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Abstract

We live in a world where everyday artifacts begin to be designed and augmented as
media interfaces. New technologies based on this mission enable us to more easily
sense, interact, and communicate with objects. However, the world is highly variable
in physical forms. To achieve the vision of ubiquitous computing, common man-
made objects need to be designed from the ground up to incorporate computers and
sensors. Often, we find ourselves confined by existing sensing infrastructures that
are not designed to adapt the complexity of the physical world.

This dissertation presents a research platform to investigate design principles and
applications for flexible sensate surfaces. This platform utilizes recent
advancements in low-cost, roll-to-roll conductive inkjet printing technology as an
enabler for creating a scalable, physically and functionally adaptive and
customizable sensing system. This collection of work demonstrates design
principles and examples in the following four areas: manufacturing, customizable
computer aided design, fabrication with physical manipulation and multi-modal
sensing techniques. Two types of manufacturing methods are used and
characterized. The first approach customizes the sensing design in a digital
environment, where users define the geometry, shape and sensing inputs in a
computer and print out customized functional patterns. The second approach is
sensor fabrication via physical manipulation, where the sensate surface is pre-
manufactured and through an additive method (paneling linear sensor tape stripes),
or a subtractive method (cutting a sensor sheet), and the shape and sensing targets
are processed post-manufacturing. Lastly, | demonstrate three techniques for multi-
modal sensing - designing “target specific shapes” for different sensing targets,
multiplexing single input electrodes with various analog circuits for near surface
sensing (pressure, touch, folding, proximity sensing), and adding extra layers of
chemical for the designed ad-hoc sensing target alteration.

The outcome of this exploration combines emerging technologies to realize a new
way of designing sensate surfaces for smart environments and objects and helps us
rethink sensing as both a graphical design and a physical manipulation process. In
the course of this thesis, | demonstrate these principals by designing, testing, and
evaluating a variety of flexible sensate surfaces.

Thesis Supervisor: Dr. Joseph A. Paradiso,
Associate Professor, Program in Media Arts and Sciences
Massachusetts Institute of Technology
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Chapter 1

Introduction

“Ultimately, computers would vanish into the background, weaving themselves

into the fabric of everyday life until they are indistinguishable from it. “
Mark Weiser [1] (1991)

The vision of ubiquitous computing and pervasive sensing is to create a
world where computers and sensors are embedded within every single item
around us to facilitate our lives with critical information and services [1]. Yet,
the world is populated with highly complex variety in physical form. Creating
an intelligent environment implies redesigning our everyday objects
completely with custom-made hardware and software systems to comply

with this variety of sizes and shapes.

Nevertheless, the cost of customized high granularity sensing platforms still
limits the ubiquity of smart objects. As computer systems move beyond
desktop computing and into smart objects, the rigid and planar form factor of
traditional electronics remains a major challenge for the integration of
sensor hardware into the desired form, size and shape. Creating an
inexpensive skin-like flexible and stretchable surface that is covered with
sensors has been an area that is well-explored in many different disciplines
[2], such as in robotics for surface tactile sensing and navigation [3] [4] [5], in
human-computer interaction design [6] [7] [8], in wearable computing as e-

textiles [9] [10], and biomedical materials science research [11] [12].

However, most of the studies with accessible manufacturing and off-the-shelf
parts are based on traditional electronic components or PCBs, the sensors

are of considerable thickness, and restricted in flexibility, and can mandate a
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fully customized hardware solution for each specific size and shape. Another
disadvantage of traditional printed circuit board fabrication is the lead time
when ordering from a PCB manufacturer, or process time from a machine
such as vinyl cut copper tape or milling a printed circuit board with a milling
machine based on the Roland Modela [13]. Lastly, small quantities of
customized circuit boards are costly (based on the spec, the cost can range
anywhere between tens to hundreds of dollars). The recent advancements in
conductive inkjet printing [14], a low-cost process that inkjet prints a
material onto roll-to-roll Mylar that is subsequently copper plated, and
conductive inks [15] presents great opportunities to solve the above

problems.

The advancement of conductive ink and various printing processes (roll-to-
roll printing, desktop inkjet printing ..etc.) allow inexpensive mass
production of sensors. This opportunity enables us to create customizable
low-cost flexible “sensor sheets”. They can also be printed with cheap inkjet

printers, enabling small-quantity rapid “sensing” prototyping.

This dissertation focuses on the creation of a research platform for
investigating principles and approaches for flexible sensate surface design
based on conductive inkjet printing technologies. The collection of work in
this thesis is categorized in the following four areas: manufacturing, sensing

design, sensing fabrication and sensing applications.

In the “Manufacturing” area, I look into and characterize two different types
of printed electronics manufacturing methods - conductive inkjet-flex
printing [14] and conductive silver nanoparticle ink [15] with an off-the-shelf
inkjet printer. The first method has great scalability and bendability, whereas

the second method can support small-scaled manufacturing at home.

[ investigate user customization in two approaches - 1) Sensing Design and 2)

Sensing Fabrication.
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In the “Sensing Design” area, I explore designing sensors in a computer-aided
design (CAD) environment. Inputs are digitally designed as functional
patterns, and input size can be scaled like vector graphs. The concept is
furthermore demonstrated with the exploration of parametric design. The
solution allows users to design functional patterns (sensor inputs) in a CAD
environment, and rapidly test and modify their sensing surface cheaply
through off-the-shelf inkjet printing. This approach also integrates the
aesthetic and engineering design processes of an interactive smart object or

environment into the same process.

In the “Sensing Fabrication” area, users customize sensate surfaces with
physical manipulation, where, unlike the former digital design method, the
surface is pre-manufactured with built-in sensing capabilities, shapes and
sizes. Users define the outcome of this surface through additive methods
(paneling linear sensor tapes), or subtractive methods (cutting a sensor

sheet) -the shapes and sensing targets are processed post-manufacturing.

Lastly, I explore the “Sensing Applications” area with three techniques for the

design of multi-modal sensing -

1) Designing “target-specific shapes” for different sensing targets.
Examples include special patterns for specific electric field sensing
such as electrodes for capacitive sensing, antennas for Near Field
Communication (NFC) and Global System for Mobile
Communications (GSM) signal pickup [16].

2) Multiplexing an input electrode with various analog circuits for multi-
modal near surface sensing (pressure, touch, folding, proximity
sensing). Unlike the previous approach, where a series of patterns
are needed, this approach only requires one electrode design, in this
case, interdigitated electrodes. The same input is processed with

different analog circuitry and can infer multiple physical phenomena.
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3) Adding extra layers of chemicals for ad-hoc sensing target alteration.
The additive approach (printing) supports adding different chemicals
onto the same sensing substrates, which enables personalized
alteration of sensing functionalities [17]. Another approach is to
“draw” sensing elements such as carbon nanotubes [18] on the

sensor substrates and alter the sensing targets.

In this thesis, I strive to combine the field of emerging technologies in the
manufacturing of low-cost flexible electronics and the field of sensing and
industrial design for human computer interaction. This work can serve as a
fundamental framework for the future of rapid sensing prototyping and

interactive design.

[ envision that, in the future, every printer will come with cartridges beyond
just different colors, but also conductive ink and sensing materials as ink.
Furthermore, there will be software toolkits that can support users to not
only design graphics with clipart templates, but also to design rules,
geometries and applications for printing circuits and sensors that are

integrated with printed image made from the standard inks.

The following chapter describes the related technology and research in
flexible electronics and sensor skin surfaces; previous research on
augmenting smart objects with near surface sensing, toolkits for physical

computing and prototyping, and lastly, inkjet-printed sensors.

18



Chapter 2

Related Work

2.1 Flexible Electronics and Sensor Skin Surfaces

The concept of sensate media [19], multimodal electronics skins as dense
sensor networks, was introduced in recent years as the future of sensing and
networking in smart objects [20] [21]. A sensate surface is ideally scalable
and potentially requires less computing power for small-scaled sensing,
tracking and interactive applications [22]. Many researchers have developed
dense, skin-like sensor systems. The benefits and technological requirements
of having sensitive skin devices were first demystified by Lumelsky et al. [3];
they envisioned a new paradigm in sensing and control which would be
enabled by a large array of sensors embedded in a flexible, stretchable,
and/or foldable substrate that could cover the surface of a moving machine.

These surfaces can enable unsupervised machinery in unpredictable and

unstructured surroundings.

Figure 2.1 Example platforms for skin-like sensor systems built with rigid PCBs.
Left to right: Tribble [23], S.N.A.K.E [24], and Chainmail [22].

