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IntroductionBatik Kawung, Central Java 

Surrounded Island, Christo and Jeane-Claude Flying Saucer, Issey Miyake NASA, Spacesuit and Beta cloth

SEFAR PTFE Fabric, Medina

Faig Ahmed’s Yahya al-
Shirvani al Bakuvi, 
Melting Carpet



Paula Zuccotti
Everything We Touch (2015)

Introduction
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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 

Introduction
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Moore’s and Bell’s Law:
A Ubiquitous Computing Era
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Roy et al., IEEE Design and Test (2013) Gordon Bell, CACM (2008)



Introduction

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.”

Reuss , Hopper, and Parl, MRS Bulletin (2006)
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Introduction

Wicaksono , Cherston, and Paradiso, IEEE PvC (2021)Reuss , Hopper, and Parl, MRS Bulletin (2006)
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Textiles and Computation
Introduction

Jacquard Loom (1700) Core-rope Memory, MIT Project Apollo (1972)
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Textile Culture, Materials, and Technology
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Computing Devices

Textiles and Computation
Introduction
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Ubiquitous Computing

Computing Devices
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Gold leaves and gold threads
In Songket textiles

Heated glove and blanket

Optical fiber communication

Core rope memory

Conductive polymer

Media Lab Jacket

System-on-textile

Functional/electronic fibers

Computational Materials

The Future
Electronic Textiles Research and Development

Introduction



12

Industrial Cross-Polination Map (Textiles x Electronics) 

Kurbak, E. Stitching Worlds (2018)

Introduction
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E-broidery: textile-based computing
Post, E.R. et al., IBM Sys (2000).

Fabric PCBS: e-textile craft
Buechley and Eisenberg, UbiComp (2009).

Fully-integrated EKG Shirt
Linz et al., BSN (2006).

Musical Jacket
Orth, M et al., SIGGRAPH (1998).

FabricKeyboard: Multi-modal E-textile Musical Interface
Wicaksono and Paradiso, NIME (2017).

Musical Balls
Weinberg, G et al., CHI (2000).

Wearable Motherboard
Gopalsamy, M et al., (1999)

E-textiles: hand-crafted at the fabric-level



E-textiles: industrial manufacturing from the yarn

Project Jacquard
Poupryev, I et al. ACM CHI (2016)

SensorKnit
Ou et al.  3DP (2019) 
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Materials Design

Tools

Functional Fibers

Machine Knitting

Knitted Sensate Textiles

Textile Patterns
Textile Structures

Textile Forms
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Digital Knitting of Sensate Textiles
Technical and Research Contribution

Projects:
KnittedKeyboard

3DKnITS
Tapis Magique

Living Knitwork Pavilion

Contribution:
Design methodology and framework

Project artifact across scales
Hardware system development

Application space
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Fiber coating

Fiber spinning
Wire drawing

Multimaterial drawing

Functionalization at fiber-level

periodic structure

two-layer
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embedded IC/MEMS

Nano/microfabrication
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Woven
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Non-woven
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Multi-layer woven in-lays

Multi-layer knit

Circular knit

Spacer fabric

Fiber bath

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

nm-µm width µm-mm width mm thickness mm-cm thickness m-km scale
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E-textiles: hierarchical architecture

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

Digital Knitting of Sensate Textiles 
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E-textiles: hierarchical architecture

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

Digital Knitting of Sensate Textiles 



Whenever Nell's clothes got too small for her, Harv would pitch them into the the bin 
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)

France in the 21st Century (1899)
Jean-Marc Côté
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https://en.wikipedia.org/w/index.php?title=Jean-Marc_C%C3%B4t%C3%A9&action=edit&redlink=1
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Tunable electrical, mechanical, and visual properties
Based on yarn inputs (micro), knitting structures (meso), and 

patterns and forms (macro)

Digital machine knitting - a versatile fabrication process
Digital Knitting of Sensate Textiles 
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Knitting operations

