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Abstract

Textiles are familiar and pervasive materials, making them natural candidates for
ubiquitous sensing. Recent research efforts on textile-based sensors span a variety of ap-
plications. However, it is challenging to manufacture these deformable and stretchable
sensors at scale. On the other hand, industrial textile manufacturing is an established
process. Efforts such as Project Jacquard by Google and Levis turned woven fabrics
into interactive multi-touch surfaces using standard looms and processes. In contrast
to these touch-sensitive fabric surfaces, knitted fabrics can be manufactured into com-
plex objects (e.g. seam-free sweaters) at scale with minimal post-processing. Moreover,
they are more stretchable and breathable than woven fabrics. In this thesis, I convert
these knitted fabrics into sensors using an off-the-shelf resistive yarn and industrial
knitting machines to fabricate sensing textiles. These sensors are scalable, stretchable,
parameterizable, and customizable. They measure electrical properties of the conduc-
tive areas to sense contact, pressure, strain, proximity, and even its own orientations. I
prototyped a multi-layer matrix-style resistive pressure sensor with robust ON/OFF be-
haviors and applied them to be robotic skins. Though this sensor could be instrumented
on humans as well, humans are in much more diverse contexts doing different activi-
ties, so the needs for sensors vary often. Thus for humans, I prototyped a gaiter-scarf
inspired multi-purpose reconfigurable accessory using electrical impedance tomography
for on-body location detection, gesture recognition, and passive monitoring. Fabrica-
tion techniques proposed in this work can be further generalized beyond sensing with
functional fibres to augment traditional textiles with new purposes towards a future of
pervasive smart textiles.
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1 Introduction

When Mark Weiser envisioned the computer for the 21st Century, he said that "The most pro-
found technologies are those that disappear. They weave themselves into the fabric of every-
day life until they are indistinguishable from it" [Weiser(1999)]. Let's take the word of \fab-

ric" literally. Textiles are pervasive in everyday life, from clothing to object coveringsg.g,

sofa covers). Metallic threads have been used for decorating garments for centuries. As early
as 1883, an illuminated hair accessory was part of a ballet costume [bal(1842)]. Researchers
started prototyping electronic textiles in the 1990s [Post and Orth(1997), Gopalsamy et al.(1999)].
Thanks to recent research e orts, smart textile can now be augmented with many capabili-
ties including sensing, displaying [Devendorf et al.(2016), Cherenack et al.(2010)], mechani-
cally actuating [Albaugh et al.(2021)], self-cleaning [Bell et al.(2021)], wireless communicat-
ing [Jiang et al.(2019)], and energy harvesting capabilities [Jost et al.(2014)]. When inte-
grating functional materials, textiles become natural candidates for technologies that \disap-
pear". Early works on E-textiles prototyping methods, such as sewing [Parzer et al.(2018)],
embroidery [Aigner et al.(2020)], and ironing [Klamka et al.(2020)], demands a lot of time
and e orts. But in the very-well established textile industries, there are scalable manufacture
processes. If we could just use the same processes, but make the pervasive textiles \smart"
by integrating functional materials and components, that would augment all the existing
textiles into smart textiles.

Project Jacquard [Poupyrev et al.(2016)] from Google was one of the rst to do so. They
invented a solderable yarn that looks, feels, and works the same as normal yarn. Using
standard looms and processes, woven fabrics are transformed into interactive multi-touch
surfaces. Their Jeans jacket collaboration with Levis showed great promises for seamless
integration. In contrast to woven fabrics, constructed with many horizontal and vertical
yarn interleaved, knitted fabrics are constructed with continuous yarn forming stacked loops.
The dierences in structures makes knitted fabric a lot more stretchable and breathable.
Furthermore, thanks to recent research e orts [Narayanan et al.(2019)], industrial knitting
machines can be used as a 3D printer for soft goods. Then, by integrating functional materials
and components, industrial knitting machines can 3D print smart textiles at scale.

In this thesis, | presentscalable and deformable Machine-knitted Sensors . All
textile sensors are manufactured using an industrial knitting machine and o -the-shelf yarns.
Using these textiles sensors, | prototyped novel sensing systems for humans (uKnit) and
robots (robotSweater). In making these sensing systems, | found similarities and di erences
between designing textile-based sensors for humans and robots. Along with system limita-
tions, they are useful considerations that pave the way for future smart textiles research.