Most of the research since has focused on robotic tactile sensing [5], matrices
for Human-Computer Interaction [7] [8] [5], and ultra-dense distributed

sensor networks [22] [20]. Strategies of peer-to-peer communication, and
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computer algorithms for dense sensor network platforms were developed to
process the massive amount of information generated via a skin interface.
Example platforms from the Responsive Environments Group at MIT Media

Lab include the Tribble [23], ChainMail [22], PushPin computing [25].

Sensor skin surfaces also provide various resolutions depending on the
sensory density for application-specific requirements. In order to integrate
the sensor design into an everyday object, researchers started working on

the implementation of sensor arrays on flexible electronics.
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Figure 2.2 Roll-to-roll printing processes, widely used in display connector circuits
for providing extra elasticity to the connection while embedding and constraining
the back panel [26].

Research in materials and mechanics for flexible and stretchable electronics
[2] promise an exciting future in wearable computing and smart object

manufacturing, but are still far away from user-customized design

Three major types of manufacturing techniques can be used to fabricate a
flexible sensing surface. The first one is fabrication by roll-to-roll processing
[2] [15]. Roll-to-roll lithography is capable of very high-resolution conductor
placement on flexible substrate materials, but at a relatively high cost.
Another manufacturing method for fabricating large-area, low cost flexible
materials is additive printing of noble-metal conductors, organic conductors,
and even semiconductors [26]. However, the electrical and mechanical
characteristics of the resulting materials do not make them an adequate

substitute for more conventional manufacturing techniques. The third
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approach centers on methods for printing metallic conductors from
nanoparticles. These techniques are currently being developed, hence few
are yet mainstream. The main contenders appear to be copper-on-kapton
substrate (e.g. www.allflexinc.com), conductive inkjet flex technology (e.g.
www.conductiveinkjet.com) and metallic nanoparticle inkjet printing (e.g. t-

ink.com).

Recent applications of flexible sensor surfaces include distributed optical
proximity detection such as FlexAura [27], a flexible range sensor based on
IR LEDs and  phototransistors; Sugiura et. al [10] designed a stretchable
tangential force measurement based on measuring IR passing through an
elastic membrane; PyzoFlex [8], a 4-layered multi-touch pressure and hover
sensing input device that is based on screen-printed ferroelectric material;
the unMousePad [7], an interpolating force-sensitive resistor sheet for multi-
touch pressure input. However, all of the above approaches require multi-

layer construction and special manufacturing tools.

dot pattern (Anoto)
electrodes (Carbon)

pyrolpiezo layer
(P(VDF-TFFE))

electrodes (PEDOT:PSS)

substrate (PET)

Bumpy FSR surface
Resistive layer
Conductor

Clear substrate

Figure 2.3 Left: UnMousePad - resistive, pressure-sensitive touchbased input
device for tracking both touches as well as pens based on Interpolating Force
Sensitive Resistance (IFSR). Right: PyzoFlex, a pressure sensing input device that is
based on a ferroelectric material. It is constructed with a sandwich structure of
four layers that can be screen-printed easily on any material.
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There are also linear flexible sensing strips such as ShapeTape [28],a 48 x 1 x
0.1 cm flexible rubber strip which measures bend and twist at 6 cm intervals
using embeded fiber-optic sensors, allowing the shape of the entire tape to
be reconstructed at 30Hz. TactileTape [29] also has a one-dimensional tape
form factor, but in this case it senses single-touch input along its length
(Figure 2.4). Figure 2.4 (a-c) shows another example of linear sensing
structure for touch input that is based on time domain reflectometry for
touch location sensing. Time domain reflectometry is originally used in
diagnosing cable faults and where a cable is being touched. In this example,
Wimmer and Baudish [30] explore how to extend time domain reflectometry

in order to touch-enable thin, modular, and deformable surfaces and devices.
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Figure 2.4 Left: Modular and Deformable Touch-Sensitive Surfaces Based on Time
Domain Reflectometry. Right: TactileTape: low-cost touch sensing on curved
surfaces.

Our approach aims at providing a one-layer thin sensor printout without
extra hardware components on the surface. The “sensors” can be easily
accessible and produced by end users by either ordering conductive ink

printing services online or printing at home.

2.2 Augmenting Smart Objects with Near Surface Sensing

The advantage of having a thin layer of printed sensor is the ability to quickly
design, modify, and reiterate the shape and size while embedding sensing
capabilities into smart objects. Augmenting smart objects with sensing

abilities, especially touch input, has been demonstrated on many input

22



devices for extending interaction capabilities. Mouse 2.0 [31] demonstrated a
series of new designs to support the traditional mouse with additional touch
sensing on the un-utilized surface. Wigdor et al. presented Under the Table
Interaction [32], which explores the design space of a two-sided interactive
touch table. Other researchers attempted to capture users’ intention by
detecting the different ways of implicit grasp inputs as users hold their
devices. Examples include Graspables [33], the bar of soap [34], and multi-
touch pen for context sensing [35]. However, most of the above examples are
all based on planar, non-flexible printed circuit boards. My proposed
research can serve as a platform suited to prototyping smart objects for
gesture recognition and interaction and enhancing the input capabilities of
existing devices. Also, it allows designers and end users to print their desired
sensing shape cheaply, which can be folded, cut and integrated with rapid

prototyping technologies.

Capacitive Multi-touch Sensor

\
e

Figure 2.5 (a)The Tango: a tangible receptive whole-hand interface [36]. (b)
FlexAura, a flexible near-surface range sensor [27], (c) The Bar of Soap, handheld
devices that combine grasp and orientation sensing, (d) Grips and Multi-touch
Pen [35].
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Orientation Sensor
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2.3 Toolkits for physical computing and prototyping

Many toolkits have been developed to support physical computing during the
prototyping process. Traditionally, designers use sketches to demonstrate
user interface ideas and then prototype, test, analyze and then redesign.
Building a customized hardware platform for prototyping design ideas is
time-consuming and requires substantial knowledge of electrical engineering
and programming,.

open-source electronics
prototyping platforms

.NET gadgeteer

Netduino Phidget

Figure 2.6 Example hardware toolkits for computational rapid prototyping. These
open-source electronics prototyping platforms support collaboration through the
sharing of personal projects and source codes.

Open-source electronics prototyping platforms like the Phidgets [37], d.tools
[38], Calder [39], iStuff [40], LEGO Mindstorms [41] .NET Gadgeteer [42] and
Maaestro [43] provide physical widgets (sensor building blocks), and higher
level software widgets for a designer to interface and iterate during the
design process with little engineering skills required (figure 2.6). The
problem with hardware widgets is their lack of flexibility in the function once
they are designed and manufactured. For example, a force sensitive resistor
(FSR) is commonly used for pressure input. However, the size and the shape
of each FSR cannot be changed easily. The design decisions need to be made

based on the limited sensor selection that is available in the market.
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To solve the physical constraints with existing sensors, prototyping toolkits
such as Midas [44], Sketch-a-TUI [45], Drawing the Electric [46], and
commercialized products like Makey Makey [47], were developed to enable
end users to fabricate custom capacitive touch sensors to prototype
interactive objects. The problem with most toolkits is that they are

disconnected from the design and the fabrication process.

Design
Touch Areas Fabricate Assemble

UH

(b) —

1 LUV MAKEY
MAKE?Y

Figure 2.7 Toolkits for prototyping interactive objects. (a)Midas, (b) Sketch-a-TUI,
(c) Draw the Electric, (d) Makey Makey.

An inkjet-printed sensor design approach not only provides a fast
prototyping sensing surface, but also emphasizes the integration of
functional elements with industrial design practice (designing sensing inputs
as graphics), as well as different techniques for physical constructions
(through cutting and folding). It is also more scalable and reproducible than
the handcraft approach, since the files can be scaled, shared and re-printed

easily.

2.4 Inkjet-Printed Sensors

To realize the vision of flexible electronics and sensate surfaces, every single

component needs to be printed, including sensors, components such as
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transistors [48], batteries [49] and even memory arrays [50]. Figure 2.7 is an
artist’s illustration [50] of the future of flexible electronics, where a sensor
tape integrates pressure, acceleration sensors, electronics for signal
processing, memory, and a thin film battery. This compact, standalone sensor

tape can be attached to a helmet, for accessing the possibility of brain injuries.

Encapsulation

Artist Visualization

Lamination

\ Printed sensors,

memory and electronics

Thin-film battery

Figure 2.8 lllustration of a flexible printed sensor tape for diagnostics of mild
traumatic brain injury. The sensor tape integrates pressure and acceleration
sensors, signal-processing electronics, non-volatile memory, and a thin film
battery [51].