Weft-knit Warp-knit

Plain

Double Jersey Interlock

Digital Knitting of Sensate Textiles 

Rib Transfer

Miss/Float Tuck
Increase Decrease

Tubular 

Single jersey 

Rib 

Interlock

One carrier yarn Multiple carrier yarns

Double jersey 

Interlock

Spacer fabric

Channels/Pockets



Knitted conductive yarns resistance modeling

Resistive network + signal flow 
theory

Digital Knitting of Sensate Textiles 

23Textile Macroelectronics: Chapter 3



M (wales count)

N (yarn count)

Knitted conductive yarns resistance modeling

Resistive network + signal flow 
theory

Digital Knitting of Sensate Textiles 
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Knitting interconnects



Knitted conductive yarns resistance modeling
Digital Knitting of Sensate Textiles 

25

Holm’s contact theory 
(contact pressure resistance due to 

strain/pressure)

Stretch

RC= contact resistance;
 ρ = electrical resistivity;
 H = material hardness;
 n = number of contact points;
 p = contact pressure.

Knitting strain sensors



Architecting sensate textiles across scales
Digital Knitting of Sensate Textiles 

KnittedKeyboard
Musical expression

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array

72 connections
0.15m2 active area

Objects



KnittedKeyboard
Digital Knitting of Sensate Textiles 

27



KnittedKeyboard
Digital Knitting of Sensate Textiles 



FabricKeyboard to KnittedKeyboard
From manual, to seamless and automated integration

FabricKeyboard (2017)

12 keys/1 octave 
• 12 capacitive touch sensing elements, 
• 12 proximity sensing elements (1 multiplexed possible)
• 12 pressure sensing elements,
• 1 stretch across the keys
• 12 electric field elements (different board)

KnittedKeyboard v1 (machine-produced, 2020)

60 keys/5 octave 
• 60 capacitive touch sensing elements, 
• 60 proximity sensing elements (5 multiplexed)
• 1 pressure sensing elements,
• 5 thermochromic color change (per octave)

KnittedKeyboard v2 (2021, improved design)

60 keys/5 octave 
• 60 capacitive touch sensing elements, 
• 60 proximity sensing elements (5 multiplexed)
• 1 pressure sensing elements,
• 1 stretch across the keys

29

Digital Knitting of Sensate Textiles 

Wicaksono and Paradiso, FabricKeyboard, NIME (2017)
Wicaksono  and Paradiso, KnittedKeyboard, NIME (2020)
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Piezoresistive pressure sensing Piezoresistive strain sensing

Digital Knitting of Sensate Textiles 

KnittedKeyboard

Wicaksono  and Paradiso, KnittedKeyboard, NIME (2020)



31Wicaksono  and Paradiso, KnittedKeyboard, NIME (2020)



32Musician, Composer: Mike Jiang, Video: Jimmy Day



Jordan Rudess, Dream Theater
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Architecting sensate textiles across scales
Digital Knitting of Sensate Textiles 

KnittedKeyboard

3DKnITS

Musical expression

Activity recognition
Biomechanics

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array

72 connections

12 x 8 pressure-sensing pixels
Piezoresistive matrix

20 connections
Objects

Body

Textile Macroelectronics: Chapter 4 34
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3DKnITS: 3-D Knitted Intelligent Textile Sensor

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

Digital Knitting of Sensate Textiles 
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3DKnITS: 3-D Knitted Intelligent Textile Sensor

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

Digital Knitting of Sensate Textiles 
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3DKnITS: 3-D Knitted Intelligent Textile Sensor

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

Digital Knitting of Sensate Textiles 



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

38

Electromechanical characterization

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

Digital Knitting of Sensate Textiles 

Percolation network of conductive molecules
in pressure-sensitive textiles

Designing knitted e-textile for robust pressure-sensing



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

Designing knitted e-textile for robust pressure-sensing

39

Electromechanical characterization

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

Digital Knitting of Sensate Textiles 

Thermoformed

Multi-layer textiles
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Our multiplexing circuit (16x16)

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

Digital Knitting of Sensate Textiles 

Vidal-Verdu et al., Sensors (2011)

Multiplexing circuits
Designing knitted e-textile hardware for robust pressure-sensing
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Dense spatiotemporal pressure-imaging

