR S -
Winimnen g [ iy g recwy et e Bl of

P

B e ]
el s a1 s g, ot s g

- ui
ik

1 1. L il LT

F e wi Fw B B St

-

e

W P D

e b g e el e ey e i

ey, d e— iy

PTG S Pl ——

sren ey i P Fyyillss
i R ep—

LTI ) P ey

b | b
Tl ARy Dlrtag T ey P P,










KnitworkVR




Digital Knitting of Sensate Textiles

Architecting sensate textiles across scales — .

Building

24 Tx/Rx antennas
Room-scale Active capacitive/e-field
24 connections

30 x 60 pressure-sensing carpet 25m? active area

Piezoresistive matrix
90 connections
2 .
Body 4.5m- active area

16 x 16 pressure-sensing mat
Piezoresistive matrix
32 connections
0.2 m? active area

Objects

8 x 12 pressure-sensing sock

Piezoresistive matrix
60 touch + 5 stretch + 1 pressure 20 connections

Capacitive and piezoresistive array 0.072 m2 active area
72 connections
0.15m?active area

Living Knitwork Pavilion

Immersive environments
Telepresence

Tapis Magique
~ Interactive dance

3DKnITS

Activity recognition
Biomechanics

KnittedKeyboard

Musical expression
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Digital Knitting of Sensate Textiles
Architecting sensate textiles across scales I

Building

24 Tx/Rx antennas
Room-scale Active capacitive/e-field
24 connections

30 x 60 pressure-sensing carpet 25m? active area

Piezoresistive matrix
90 connections
2 .
Body 4.5_.m active area

S %

w

16 x 16 pressure-sensing mat 1;

8 x 12 pressure-sensing sock T 1eZoresistive matrix

Piezoresistive matrix 32 conne'ct|ons
20 connections 0.2 m?active area

0.072 mZactive area

Objects

Living Knitwork Pavilion

Immersive environments
Telepresence

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array
72 connections
0.15m?active area

- Tapis Magique
~ Interactive dance

3DKnITS

Activity recognition Common challenges:

Biomechanics . .
® Wiring implementation is complex
Node is not scalable
Frequency reduction as n increases

®
KnittedKeyboard ¢
Musical expression ® Fault/damage-sensitive
® Application-specific
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Technical and Research Contribution

Computational Fabrics Framework

Distributed Computational Fabrics

Microelectronic Devices

Materials

Projects:
Electronic Textile Conformable Suit (E-TeCS)
Networked Electronic Textile System (NETS)

Tools Systems

Distributed Processing

sensor clusters

Machine Knitting

Circuit Printin ML TS g
= Flexible Networking | ETL?J;;':{LZE,
Self-Organization | mapping.

connection

Contribution:
Design methodology and framework
Project artifact across scales
Hardware system development
Application space 89



Distributed Computational Fabrics

E-TeCS: System Architecture

Stretchable
interconnects

Bluetooth Low Energy Module

""""" sba
Microprocessor scL
GND
- Connection
bridge
- Power Source S
o Communication and Sensin
Computation g
Main Module E-TeCS

Main Module

Single spatiotemporal modality:
12C Temperature Sensor is hard-wired to a maximum of 32 addresses

Wicaksono, Tucker, Sun et al., E-TeCS, in Nature Flex. El. (2020) %0



Distributed Computational Fabrics

E-TeCS: Electronic Textile Conformable Suit
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Distributed Computational Fabrics

E-TeCS: Electronic Textile Conformable Suit

———— e e = === = —
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Distributed Computational Fabrics

E-TeCS: Compression modelling and washability study
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Wicaksono, Tucker, Sun et al., E-TeCS, in Nature Flex. El. (2020)
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Architecting sensate fabrics across scales Building

13 Tx and 12 Rx antennas
Active capacitive/e-field

2§ connections
Room-scale

30 x 60 pressure-sensing pixels
Piezoresistive matrix' <y

QO connections
Body
12 X 8 pressure-sensing pixels
Objects Piezoresistive matrix
31 temperature + 1 accelerometer 20 connections .. . .
60 touch + § stretch +1 pressure [2C sensor nodes Living Knitwork Pavilion
Capacitive and piezoresistive array

4 connections Immersive environments

72 connections

Telepresence

——

L5 ) 7~
v, 'l."'

g J
S é""'\

Tapis Magique

Interactive dance

_ ‘”’ e B A 3DKnITS
i \ Activity recognition
Biomechanics

Physiological sensing

Musical expression Physical activity monitoring
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- Toward Electronic Textile Gaia
Wicaksono, Cherston, and Paradiso. IEEE Per e x
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Krebs Cycle of Creativity Il
Neri Oxman (2020)
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Soft-Hard |
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(textile part of
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Stanley, J., Hunt, J.A., Kunovski, P. and Wei, Y., 2022.
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