In this dissertation, I am interested in low-cost processes that not only can
support large-scaled deployment, but also be used for rapid sensing
prototyping. Therefore, the following examples of related work are focused
on making sensors with inkjet printers. Many researchers developed their
experimental platforms based on materials printers such as the Dimatix
Materials Printer from Fujifilm [52]. It enables the deposition of fluidic
materials on an 8x11 inch or A4 substrate, utilizing a disposable piezo inkjet
cartridge. Figure 2.9 shows an example of gas sensors printed on a paper
substrate with the materials printer. Vyas et al. demonstrated inkjet-printed

and self-powered wireless sensors for environmental, gas, and
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authentication-based sensing [53]. Another example is Sensprout [54] from
Kawahara et al. that integrates an antenna, a soil moisture sensor, and a leaf

wetness sensor with a RF energy harvesting antenna.
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Figure 2.9 Left: SenSprout: inkjet-printed soil moisture and leaf wetness sensor.
Right: RFID tag modeule designed on flexible substrate, with inkjet-printed single
wall carbon nanotubes (SWCNT) film as a load.

This dissertation provides an infrastructure for the design and application of
printed sensate surfaces, through the combination of the functionalities of

printed sensors and various design approaches.

The next chapter describes the characteristics and material processing of two

low-cost inkjet printing technologies that are used in this dissertation.
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Chapter 3

Manufacturing: Conductive
Inkjet Printing

Two manufacturing technologies are selected as experimental platforms in
this thesis: 1) Conductive Inkjet Technology (CIT) in Figure 3.1, a two-step
electro-less plating process that plates copper on Mylar substrate
(http://www.conductiveinkjet.com/). 2) Off-the-shelf desktop inkjet printing
(Figure 3.2) with conductive silver nano particle ink on polyester film or
resin coated paper (Silver Nano Particle Ink from Mitsubishi Paper Mills

Limited - http://www.mpm.co.jp/).

The first technology offers good flexibility, strength and conductivity of
circuitry that is unlimited in length with the roll-to-roll process. However, the
machines is not accessible by end users and, although the turnaround can be
prompt (e.g. two-three days), it takes time for ordering and shipping.
Whereas the second technology, off-the-shelf conductive ink printing, only
requires users to purchase the ink and can operate with a cheap inkjet
printer. Although this method has the disadvantage of less flexibility (the
chemical sintering process provides less mechanical strength between
conducting particles) and about 2 times lower conductivity, the
manufacturing time is the speed of normal printing on a sheet of paper,

which provides users with instant feedback on their designs.

Table 3.1 presents properties comparison between these two technologies.
Both methods have reasonable sheet resistance for basic circuits, and both
print on PET substrates. The conductor is electroless plated copper metal for

inkjet flex printing and Silver nanoparticles for conductive ink. It cost about
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3-10 times more to print with CIT printing since the price is based on size,
instead of materials used from the vendor. The thickness of conducting
material is thicker for Inkjet Flex printing, which is beneficial both in
conductivity and physical strength against bending. Since the conductive ink
printing technology is based on chemical sintering between the ink and the
resin coating on the paper, depositing more layers of ink will not make the
conducting layer thicker, whereas in a deposition process, the thickness of

the conducting layer can be easily controlled by reaction time.

Inkjet printing with

CIT Printing conductive Ink
Sheet Resistance 20~50 mQ/O 110mQ/o
Substrate Melinex 339, White PET Resin coated PET film

Electroless plated Copper Chemical sintered Silver

Conductor .

Metal nano-particle

N . $4 USD for A4 (solid),
Cost $10 USD for A4 size $0.8 USD for A4 (20%)
Thickness 220 um 0.75 um

Table 3.1 Properties comparison between Inkjet Flex Printing and Conductive
Inkjet Printing with Silver nanoparticles.

The two complimentary processes in this dissertation are presented in

different projects based on the suitability of each application.

3.1 Conductive Inkjet Technology (CIT)

Conductive Inkjet Technology is a two-step process to create solid copper
circuitry directly from digital files (Figure 3.1). The first step is inkjet
printing patterns with a catalytic ink through a roll-to-roll process (Figure

3.1(a)). The printer is cable of printing in 360 dpi (< 250 um feature size) and
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sheet resistance of 20~50 m({l/o on a Mylar substrate that is 280 mm in
width and unlimited in length. After the first step, the rolls with catalytic
patterns are immersed in an electroless plating solution to deposit solid
metal onto the desired pattern (Figure 3.1(b)). The process additively creates
circuits; therefore the ink and metal are only deposited where required by
the design. Compared with the subtractive method of traditional circuit
fabrication processes, which etch unwanted material, this approach produces
smaller a waste stream and environmental footprint. Figure 3.1 (c) shows an
example circuit with components attached to the flexible circuit printout

with low-temperature solder or conductive adhesive.

For applications such as navigation of a flexible display, we could replace
copper with ITO (Indium tin oxide) on transparent polymers to produce a
transparent layer of circuitry, which is a common technique for OLED

displays [20]. This process provides a consistent conductivity between

folding and bending.

Figure 3.1 CIT printing technology with 2 stage additive process. (a) Stage 1,
inkjet printing (360 dpi) with onboard UV and IR curing. (b) Stage 2 - electro-less
copper plating. (c) Example flexible circuit with copper traces on Mylar substrate.

3.2 Off-the-shelf Inkjet Printing with Silver Nanoparticles

The primary disadvantage of the CIT printing is the lead time. Like most PCB
manufacturing methods, once you design the circuit, there are a few days of

manufacturing and shipping time.

The second process we explored is printing conductive traces with silver ink

and an off-the-shelf inkjet printer. We adapted conductive silver ink from
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Mitsubishi Paper Mill and print conductive traces on paper. The sheet

resistance is 0.11Q/0, 8*10'6 ohm-cm, with a thickness of 0.75 um. The
printing is a chemical sintering process and the sheet resistance reaches
steady state after 5~10 minutes, depending on the paper. Although this
process has less durability to bending, printing with an off-the-shelf printer

presents great advantage in rapid prototyping.

It is a chemical sintering process that reacts with polyester film or resin-
coated paper. In our experiment, we replaced the ink cartridge (Figure 3.2(b))
of an off-the-shelf inkjet printer (Brother DCP-J1 40W), and by fine-tuning
the print setting; we were able to produce conductive Silver traces with the
same quality of conductivity compatible with CIT. The advantage of this
technique is having the ability of rapid prototyping on your desktop. Also, it
is possible to combine the printout with colored pigments and even sensing
materials to have a multi-modal sensor sheet manufactured in the same

process.

Figure 3.2 Conductive Inkjet printing with off-the-shelf printing and conductive
silver particle ink. (a) An example inkjet printer with silver nano particle filled ink
cartridges. (b) Silver nano ink and replacement ink cartridges. (c) Example
printout from Mitsubishi paper mills limited.

3.3 Component Attachment Techniques

One of the major challenges of replacing traditional PCB substrates is the
component attachment techniques. Traditional PCB technology is based on

glass-reinforced epoxy laminated sheets with conducting traces. The
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materials have great thermal & mechanical properties and are optimized for
reflow soldering processes. For the two flexible circuit printing technologies
we explored, both use PET film as substrates. PET has a low melting point
and is not compatible with traditional soldering techniques. Here, we present

the two component attachment techniques for PET substrates.

The first technique is soldering with low-temperature solder. This technique
utilizes existing soldering infrastructures and is compatible with the copper
on Mylar circuitry. We used EFD SolderPlus D500 series [55], which is a
Sn42Bisg Low Temperature Solder Paste. This solder paste alloy has a eutectic
point of 138 °C, which is lower than the melting point of PET films (~260°C).
However, this technique does not work with the Silver nanoparticles circuit,

since it burns through the resin coated film easily.

Figure 3.3 Component attachment with low-temperature solder paste and a
solder paste dispenser.

Another issue is the mechanical bonding force between the components and
the conductor traces. Tin and Bismuth in the low temperature solder paste
(Sn42Bisg) both has poor mechanical strength and the bonding force is

weaker than traditional Lead or Silver based solder.

The second method for component attachment is using Conductive Adhesive
Transfer Tape from 3M (3M Z-axis conductive tape 9703) [56] that is
designed for attaching Flexible Printed Circuits (FPC) to traditional PCBs.
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General Depiction of Product Application (exploded view)

FIexibIeﬁPﬁrinted Circuit

Printed Circuit Board

Figure 3.4 lllustration of the conductive adhesive transfer tape from 3M [56].

The tape is a standard adhesion pressure sensitive adhesive (PSA) transfer
tape with conductive fillers (silver particles) enabling connectivity through
adhesive thickness (the Z-axis) between substrates. The insulation resistance
in the plane of the tape is around 3.4x101* Ohms/square and the contact

resistance is < 0.3 ohmes.

For attaching fine pitch components, the minimum gap between conductors

is 15 mils (0.4mm) and the minimum overlap area is 5000 mil2 (3.2 mm?).