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

Digital Knitting of Sensate Textiles 

16x16 pressure-sensing pixel (2.5cm pitch)
256 pixels, 45x45 cm

8x12 pressure-sensing pixel (2.5cm pitch)
96 pixels, 24x30 cm

8x10 pressure-sensing pixel (2.5cm pitch)
80 pixels,  24x25 cm



42Wicaksono, Hwang, Droubi et al., 3DKnITS, IEEE EMBC (2022)

Deep learning-enabled applications
Digital Knitting of Sensate Textiles 
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Architecting sensate textiles across scales

KnittedKeyboard

3DKnITS

Tapis Magique

Musical expression

Activity recognition
Biomechanics

Interactive dance

Digital Knitting of Sensate Textiles 

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array

72 connections
0.15m2 active area

16 x 16 pressure-sensing mat
Piezoresistive matrix

32 connections
 0.2 m2 active area

30 x 60 pressure-sensing carpet
Piezoresistive matrix

90 connections
4.5m2 active area

Objects

Body

Room-scale

8 x 12 pressure-sensing sock
Piezoresistive matrix

20 connections
0.072 m2 active area
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Cage/Cunningham Variations V



Related Work

Magic Carpet (1997)
Paradiso, Hsiao, Greenworld
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Tapis Magique

Wicaksono, Haddad, and Paradiso, Tapis Magique, ACM C&C(2022)

Digital Knitting of Sensate Textiles 



48Wicaksono, Haddad, and Paradiso, Tapis Magique, ACM C&C(2022)



Tapis Magique  Wicaksono, Haddad, and Paradiso, ACM C&C 202249Choreographer, Dancer: Loni Landon, Sound Mapping: Don Derek Haddad



Tapis Magique  Wicaksono, Haddad, and Paradiso, ACM C&C 202250Choreographer, Dancer: Loni Landon, Sound Mapping: Don Derek Haddad



Tapis Magique  Wicaksono, Haddad, and Paradiso, ACM C&C 202251Choreographer, Dancer: Loni Landon, Sound Mapping: Don Derek Haddad





Performance: Pichet Klunchun Dance Company, Sound Mapping: Don Derek Haddad



Architecting sensate textiles across scales

KnittedKeyboard

3DKnITS

Tapis Magique

Living Knitwork Pavilion

Musical expression

Activity recognition
Biomechanics

Interactive dance

Immersive environments
Telepresence

Digital Knitting of Sensate Textiles 

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array

72 connections
0.15m2 active area

16 x 16 pressure-sensing mat
Piezoresistive matrix

32 connections
 0.2 m2 active area

30 x 60 pressure-sensing carpet
Piezoresistive matrix

90 connections
4.5m2 active area

Objects

Body

Room-scale

Building

24  Tx/Rx antennas
Active capacitive/e-field

24 connections
25m2 active area

8 x 12 pressure-sensing sock
Piezoresistive matrix

20 connections
0.072 m2 active area
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Black Rock City, NV



Courtesy of Vincent Rommelaere



Living Knitwork Pavilion
Digital Knitting of Sensate Textiles 



Lumen (2017)
Jenny Sabin Studio
MoMA PS1, New York

KnitCandela (2018)
Block Research Group/ETH Zurich & Zaha Hadid Architects
MUAC, Mexico City

Related Work
Digital Knitting of Sensate Textiles 



Digital Knitting of Sensate Textiles 
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Living Knitwork Pavilion



Living Knitwork Pavilion
Textile popped-up paterns, inspired by cultural heritage

Balinese Pura

Digital Knitting of Sensate Textiles 

60



Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, paper in review (2024)

Digital Knitting of Sensate Textiles 



Wicaksono, Rubio, Cichoka et al., Living Knitwork Pavilion, paper in review (2024)

Digital Knitting of Sensate Textiles 



Living Knitwork Pavilion
Integrated functional yarns

Digital Knitting of Sensate Textiles 



Living Knitwork Pavilion
On-site building crew

=Digital Knitting of Sensate Textiles 

Age van der Mei 
Sam Chin,
Judyta Cichoka
Gabriela Advincula
Erik Strand
Alfonso Parra Rubio,
Nicole Bakker