1.1 Contributions and Organization

The thesis document is organized as follows. | rst introduce the related work on sensing
with smart textiles and machine knitted sensors in Chapter 2. | then describe the main
contributions:



Three di erent machine-knitted sensor layouts (Chapter 3)

" Two di erent connectors for machine-knitted sensors (Chapter 4)
" uKnit : A sensing system prototype for humans (Chapter 5)

" robotSweater: A sensing system prototype for robots (Chapter 6)

Next, | discuss considerations and limitations when designing and fabricating machine-knitted
sensing systems, along with future work directions in Chapter 7.
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2 Related

In this chapter, we will discuss prior works on machine-knitted sensors, recon gurable user
interface (like uKnit), electrical impedance tomography (sensing technique used in uKnit),
and tactile skin (like robotSweater).

2.1 Machine-knitted Sensors

Textile technologies opened up opportunities for wearable devices, soft robotics, and au-
tonomous garments [Sanchez et al.(2021)]. Many sensing techniques can be incorporated
into textiles [Wu et al.(2020b), Jin et al.(2018), Sugiura et al.(2012)]. Capacitive sensing
on e-textiles allows for gesture recognition[Poupyrev et al.(2016), Wu et al.(2020a)], prox-
imity sensing [Olwal et al.(2018)], nutrition monitoring [Cheng et al.(2013)], contact-based
object recognition [Wu et al.(2020c)], motion tracking [Atalay et al.(2017)], etc. Using ca-
pacitive sensing and standard weaving looms, Project Jacquard realized inexpensive and
scalable interactive multi-touch textile that appear and feel the same as conventional wo-
ven cloths [Poupyrev et al.(2016)]. Resistive textile sensors are used to sense deforma-
tions [Aigner et al.(2020)]. When combining various sensing techniques, smart textile has
more potentials. Project Tasca combines inductive sensing, capacitive sensing, resistive sens-
ing, and NFC to create a smart pocket that can take user inputs and recognize objects[Wu et al.(2021)].

Recent e orts in computational design tools [Jones et al.(2021), Narayanan et al.(2019),
Kaspar et al.(2021)] and scheduling algorithms [Narayanan et al.(2018)] allow researchers to
easily program industrial knitting machines. Knitted fabric is intrinsically soft, exible,
stretchable, conformal and comfortable. Knitting with functional yarn can augment textiles
with sensing [Ou et al.(2019)] and actuating [Kilic Afsar et al.(2021)] capabilities while pre-
serving the above qualities. Conductive yarn and the loop structures of knitted fabric enable
strain [Atalay et al.(2014)], pressure [Zlokapa et al.(2022)], proximity [Wijesiriwardana et al.(2005)]
sensing supported by resistive [Luo et al.(2021b)], capacitive [Ou et al.(2019)], inductive [Kiener et al.(2
and impedance [Alirezaei et al.(2009)] sensing. Applications span health monitoring [Fan et al.(2020)],
user interfaces [Luo et al.(2021b)], tactile sensing [Yoshikai et al.(2009), Luo et al.(2021a)],
choreomusical carpet [Wicaksono et al.(2022)], etc.

Two common approaches for machine-knitted user interfaces are resistive and capaci-
tive sensing. KnitUl [Luo et al.(2021b)] is a portable and customizable user inferface using
resistive pressure-sensitive sensing units. Short-rows, a knitting technique used to induce
curvatures, is used to increase the sensitivity. Read-outs are directly knitted to minimize
post processing. Vallett et al. [Vallett et al.(2020)] use Bode analysis to measure changes
in signals caused by capacitive touches to improve touch location representation on knitted
interface. The two sensing approaches can be combined for multimodal interaction like the
knitted music keyboard [Wicaksono and Paradiso(2020)].

Matrix style textile-based tactile sensors commonly have a three-layer structure: a piezore-
sistive layer sandwiched between two layer with orthogonal conductive traces for readouts.

Luo et. al [Luo et al.(2021a)] proposed a novel coaxial piezoresistive bre to achieve a two-
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layer design. Use the inlay knitting technique, functional bre is integrated into garments

to collect spatially dense tactile learning information with Al-based work ow. Electrical
impedance tomography (EIT) can further reduce the number of wires and layers by placing
electrodes on the borders of sensing area [Park et al.(2021)], but increasing resolution spatial
and temporal resolution remains an opened research problem. Alirezaei et al. used EIT on
knitted fabric that has conductive paint sprayed as a post process [Alirezaei et al.(2009)].