The disadvantage of this attachment method is the high cost of this material.
However, since it is like any adhesion pressure sensitive adhesive tape, one
can easily remove and reattach components onto the substrate without
damaging the substrate and traces. This presents a great way for solder-less
rapid prototyping. The next chapter describes how we utilize the
combination of graphic and sensing design aspects for the making and

development of interactive surfaces.
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Chapter 4

Sensing Design:

Computer Aided Design for

Customization

The previous chapter describes the experimental platforms for conductive
inkjet printing technology and flexible printed sensor sheets. The strength of
this technology is the high flexibility of graphical and physical design and
rapid prototyping. This presents a great opportunity in user customization.
To that end, I use music controller interfaces as an example to show the

possibilities of combining graphics, sensing, and musical interaction design.

This chapter describes music control sensate surfaces, which enable any
musical instrument to be outfitted with a wversatile, customizable, and
essentially cost-effective touch and gesture interface. The first part of this
chapter describes a sensate music controller surface based on conductive
inkjet printing technology, and the second part describes an exploration that
combines color pigments and silver nanoparticle ink to produce a fully-
customized, parametrically designed music controller surface that is

aesthetically-driven with an off-the-shelf inkjet printer.

The last part of this chapter describes a capacitive sensing controller toolkit,
which allows users to define and assign inputs and outputs through the
hardware interface. The high dynamic range capacitive sensing electrodes
not only can infer touch, but near-range, non-contact gestural nuance in a

music performance. With this sensate surface, users can “cut” out their
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desired shapes, “paste” the number of inputs, and customize their controller
interface, which can then send signals wirelessly to audio effects or software

synthesizers.

I seek to find a solution for integrating the form factor of traditional music
controllers seamlessly on top of one’s music instrument and meanwhile
adding expressiveness to the music performance by sensing and
incorporating movements and gestures to manipulate the musical output.
We present an example of implementation on an electric ukulele and provide
several design examples to demonstrate the versatile capabilities of this

system.

4.1 Motivation and Related Works

For decades, researchers have been working on exploiting alternative input
devices to develop new electronic music controllers with intuitive interfaces
and ways to enable people to play synthesizers [57]. Controlling sound with
more expression but less complexity has long held the interests of musicians,
especially in live performances. A common problem among many music
controllers is the lack of a general interface that is specifically designed for
integrating and simplifying different playing modes, especially with

traditional instruments.

One of the major challenges for an understaffed live performance is to
multitask on stage between controlling switches, knobs, effects, pedals and,
at the same time, focus on musical expression. Our first music controller
project seeks to provide a customizable wireless music controller surface
that can be easily adapted by musicians and seamlessly integrated with any

existing music instrument.

Our goal is to create a skin-like sensate surface, which allows users to build
their desired controller without changing the geometry of their instruments.

We believe that this approach is an efficient and cost-effective method to
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create a user interface for music since our platform is highly adaptive and

can, in practice, be custom-designed by users.

Musical instruments, especially traditional acoustic instruments have long
been designed with high visual aesthetic [58]. This is still a strong practice
with guitars [59], which are even now adorned with any manners of
compelling artwork. This project brings such aesthetic visual adornment into
functional electronics skin laminated onto the instrument that responds to

the nuance of touch anywhere on a surface, much as biological skin does.

To demonstrate this, we used an electric ukulele as an example and
developed circuit implementations and patterns tailored for specific contact
or non-contact musical gestures. We printed different designs and explored
how the addition of integrated instrument effect controllers could benefit a
live performance and how it is possible to have an electronic surface that can
add something to the aesthetic to a musical instrument. Besides sensing basic
control signals, we also explored the possibilities of embedding sensors in
areas where extended hand gestures during a performance can be detected
and then use that information to contribute expressiveness to the musical
outputs. Studies have been conducted [60]of ancillary gestures musicians
make during performances that are not related to sound production over
surface can also measure some of these and exploit them in making the

instruments sound more expressive.

Performing live on stage and simultaneously using various controllers has
never been an easy task. Although the days of manipulation of knobs and
switches from racks of synthesizers or arrays of stomp boxes [61] are now
replaced by touchscreens on tablets and laptops, it is still not easy to switch
back and forth between a traditional instrument and a software interface. It
can also be challenging to modify an existing instrument, since the shape
design is commonly optimized for acoustics and playing. Figure 4.1(a)
illustrates movements frequently required during a regular performance.

Our motivation is to create a sensate “skin” for extra control inputs, which
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allow musicians to implement their desired sensing components on the
surface of their instruments and replace extra movements with additional

control inputs (figure 4.1(b)).

Figure 4.1. (a) Example of extra movement required between instrument and
music controllers. (b) Implementation of our system with additional guitar
control inputs to send the most commonly used commands and minimize needed
finger motion for the extra control during a live performance.

Previous work related to adding extra control through embedding sensing
components into musical instruments for alternative control including the
Starr Labs “ZTAR” [62], a guitar-like digital instrument with a touch sensitive
fingerboard, string triggers, hotkeys and a joystick, Stepp’s DG-1 analog
guitar synthesizer [63]; or Donald Buchla’s Thunder percussion controller,
which replaced keyboards with flat pressure and position-sensitive

capacitive touch plates [64]. These examples demonstrate the potential of
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extending the possibilities in music expression through additional tactile
sensing components and creating new ways to interact with digital control.
However, there is no existing option for an average user to implement such
sensing capabilities besides purchasing control surfaces like a Korg
Kaossilator as a building block (more kludging) or attaching an iPhone or
button bank to their instrument. Examples of players trying to integrate a
touch interface on top of their instruments are shown in Figure 4.2. These
indicate that touch screens are not enough to support the need of musicians,
mainly because they are not shapeable or conformable; a standard
row/column touch screen can not bend across the instrument’s body or

accommodate the many holes and irregular boundary,

Figure 4.2 Left: Wayne Coyne of The Flaming Lips [65], and Right: DIY Korg
Kaossilator guitar [66].

The goal of this approach is to extend a musician’s prized instrument in an
elegant way without changing its original shape and. Inspired by the
Chameleon Guitar [67], a hybrid acoustic and digital instrument with a
replaceable acoustic resonator that preserves the traditional acoustic values
while capable of digital manipulation abilities, we attempt to create a printed
sensate overlay that preserves the physical shape and properties of an

established instrument. Because of its popularity, its accessible, relatively
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flat and compact body, and the ability myself to play, I used an electric
ukulele (Eleuke SC-100) as an example to demonstrate the possibility of
adding more controlling capabilities to a relatively flat playing surface and
explored its potential impact on future live performances. Figure 4.1(b)

shows one of the implementations of our design.

Previous works on building pressure-sensitive surfaces with printed FSRs
and capacitive sensing as a generic surface for musical expression include
Koehly et al. [64], and Jones et al. [68]. In a recent example, Freed & Rowland
made an aesthetic multi-electrode conductive pattern into a distributed
speaker “browsed” with a handheld magnet [69]. These novel sensing
surfaces were designed as new instruments for playing music. Our design,
however, is not purposed for serving as a standalone musical instrument.
Our surface is built specifically for increasing the expressiveness of an
existing instrument. The interaction includes pressing, hovering and sliding.
Technical details will be described in Chapter 7, where I summarize all the

near-surface interaction techniques that I explored.

The next section includes two music controller surfaces that I built. The first
example was in collaboration with fellow Responsive Environments Group
RA, Nan Zhao. We designed three patterns with “blocks” as inputs, and the
inputs are mapped as on-off buttons and sliders. The second example is the
Zebra skin, in collaboration with fellow Responsive Environments Group RA,
Amit Zoran, utilizing parametric design principles for creating an
aesthetically-driven surface that allows the users to clearly see different
control regions that will become more intuitive and nuanced via practice.
Each user can develop their unique hand movement and gestures to perform

expressively.
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4.2 A Customizable Sensate Surface for Music Control

4.2.1 Functional patterns as inputs

We built a sensate surface controller prototype and provided three design
examples on an electric ukulele for the reasons described above. The surface
detects gestures, hovers and touches and transmits signal intensity and
location via Serial communication to a software host on a connected
computer, which then converts the signal into MIDI messages. These MIDI
messages were mapped, based on the location of the gesture, to control
signals such as tap tempo, pitch, distortion or simpler commands like volume

change or record/stop.

Figure 4.3. (a) Potential spaces (blue zones) for extra control inputs. (b)
lllustration of traditional implementation of additional control inputs (c)
Control surface design pattern with the same effect as (b) without physically

changing the original instrument.

Our design principle is to embed extra control input ability in spaces that are
normally too small or not suitable for implementing extra components, such

as knobs and sliders. Figure 4.3(a) is an illustration of different potential
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areas for adding control inputs onto our example instrument. Based on the
gestures commonly used in playing this instrument, the three zones are
mapped to different functionalities in our design. Figure 4.3(b) shows how
extra control inputs could be implemented in a traditional design, and we
demonstrate that the same functionality could be achieved with an aesthetic

or decorative sensate surface input in figure 4.3(c).