Living Knitwork Pavilion
Designing temporary structures for extreme environments

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

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

Digital Knitting of Sensate Textiles 



Timelapse: Gabriela Advincula



Timelapse: Gabriela Advincula



Timelapse: Gabriela Advincula



Timelapse: Gabriela Advincula





Digital Knitting of Sensate Textiles 



Digital Knitting of Sensate Textiles 



Digital Knitting of Sensate Textiles 



Analog circuits and 
main controller

Rotating DMX lighting system

Top steel ring for fixture and 
carabiners

Spatial 360’ audio system

Tx electrodes

Rx electrodes

Fabric anchors

LiFePO4 Battery

Tower anchors

Living Knitwork Pavilion
Integrated system for an immersive space

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

Digital Knitting of Sensate Textiles 



Shunt Mode Receive Mode Transmit Mode

Central Tx-Rx

Tx-Rx 
neighbor 

#odd

Tx-Rx 
neighbor 

#even
Tx-Rx local

Living Knitwork Pavilion
An architectural theremin, distributed e-field sensing

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

Digital Knitting of Sensate Textiles 



Teensy

LC Oscillator Central Tx

Fabric Tx #1

Fabric Tx #11

Fabric Tx #2

Fabric Tx #12

ADS1115

ADS1115

Teensy/
RaspPi

ADS1115

Fabric Rx #1

Fabric Rx #2

Fabric Rx #12

Transimpedance 
Amplifier

Active Band-pass 
Filter Envelope Detector Limiter and Gain Passive Low-pass 

Filter

180k

25k

180k

25k

180k

25k

4-Channel ADC

#1

#2

#6

A1
A2
A3
A4

A1
A2
A3
A4

A1
A2
A3
A4

SDA
SCL

SDA
SCL

SDA
SCL

I2C1

I2C2

D1

D2

D1

USB

Transmitter (Tx) Receiver (Rx)

#Odd

#Even

PC

Living Knitwork Pavilion
Hardware system for e-field sensing

Transimpedance and Rx circuit

Central module
Hardware design with Sam Chin

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

Digital Knitting of Sensate Textiles 

180kHz, 120V

25kHz, 30V



Shunt mode

Transmit mode

Receive mode



Video: Manaswi Mishra



Choreographer: Treyden Chiavaralotti, Sound Mapping: Don Derek Haddad



Choreographer: Treyden Chiavaralotti, Sound Mapping: Don Derek Haddad



/int1-int8
leftDistance-rightDistance

UDP/OSC

UDPSender

Max/MSP
Sound generation and 
synthesis, amplitude 

modulation, spatialization Max/MSP
Sound generation and 
synthesis, amplitude 

modulation, spatialization

QLC+
Projection angles, rotation 
speed and direction, RGB, 

brightness, and strobe levels

Teensy 3.1

Lighting 
System

Spatial Audio 
Interface

MIDI-USB

DMX-USB

PlayerLocation

UDPListener
/sensor#

Speaker
System

Unity

PC
PC

HTC Vive
System

Virtual Environment
Physical Environment

Living 
Knitwork 
Sensors

HTC Vive
Base Station

Object and Scene 
Generation
-Orbs
-Sandstorm
-Glow
-Effects

KnitworkVR: A dual-reality telepresence experience
Connecting to the virtual and vice versa, driven by real-time sensor data and interaction

Wicaksono, Colon, Chin  et al., KnitworkVR,  paper in review (2024) 81

LKP 3D Model



Sound Mapping: Lancelot Blanchard
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Sound Mapping: Lancelot Blanchard