2.2 Recon gurable Interfaces

Many everyday objects are recon gurable and inspire recon gurable user interfaces [Kim et al.(2018)].
Many shape-con gurable interfaces are modular and involves disassembling: game con-
trollers [Nintendo(2021)], screens [Goguey et al.(2019)], haptic devices [Whitmire et al.(2018)],
smartwatches [Khurana et al.(2019)], soft wearable prototyping kits [Jones(2019), Lambrichts et al.(202
etc. Researchers developed techniques to make on-body electronic fabrication for customiz-
able and stretchable wearable interactive interfaces[Markvicka et al.(2019)]. SensorNets is a
soft multimodal electronic skin composed of distributed sensor networks [Wicaksono et al.(2020)].
It can sense the environments in ways our sensor cannot and it can be easily customized to
adapt to curvatures, but it requires fabricating sensors for di erent applications. Our work
achieves shape recon gurations by deformation, an intrinsic property of textiles. Somewhat
similar to uKnit, the smart handkerchief [han(2021)] is a deformable user interface (DUI)
that can recognize its physical form and allow simple gestural interactions. It is designed to
lay at, folded along a certain axis and/or held in hands to sense touch and strain changes.

Recon gurable wearable device should be contextually aware of the physical con guration
information [Wicaksono et al.(2021)], and body placement locations [Strachan et al.(2007)].
Prior work on on-body localization used IMU sensors to recognize the position without a
known priori[Kostikis et al.(2020), Sztyler and Stuckenschmidt(2016)]. For a recon gurable
wearable, the placement decides the form. From the localization perspective, the form can
predict the placement.

2.3 Electrical Impedance Tomography

Electrical impedance tomography (EIT), a non-invasive imaging technique to infer internal
conductivity characteristics, was rst proposed for medical imaging [Henderson and Webster(1978)]
and geophysical imaging [Pelton et al.(1978)]. In recent years, EIT gained traction in the
human-computer interaction(HCI) community and becoming more accessible [Zhu et al.(2021)]

for hand gesture recognition [Zhang and Harrison(2015), Zhang et al.(2016)], paper-based in-
terfaces [Zhang and Harrison(2018)], touch localization on irregular objects [Zhang et al.(2017),
Alirezaei et al.(2007)] etc. In soft robotics research, EIT is used to create arti cial skin that
senses deformation and tactile distributions [Kato et al.(2007), Nagakubo et al.(2007)]. Mul-

tiSoft uses a multi-layer soft and stretchable sensor with silicon substrate for real-time contact
localization and deformation classi cations [Yoon et al.(2018)]. MultiSoft is a customizable
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soft sensing approach, but di erent sensors still need to be fabricated for di erent applica-
tions.

2.4 Tactile Skin

Among many functions of robot skin [Shah et al.(2019), Heng et al.(2021), Kawai et al.(2022)]

such as shape changing, self-healing, enabling locomotion, tunable sti ness, etc., tactile
sensing allows robots to learn and react to the physical environment. More speci cally,
pressure sensing methods include using functional (piezoresistive, piezocapacitive, triboelec-

tric, iontronic, magnetic, biomimetic, or ber optic) material based and vision based ap-
proaches [Pang et al.(2021)]. One challenge in adopting these innovative technologies is the

lack of scalable manufacturing methods that generalizes to di erent robot shapes [Wang et al.(2018)].
Rigid tactile sensors can cover large areas using modular approaches [Cheng et al.(2019)].
Flexible tactile sensors can be bent to t cylindrical surfaces [Liu et al.(2020)], but for

more complex and uneven shapes, stretchable tactile skin is needed [Alirezaei et al.(2009),

Luo et al.(2021a)]. Prior work on large-area exible e-skin commonly use printing technique[Senthil Kum
with exible printed circuit and nanomaterial synthesis [Dahiya et al.(2019)]. Manufactur-

ing techniques from the textiles industry can be used to make stretchable tactile skin at

scale. Alirezaei et al. used highly conductive knitted fabric to make a strain-sensitive
stretch-insensitive tactile sensor by measuring the contact impedance between the knitted

fabric and another layer of highly resistive yarn traces [Alirezaei et al.(2009)]. Day et. al

[Day et al.(2018)] proposed a scalable fabric tactile resistive array with a 3-layer design of
sandwiching resistive fabric between non-conductive fabrics with ironed-on conductive read-

outs.

13



3 Knitted Patterns

Figure 1: Knitted artifacts using the three di erent layout designs. Left-to-right: a
patch layout sensor, a multi-layer matrix layout sensor, and a grid layout sensor.

Figure 2: A brief introduction on machine knitting. llustrations taken and modi ed

with permission from Albaugh et al [Albaugh et al.(2019)]. The front and the back

beds of the machine are aligned to each other. rack can be used to o set the alignment.
Yarn is brought to needles by yarn carriers between the two beds to needles. Needles
can manipulate and form loops using operations like tuck, knit , and xfer .

This chapter explains the fabrication method of three di erent knitting structures. Read-
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