Figure 4.4. (a) Printout of our example designs. (b) Capacitive sensing buttons
(indicated by orange arrows) and associated circuit with surface mount

components (CY8C20) attached to the flexible surface.

There are two parts to the hardware design. First, we generate a flexible
sensate surface printed with sensor patterns and limited components for
capacitive sensing. And second, a PCB is needed for data processing and
wireless communication. Our prototype sensate surface is based on printing
copper patterns onto a thin plastic substrate using conductive inkjet printing
technology [14]. With this technology, it is possible for us to print complex
conductive patterns for electromagnetic field sensing [17]. The total cost for
our design per ukulele is less than 10 US dollars (~$7 for the printing and
~$3 for components). The sensing method is capacitive sensing, which in this
implementation relies on Loading Mode - measuring the capacitance change
between a human hand and a metal electrode. By measuring the time
between several charge and discharge cycles, the distance of a user’s fingers
from the surface can be inferred. While it is possible to attach surface-mount
components directly to the surface with low temperature solder or
conductive adhesive, this process takes more time and the mechanical

41



connection is not as strong as regular solder joints. Therefore, we minimized
the components required for the flexible surface and only placed the critical
parts, which are the capacitive sensing circuit and connections for
communication with the microcontroller. Figure 4.4 (a) shows the printout of
our example designs and figure 4.4(b) shows the surface mount components

attached to the flexible surface.

We implemented a CY8C20x CapSense capacitive sensing IC from Cypress
semiconductor, which is capable of supporting up to 28 CapSense 1/0 touch
channels with two-wire communication (TWI) protocol and 16 bits of
resolution. The device address of a CY8C20 can be changed manually, which
allows multiple CapSense slave devices on the same bus. The device uses a
seven bit addressing protocol where the last bit in a byte indicates read or
write. This means there can be 27 addresses on the same TWI bus line - a
total of 7168 (28 times 256) inputs, if designed properly. Also, this device
supports two different filtering methods to reduce noise from different
sources - the DTS (drop the sample) filter to discard samples acquired while
data communication takes place, and the averaging filter to improve

CapSense system noise immunity.

Figure 4.5. Connection details about the controller circuit. The microcontroller
unit talks to the capacitive sensing chip with a two wire communication protocol,
which allows many input devices to be communicating on the same bus.

42



For the PCB part, we wused an off-the-shelf ATmega 328P
(http://www.atmel.com/) development board with an 8 MHz external
oscillator and Bluetooth radio chip (RN-42) from Roving Networks
(http://www.rovingnetworks.com/). We wanted to design a modular and
highly adaptive system that allows the sensate surface customization to be
versatile yet intuitive for novices with minimum wiring. Therefore, we
selected sensor ICs that support two-wire communication where only 4
connections were needed between the PCB and the flexible surface - power,
ground, data (SDA) and clock (SCK). Once the capacitive inputs are triggered,
data is transmitted to the host microcontroller, then processed locally and
transmit to software, which converts sensor information into MIDI signals
according to the mapping design. In our study, we used a MIDI library from
Processing.org and sent MIDI commands to Propellerhead Reason 6.0, a
digital music synthesizer platform, to generate sound and create a mapping
to trigger effects and change the pitch and modulation of our instrumental

input (Figure4.6).

/ PC \ /Musical Instrument\

Software
Synthesizer

Wireless
Module

Control PCB

MIDI Interface
Software

Wireless
Module

\_

Figure 4.6. System block diagram — The main hardware is attached to a musical
instrument or essentially any object. A sensate surface communicates with the
control circuitry, which talks to a wireless module. The other end of the wireless
data transmission sits on top of a computer, which parses and passes the
information to MIDI interfacing software. The software then sends MIDI
messages to a software synthesizer.
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4.2 Mapping Strategies

The mapping strategies depend highly on the application and physical
construction of each specific instrument and the location where sensor units
are placed. Here, we discuss mapping strategies, both from the physical and
signal point of view. Again, we used a ukulele as example to explain the

relationship of sensor placement, hand gestures, and output mapping.

4.2.1 Mapping Strategies - Physical Mappings

Our mapping strategies are designed for demoing the variety of sound effects
that can be achieved via on-body control surfaces for a stringed instrument
such as a guitar or a ukulele. The pattern construction was built around three
zones that have different impacts on gestures, such as finger picking or
strumming. These three areas are termed trigger area, movement area and
command area (Figure 4.7). The trigger area includes the most commonly
covered right hand movement - ranging from strumming patterns by rhythm
guitarists to fingerpicking from playing bluegrass-style banjo music (where
clips are worn on one’s thumb, middle & index fingers, and one or two fingers
rest on the instrument). In this area, the sensor inputs are mapped to pitch
and modulation control, so the player can either change the sound or add
modulation while plucking the strings. The second area is the trigger area.
During a finger style guitar performance, players pluck the strings with their
fingertips, add fingernails, and rest their thumbs on the side. We use this area
as the trigger area, where precise controls are made to trigger loops,
instruments or pre-composed tracks. The last area is the command area,
which is less likely to be triggered accidentally during a performance. In this
area, we place inputs that have critical functions, such as “play”, “record”,
“stop”. In the mapping design, we also considered the possibility of detecting
extended hand gestures during a performance and how to use that
information to add expressiveness to the musical outputs. One of the

advantages of capacitive sensing over pressure sensing is that we can detect
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proximity. Therefore, it is possible to map non-contact gestures, such as
strumming, to beat generation. In our first prototype, we did not design
patterns specifically for sliders. Instead, we post-processed the data on the
software end and were able to map a continuous motion trajectory from the
button inputs to a slider motion. Besides sliders and buttons, inputs for
continuous velocity or aftertouch (pressure sensitivity) control are also very
important for musical expression. Therefore, a layer of elastic silicone was
included on top of copper pads in our design as a way to generate continuous
pressure-mapped control. The distance between one’s finger and the copper
pad (the distance between two conductors) is controlled by force applied on
the silicone. A similar technique was applied in another musical example
dating to the 70’s; the Alles keyboard at Bell Labs [70] used capacitive
proximity sensing to detect the height of each key continuously as it was
pressed, and an elastomer at the bottom of the key’s range turned the height

measurement into pressure there.

More details about system setup and signal conditioning are provided in the
evaluation section. In our experiment, we used one set of button arrays (as
shown in the later section) and invited users to mount the sensors on their
instrument based on their preferences with a preset mapping to our software
synthesizer. The four buttons in the movement area are mapped to distortion,
echo, reverb, and one bass note. This sensate surface can be applied to
essentially any instrument, and our mappings are designed only for demoing
one of the many possibilities. In the next section, we will describe the process

of customization and the toolkit we created.
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(1) Trigger Area

(2) Movement Area
(3) Command Area

Figure 4.7. Potential mapping on a plucked string instrument based on gestures
such as finger tapping, picking and strumming.

4.2.2 Mapping Strategies - Signal Mapping

The basic transduction principal of our design is capacitive sensing. With
inputs from the capacitance variance between a user and the sensate surface,
we were able to detect nuance of one’s gestures. Our signal mapping
experiment validates all the possibilities (button, sliders ...etc) of the
uniform-shaped copper. Our attempts include push buttons, sliders, activity
triggers, free gestural pattern recognition, and pressure sensing with a thin

layer of elastic material placed on top of the sensor surface.

Proximity

There is a broad range of possible gestures, for example drawing gestures,
waving, or other hand or finger gestures. We focused on one specific example,
which is a finger near-far gesture based on proximity sensing in a close range
above the sensor surface. Similar to the slider, the distance between the hand
and the sensor surface could be mapped to velocity, aftertouch or other
parameter to which a given audio effect responds to. The expressiveness of
the gesture distinguishes the class of effects that are suitable for this type of
control. The disadvantage of proximity control is the lack of haptic or tactile
feedback and reproducible precision, but this is less of an issue for such basic
expressive control.
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The capacitive sensing surface in push button mode detects touch. A simple
touch could trigger or toggle a preset effect. The control is simple and
requires little attention from the player. Since the activation does not take
any force, the player can gently tap the surface, swipe over it, or do any
movement that is natural during a performance to make a contact. A
software de-bounce was implemented in the capacitive sensing chip design

in order to decrease the sensitivity and noise.

Pressure

As mentioned earlier, adding a layer of elastic material on top of the sensor
surface creates an effective pressure sensor. In our experiment, we used
silicone as an input pressure array. An advantage of this sensing method is
the natural haptic feedback that the elastic material affords. It requires
higher motor control attention compared to a simple pushbutton and
therefore should be mapped to suitable effects or placed in an area where

one finger is naturally resting.