Sound Mapping: Lancelot Blanchard



KnitworkVR

Cristian Colon



Architecting sensate textiles across scales

KnittedKeyboard

3DKnITS

Tapis Magique

Living Knitwork Pavilion

Musical expression

Activity recognition
Biomechanics

Interactive dance

Immersive environments
Telepresence

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array

72 connections
0.15m2 active area

16 x 16 pressure-sensing mat
Piezoresistive matrix

32 connections
 0.2 m2 active area

30 x 60 pressure-sensing carpet
Piezoresistive matrix

90 connections
4.5m2 active area

Objects

Body

Room-scale

Building

24  Tx/Rx antennas
Active capacitive/e-field

24 connections
25m2 active area

Digital Knitting of Sensate Textiles 

8 x 12 pressure-sensing sock
Piezoresistive matrix

20 connections
0.072 m2 active area
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Architecting sensate textiles across scales

KnittedKeyboard

3DKnITS

Tapis Magique

Living Knitwork Pavilion

Musical expression

Activity recognition
Biomechanics

Interactive dance

Immersive environments
Telepresence

Common challenges:
• Wiring implementation is complex
• Node is not scalable
• Frequency reduction as n increases
• Fault/damage-sensitive
• Application-specific

Digital Knitting of Sensate Textiles 

60 touch + 5 stretch + 1 pressure
Capacitive and piezoresistive array

72 connections
0.15m2 active area

16 x 16 pressure-sensing mat
Piezoresistive matrix

32 connections
 0.2 m2 active area

30 x 60 pressure-sensing carpet
Piezoresistive matrix

90 connections
4.5m2 active area

Objects

Body

Room-scale

Building

24  Tx/Rx antennas
Active capacitive/e-field

24 connections
25m2 active area

8 x 12 pressure-sensing sock
Piezoresistive matrix

20 connections
0.072 m2 active area

88



Materials Design

Tools

Microelectronic Devices 

Machine Knitting
Circuit Printing

Systems

Distributed Computational Fabrics

Distributed Processing
Multi-modality

Flexible Networking
Self-Organization

Textile Channels
Interconnect Patterns
Composite/Interfacing

Modularity

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

Contribution:
Design methodology and framework

Project artifact across scales
Hardware system development

Application space 89

Computational Fabrics Framework
Technical and Research Contribution
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E-TeCS: System Architecture

Main Module

I2C
lines E-TeCS

Microprocessor

Bluetooth Low Energy Module

Power Source

Sensor #11 Sensor #12 Sensor #1n

Sensor #21

Sensor #31

Sensor #n1 Sensor #nn

…………. ………….

…………. ………….

………….

Communication and 
Computation Sensing

Main Module E-TeCS

Connection
bridge

VDD

GND

SDA

SCL

VDD

GND

SDA

SCL

Stretchable 
interconnects

Single spatiotemporal modality:
I2C Temperature Sensor is hard-wired to a maximum of 32 addresses

1x MPU6050, 32x MAX3020 

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

Distributed Computational Fabrics 



E-TeCS: Electronic Textile Conformable Suit
Distributed Computational Fabrics 

Wicaksono, Tucker, Sun et al., E-TeCS,  in Nature Flex. El. (2020) 91
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E-TeCS: Electronic Textile Conformable Suit

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

Distributed Computational Fabrics 



(Compression Pressure)

93

E-TeCS: Compression modelling and washability study

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

Distributed Computational Fabrics 



E-TeCS video
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Toward Electronic Textile Gaia
Wicaksono, Cherston, and Paradiso. IEEE Pervasive Computing, 2021.
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Toward Electronic Textile Gaia
Wicaksono, Cherston, and Paradiso. IEEE Pervasive Computing, 2021.



Krebs Cycle of Creativity III
Neri Oxman (2020)



Thank you!



Ben Shahn Center for Visual Arts, New Jersey 2024

With Pichet Klunchun Dance Company, Bangkok 2022

Indonesian Contemporary Arts and Design, Jakarta 2022

Intersect by Lexus, Tokyo 2021





Soft-Hard Interfaces/Connectorization



Soft-Hard Interfaces/Connectorization

Stanley, J., Hunt, J.A., Kunovski, P. and Wei, Y., 2022. A review of connectors and joining technologies for electronic textiles. Engineering Reports, 4(6), p.e12491.



Share your feedback on this session
Scan the QR code using your smart phone camera
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