Activity trigger

In this mode, capacitive sensors not only detect a simple touch but also take
the duration or rate of change into account for more expressiveness and a
higher degree of control. A leaky integrator model, most commonly used as a
simple IIR low-pass filter or data smoother, for example, is an appropriate
mathematical model compatible with an acoustic instrument, hence well-
suited to controlling audio dynamic effects [71]. The more energy that is put
into the system, the higher the value of the integrator, thus the higher the
volume of an instrument or the more brittle the timbre. Hence, if no energy is
added to the system, the value of the integrator will decrease to zero within a

certain amount of time depending on the leak rate (k).

y(n) =k-y(n-1)+x(n)
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Where 0 <k <1 governs the decay of the integrator, n is the time index, y is
the output and x is the input. The input value for the leaky integrator could
be the duration of touch. In this case, the output value will increase linearly
or follow any predefined function. As described in the button mode, a touch
motion is easy and does not distract the player. If the rate of change is used
as the input, small movements, tapping, or sliding motions will activate the
sensing surface. The frequency and intensity of the motion defines the rate of
increase of the integrator value. This value should be limited and a low pass

filter could be used to smooth the signal.

In this case, the player has a higher freedom of control, but executes a more
complicated movement, therefore the sensor should be placed in a
convenient area where the control motion could integrate with the
strumming or tap motion. The movement integral, for example, could be used
in order to activate an effect during strumming, which increases with the

strumming frequency or intensity.

Slider

A slider, in this environment, consists of multiple sensor pads placed next to
each other, where we detect the transition of the finger between adjacent
pads. Measurable parameters are finger swipe direction, position and speed.
Pixelated capacitive sensing sliders are normally designed in a chevron shape
(Figure 4.8), which produces a more continuous, accurate and robust sensory
output then an array of simple buttons. In our case, we mapped a sliding
motion to a series of evenly distributed input events taking place on an array
of capacitive sensing pads. One can also make a continuous slider out of only

two nested triangular electrodes [72].
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Figure 4.8 Design reference of a linear slider [73]. Top: sensor electronics. Middle:
chevron-shaped input electrode array, Bottom: electrode signals for finger at red
region above. The slider position is given by the distribution’s centroid.

4.5 Customization

Since the process of printing flexible circuits is similar to using a printer, it is
possible to draw the circuit the same way as drawing with any graphic
editing tool that allows you to export a bitmap file. We invited users to design
their control surface with the same process as creating an artwork with
Adobe Illustrator. We provided design guidelines and several circuit layout
images required to process capacitive sensing signals, control LEDs for
indications and to connect to the PCB for data transmission. Our hope was to
not only enable people to implement a sensor circuit on their instrument, but

also to have them design an artwork that is aesthetically appealing.

Figure 4.9 shows the three different designs. Figure 4.9(a) is a design with
whole body coverage and has sensor components covering all three
interactive zones. Figure 4.9(b) and (c) are designs for partial coverage - (b)

includes only the trigger and the movement area, while (c) covers the
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command and trigger area. Two of the designs, (a) and (c), placed the circuit
on top of the surface while (b) hid all the wiring and components in the back,
by folding them on the Mylar sheet. The advantage of having shorter traces is
to reduce the risk of broken connection due to folding, especially when some
of the stress points were designed very close to surface mount components,
which can easily cause connection issues. The disadvantage was having less

space for touch inputs.

Figure 4.9. Three example designs for different coverage and input locations.

The combination of graphic design and circuit design creates a new art form
that allows each sensate “skin” controller to represent the music genre that
this controller is mapped to. We envision a musician with a “wardrobe” of
different surface controllers that are interchangeable, similar to switching
between effects or synthesizer racks or conversely, the manufacture can
hard-glue an array of such skins onto the same "vanilla" instrument design,
allowing user to pick an instrument with their style the way a consumer

chooses a shirt in a different pattern.

In order to realize the idea of DIY music skin controller, I started the
exploration of off-the-shelf inkjet printing with conductive silver ink. The
manufacturing equipment setup is less than $100 USD for the printer, and we
are able to design, iterate and modify patterns and manufacture things easily

with the speed of normal inkjet color printing. The section below describes
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the Zebra Skin, the first prototype I built in collaboration with fellow
Responsive Environments Group RA, Amit Zoran. The cost of each Letter size

print is ~$2 USD.

4.6 The Zebra Skin

Traditional music instruments are beautiful objects. Great effort is often put
into both their aesthetic presentation as well as sound quality. Modern
sensing technology, however, can enable the instrument’s decoration to also
serve as an expressive controller. For example, circular patterns can be
rotary controllers, stripes can serve as multi-touch triggers, solid shapes can
sense non-contact gesture and pressure, etc. What was only for beauty now
becomes sensate. To explore the intersection between visual and auditory
understanding and performance, we developed a music controller surface
that covers an instrument with parametrically designed conductive patterns.
The patterns function both as decoration and control inputs. A player learns
to express through physically sliding, tapping, and pressing into the surface,

or bridging patterns for more dynamic effects.

The development of the Zebra Skin started with the experimentation of
conductive inkjet-printed patterns as sensor-input controller surfaces with
off-the-shelf inkjet printers. By combining color pigment and silver
nanoparticles in inkjet printing, we are able to create an aesthetically-driven
sensing surface that is part of the music instrument itself, while also
functioning as a controller. Adapting parametric design, the sensing patterns
are generated computationally. We demonstrate the creation of a controller
surface for an electric ukulele. One can learn to play it over time, as a user
associates hand movements in different places with different kinds of effects
and sounds. Each custom pattern allows players to “see” what they “hear” as
they sculpt their timbre by touching and gliding, mix signals through touches
with multiple fingers, and physically remap the properties of sonic

interaction in the computer software.
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Figure 4.10. An example of inkjet-printed conductive patterns for physical
manipulation of electric ukulele signals. All features on the surface can generate
responsive control signals with touching, bridging, and hovering.

There are four components in this system: 1) parametric graphic design of
patterns, 2) sensing interface printout through an inkjet printer (Brother
DCP-J140w) with conductive silver ink, 3) a custom-made hardware
interface for sensing communication with a computer, and 4) software

(MAX/MSP) for computer music generation.

4.6.1 Parametric Pattern Design

The pattern is parametrically-designed in Grasshopper (a plug-in of Rhino).
We defined surface boundaries and force vectors manually before using
Grasshopper's Spatial Deform function to render a manifold for the
visualization of a smooth field (maximal points and associated gradients
were built into the field at the location of each significant controller nexus).
This surface is then sliced using Level Set with a constant height (Z),
generating a set of contour lines as shown in Figure 4.11. A few manual steps
are further required to connect the traces to form control regions and define
additional color prints. Once the regions and patterns were designed, we
assigned regions of interest as functional inputs (buttons, sliders...etc) as
shown in Figure 4.10. Another approach for parametric designed surfaces is,
for example, auto-routing space filling curves with attraction-repulsion rules

and predefined knots or centers to define particular controller locations.
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To mark the regions visually, we add another layer of color printing to
include graphic details and boundaries. We also excised several regions with
a laser cutter to preserve and reveal the original instrument design, as well
as designing sharp edges that can be naturally felt, hence help to guide
touching fingers. The entire surface is a controller - even ‘dead traces’, such
as decorative islands, can be bridged by one’s fingers for dynamic

performance effect.

Figure 4.11. Design process: (A) from vectors to contours, (B) two examples of
patterns designed with different force vectors.
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Figure 4.12. Different regions in the force vector field are defined as functional
inputs such as buttons, sliders, etc. Left: complete design, combining with colored
pigment. Right: Connected regions of each input.
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4.6.2 Rapid Prototyping with Conductive Inkjet Printing

The process we explored is printing conductive traces with silver ink and an
off-the-shelf inkjet printer (Figure 4.13(B)). We adapted conductive silver ink
from Mitsubishi Paper Mill and printed conductive traces on photo paper or
PET films. With this fabrication method, any iteration of the sensing surface
only takes less than 5 minutes to construct. More details about the
characteristics of conductive inkjet printing techniques will be covered in

Chapter 7.

A

L] ]

Figure 4.13. (A) Two examples of tracing continuity in sub-patterns, (B) the
printing process.

4.6.3 Hardware Interface for Sensing and Communication

There are many ways to detect varying signals on the conductive patterns,
such as resistive and capacitive sensing. In our implementation, we adopted
capacitive sensing and added expressiveness to the music control by
including sliding, pressing, and proximity to the performance. The PCB is
attached to the flexible sensor sheet through signal pads at the bottom of the
board with the 3M 9703 z-axis conductive tape. Nine separate input control

channels are implemented across our current pattern.
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4.6.4 Signal Mapping

The last component is the computer music software, which generates the
sonic output of our sensing surfaces. We use Max/MSP as our experimental
platform and implemented effects that are mapped to the patterns and

buttons that control inputs such as echoing, overdrive, delay, and distortion.
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Figure 4.12. Example Max Patch for the Zebra Skin Interface.

Combining sensing-enabled objects and flexible conductive printing, our
work serves as a platform for prototyping aesthetic graphic sensing input
with high accuracy and reproducibility. Our platform explores the unification
of compelling graphics and expressive input devices - a promising way of
creating a new form of art that intimately combines graphics, interaction, and

music.

4.7 Hardware toolKit for user customization

Although we envision a set of software tools to make this endeavor simpler,
the complexity of drawing, mapping and routing these controller surfaces

can now be difficult and time-consuming. Therefore, our future work is to
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develop a software toolbox for optimizing the sensor design (such as trace
proximity constructed for reducing extraneous pickup or crosstalk or
eliminating short circuits), which allows any musician to draw out the basic
shape and customize their desired patterns for their own control surfaces.
The design should be able to be integrated with anything in one’s
environment or be laid on top of any object with a minimized signal to noise
ratio (although noisy substrates such as LCD panels may require a rear
gravel or driven shield, and conductive substrates can affect the sensing
range, hence may need to be similarly adapted together with customized gain
adjustment). To test the basic principle and generalize the design, we
constructed two different patterns as a basic development kit, along with the
circuit, for easy implementation and evaluation. As shown in figure 4.15, we

printed out a series of buttons for touch inputs and the associated circuits.

Figure 4.15. Toolkit for basic implementation. Two design patterns were made.
Each battery-powered unit, as seen in the back, can transmit sensor data
wirelessly though Bluetooth.

Users can cut out the desired number of buttons and sculpt the shape of their
control surface, then reuse the rest for other applications. The sheet of circle
patterns in the front Figure 4.15 is part of a continuous long sheet of sensors.
Our vision is to build a library of sensor patterns and have them arranged on

the same large sheet or surface, which can fit into essentially any design
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requirements. We believe this technique can not only allow a user to
reconstruct a controller panel for their software synthesizer, for example, but
it also provides an opportunity for a user to physically reconfigure their
software effect racks in a physical way through cutting and folding (see

chapter 5).

Here, we report the capability of our system operating under various types of
input conditions. We intended to explore the variation of finger touch input
control that can be achieved with one generalized pattern design. In figure
4.16, we demonstrated four kinds of inputs - proximity, button, pressure

sensing and activity triggering.

The first type of mapping strategy (Figure 4.16(a)) is for proximity sensing.
Depending on the sensitivity settings of the capacitive sensing chip, we can
modify the range from few millimeters to ~3 centimeters. Too much
sensitivity, however, will induce noise and cross-talk between different input
pads. Here, our setting is approximately 0.5 cm. Figure 4.16(b) illustrate
inputs (directly touching the pads) that were mapped to button presses.
Signals were clean with a steep slope and fast response. The detection range
can be adjusted dynamically by changing the settings on the capacitive

sensing IC (through sending [2C commands from the microcontroller).

It is easy to create an on-off control like a button. However, for music
performances, control inputs normally come with a dynamic range of
adjustment. The method that is common for a software synthesizer rack is a
re-purposable array of knobs, which provide a wide range of dynamic control.
Hence, we use an array of pressure/proximity sensors. In order to produce a
smooth input, we fabricated a silicone cover for our test button array. The
addition of a layer of silicone on top of copper pads acts like a buffer and
gives us information about pressure. We demonstrated improved signal
range, with silicone cover, which was smooth and showed nice correlation
with pressure in Figure 4.16(c). This input is ideal for mapping virtual knobs

in a software synthesizer for expressive control.
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Figure 4.16(d) shows raw signals from activity integration (red line) and
output value (black line) after being processed by a leaky integrator. The
output value was determined by activities on the sensor while playing, and
had a variable decay rate based on the chosen k value (leakage rate, see
equation 4.1). This control method provides similar output as a pressure
sensor, but responds to dynamic motion with fast response time and more
accurate control. The disadvantage of this method is the need to swipe one’s
finger on top of the sensor pad, unlike a pressure sensor where you can rest
your finger on top of a certain point. Applications for finger style guitar
performance would most likely have a pressure sensor input for the thumb
location where one can adjust the sound easily by applying different pressure
without moving the finger, and user integrated motion over some other parts

of the guitar.
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Figure 4.14. Data plots from four different signal mapping strategies — (a)
proximity, (b) button, (c) pressure, (d) activity integration.
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Figure 4.15. Our modular test setup — an array of buttons connected to a battery-
powered microcontroller module that transmits data wirelessly. The figure on the
right shows input signals from sliding one finger along the sensor array.

The last example in our signal mapping strategies is mapping for sliders.
Figure 4.15 shows our test environment - a 4-pad sensor module attached to
a battery-powered microcontroller and Bluetooth module to send the
capacitive input signals wirelessly. One the right is the sensor data for those
four input pads. In this test, we tried to use the four pads as a slider. Our user
slid one finger across the surface back and forth from the top pad to the
bottom pad. The signal that comes from the motion is clean and robust and
can be easily mapped to software button presses or a slider when the four
pads are grouped adjacently (without implementing the standard slider

chevron shape), although that form could be also accommodated.

4.8 Conclusions

In this chapter, I presented two novel music control sensate surfaces based
on different conductive inkjet printing technologies, which enable

customizable integration to any musical instrument with a versatile and cost-
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effective user interface. My goal is to provide design examples and
corresponding physical mapping strategies for different finger techniques for
plucked string instruments, with an aesthetic and functional conformal
sensate skin adhered to the instrument body. To provide a more flexible way
for fast implementation of a basic setup, I designed a DIY capacitive sensing
toolkit and software interface for this system and provided five different
signal mapping strategies- button, slider, activity trigger, proximity and
pressure sensing, from the same pattern design. I demonstrated the usability
and showed data from those five different modes and invited musicians to

play and give us feedback on the mapping strategies.

My main interest lies in developing a system for producing new forms of
performances and instruments through empowering musicians with the
ability to improve, modify, and extend the capabilities of traditional
instruments. Future work includes creating more sophisticated toolkits with
multiple sensing modalities and better capacitive sensing capabilities (such
as sensing for longer range or adaptive range), and program a software
toolbox which will allow users to drag and drop sensor inputs to create the
link to MIDI signals for software mapping and synthesizer manipulation. I
used music controller surfaces as an example to demonstrate immediate
control and sonic feedback. Many other areas can benefit from this principle,

such as natural user interface design, interactive media and smart objects.

The next chapter is also about customization, but instead of using the
software-driven, graphical design approach, we focus on different physical,
tangible manual manipulation of sensate structures such as a linear sensor

tape, or a planar structure for folding, cutting, and pasting.
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Chapter 5

Sensing Fabrication:

Physical Manipulation

Chapter 4 describes examples of customizable sensate surfaces with
emphases on their graphic design. The shape and pattern of the sensate
surfaces are pre-defined in the computer to match the size and functionality
of the instrument. The outcome is decided before the manufacturing process.
In this chapter, I present two projects that focused on making sensate
structures - a “smart sensate sheet” as a “functional material”- instead of an
application specific input device. These “materials” are functionally specific
and can be physically manipulated to match the desired shape and size.
Based on the concept of digital fabrication, we explored what we termed
“additive” and “subtractive” manufacturing approaches with linear “sensor
tape” for adding, and “sensor sheets” with a redundant wiring design for
subtracting. The following sections describe these two different approaches

and our proof-of-concept prototypes.

5.1 The Making of Sensate Structures for User Customization

— Cuttable Sensor Sheet and Sensor Tape

The purpose of designing our sensate “material” is to be able to provide users
the freedom to physically manipulate the shape and structure of the sensate
sheet through cutting, pasting or folding, without the need of pre-designing

the shape or patterns beforehand. Such sensor sheets have an advantage in
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custom, complex-shaped surfaces, since the sheet can be cut into the desired
shape directly. Figure 5.1 (a) shows an example of a sensate surface. Figure
5.1(c) is an illustration of cutting a sensor sheet into another shape. To
assure that all the electrodes are still connected, we developed two different
types of wiring scheme and applied redundant wiring by combining different
topologies, and increased robustness within each topology through forward
error correction design [74]. However, the scalability of a pre-designed
sensate sheet is constrained by the spacing between electrodes and the
density of wiring. There is a limit to the size of the sheet and the ratio of

electrode to wiring area needs to remain low for error free operation.

The other method that we explored is creating a linear structure as “sensor
tape” and use an “additive” manufacturing approach to cover the surface area.
Figure 5.1(b) shows the basic construction of a sensor tape. The green box
indicates the circuit board, and the length can be as long as the roll-to-roll
process permits. With this approach, users can “paste” different tape
structures physically together to achieve the same final shape as cutting
(Figure 5.1(d)). Although the associated circuitry may seem higher than the
sensor sheet approach, the scalability is high when it comes to a large area-

coverage sensing space.

Each input (indicated by squares) can be assigned or physically modified
with specific sensing targets (e.g. sensing materials can be deposited atop the
electrodes or sensors can be attached with conductive tape or low
temperature solder). The basics are capacitive sensing and resistive sensing
through interdigited patterns, which require no additional materials. The
following sections describe details of each manufacturing approach, and
discuss design approaches for the adaptability and scalability of those

methods.

In conclusion, a sensor sheet subtractive approach has the advantage of fast
prototyping, and perhaps, less “post-manufacturing” time, since the input

space is pre-determined. In comparison, the additive approach of a sensor
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tape requires more manual labor, components and time. In smaller-scaled
production, it is more efficient to use the subtractive approach, but for a
large-scaled application, an additive approach should be more scalable. Both

work in most scenarios, and a mixed approach can support any complicated

design.
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Figure 5.1. (a) Sensor sheet - the green block represents the connector or
associated circuitry. (b) Sensor tape, which can be unlimited in length with
repeated connectors, wired taps, or scalable Mux. (c) With the subtractive
approach, one can cut out the desirable sensing area while in (d) one can paste,
or add multiple linear tape sensors to make the same sensing surface. The dotted
line in (c) and (d) indicates cutting lines.
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5.2 Subtractive Manufacturing: Cuttable Multi-touch Sensor

Sheet

To explore the design principal of subtractive sensor sheets, I started a
collaboration with Simon Olberding and Dr. Jirgen Steimle from the Max
Plank Institute of Informatics, Saarbriicken, Germany, about the development
of a cuttable multi-touch sensor material [74]. This project focused on the
technical principles for a printed capacitive multi-touch sensor, which the
user can physically tailor by cutting to the desired size and shape. These
principles make the circuit layout more robust against physical cuts and
removed areas, taking inspiration from topology in biological systems and

computer networks, as well as from coding theory.

Figure 5.2. An example of sensor sheet being cut to a specific shape and the
visualization its signal input readings.

In this project, we explored topologies for the circuit layout that are more
robust against cuts, and a wide variety of cut-out shapes can be supported by
combining several topologies in the same sensor sheet, adding various levels
of redundancy within each topology and a physically-printed Forward Error

Correction. The validation was done by a detailed simulation, an evaluation
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of the electronic properties and sensing characteristics of several printed
prototypes, and a proof-of-concept implementation of a letter-sized cuttable
sensor sheet. Here, I will briefly introduce the topologies. More details about

the redundancy scheme, FEC theory and our simulation can be found in [74].

The basic principal about increasing the robustness for subtractive methods
is the design-redundant wiring schemes to resist the loss of information
transmission channels (connecting wires) during the cutting. Two wiring
schemes are introduced in our exploration - star topology and tree topology.
In figure 5.4, we demonstrated the construction and implementation of a 4x4
multi-touch capacitive sensing sensor sheet, overlaying a tree topology and a
star topology on top of each other. Overlaying different combinations of
topologies can support different groups of cut shapes. From the simulation,
we learned that that overlaying two tree topologies improves rotation
invariance, while overlaying two star topologies allows for wider range of
supported shapes. The limitation of this approach; however, is the spacing
required and the potential cross-talking noise introduced by redundant
wiring, and interference between sheet layers. Especially when the size of the
networked electrodes grows, the trade-off between the resolution of each
input will decrease due to the spacing and wiring constraints. This constraint
only applies for a multi-touch sensor that requires dedicated signal line for

each input.

Figure 5.4: a) Prototype of a dual-layer sensor (b) with overlaid tree and star
topologies (a) for a 4x4 sensor sheet. The tree topology is printed on a
transparent PET film. Both layers are connected using 3M conductive z-Tape.
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5.3 Additive Manufacturing - Sensor Tape

In this section, I will discuss manufacturing issues and an example
application of sensor tape, which is made through a roll-to-roll process; we
can produce long, linear sensing structures and also apply different
chemicals on this surface for multi-modal sensing. The example I explored is
humidity sensing for environmental monitoring. In this example, I
demonstrate two aspects in additive manufacturing. First, as discussed in 5.1,
sensor tape is useful for the addition in shape formation. Furthermore, I
introduce the additive process of adding layers of chemicals to change the
sensing target via printing, deposition or attachment as another form of the

additive process.

Fine-grid sensing has always been a major challenge for the design and
integration of large-area sensor systems. Deploying a dense sensor network
nowadays involves implementing individual sensors and complex wiring
between the processor and sensors. The cost of individual sensor
manufacturing and system integration is high; hence, in most cases,
engineers use interpolation to compensate the missing gaps. We envision a
low-cost, large-area-coverage sensing tape based on roll-to-roll
manufacturing, where the substrate, electronic circuitry, electrode, and
sensing elements are implemented in the same process. Different sensing
elements are introduced, either electromagnetic field sensing components
that are embodied in the copper trace design or chemical sensing that is
based on coating resistive or dielectric polymers, etc. on top of the copper

trace “template” for multiple sensing targets.

This one-step fabrication process opens up the possibility for inexpensive
dense sensor system deployment that could be unlimited in length and also
enables different applications for large-area environmental sensing. In order
to have the flexibility of grid compactness for both narrow and wide area
coverage, we decided to experiment with a “tape” structured linear geometry

with dense sensing capabilities. This shape enables the user to physically
66



manipulate and configure the sensing density for various measurements. The
sensory units can be more precisely placed in a targeted location, like how
the density and receptors’ functionalities on our skin vary based on the
location on the skin. Here, we present the possibility of creating sensing
elements by adding a layer of conductive polymer, which can potentially be
integrated into the same roll-to-roll manufacturing process as the circuitry
printing process in the future. In this section, we show one example of the
integration of printed sensor tape with humidity sensing capability. Similar
approaches can be applied to other resistive sensors and we envision a
sensor strip with multiple functionalities that can be used not only for
electromagnetic field sensing, but also scenarios such as a smart material for

building-scaled water leakage detection, for example.

5.3.1 Method and Experiment

We began our attempt of adding more sensing capabilities with coating
polyimide films on our flexible electronics circuit layout. A polyimide film has
a high water absorption property because of its imide bonds, which causes
changes of space charge density under different humidity conditions. Also, it
is stable and hence requires no extra packaging. We adapted spin-coating as

our deposition method for testing different conditions.

Our material selection focused on finding a low-temperature curable
polyimide (~150 C°) to match the melting point of our flexible electronics
substrate, Polyester. In our experiment, we used a positive-tone
photosensitive polyimide, Photoneece® (PW-1500), which is commonly
used for buffer and insulation layers in semiconductors and electronic
components, and as a humidity sensing material. We experimented with a 9
mm * 12 mm film with 20 pm thickness (figure 5.5(a)) of polyimide coating.

The film was produced with spin coating.

The polyimide material was first applied on top of the flexible electronics

substrate and then spin coated at 700 rpm for 10 seconds and then 2750 rpm
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for 30 seconds (figure 5.5(b-c)). The samples were then prebaked at 120 °C
for 3 minutes on a hot plate. The last step was to cure the polymer on a hot
plate at 150 °C for 180 minutes. The I-V curve was measured with a two-
point probe system. The I-V curve for all samples was consistent with a
forward bias diode characteristic for the 0.8 cm?, 20 pm thick polyimide films

under 58 % RH, as shown in Figure 5.6.

Low-temperature
curable polyimide on
copper electrode

Copper electrode on
polyester substrate

Figure 5.5 (a) Sensor design — copper electrode on polyester substrate coated
with low-temperature curable polyimide. (b) Spin coating 20 um thick polyimide
onto conductive inkjet-printed substrate. (c) Pre-bake and curing on a hot plate.
(d) Apparatus for IV sweep measurements with 2 point probe.
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Figure 5.6 |-V curve of a 0.8 cm2, 20 um thick film at 58 % relative humidity.

Typical polyimides as Langmulr-Blodgett Films exhibit an exponential I-V
curve. The tunneling effect can be explained with Simmons tunneling theory
[75]. Since the I-V curve was consistent with a forward bias, to test the
sensitivity of this material with humidity, we designed a current-to-voltage
converter circuit to measure and amplify the signal. Figure 5.7(a) is our
circuit design - the operational amplifier (TLV2371) provides a constant
voltage for the humidity sensor, while R1 in the negative feedback loop
amplifies the signal a factor of R1/Rsensor. Figure 5.7(b) is the picture of an
example circuit implementation. The four output leads were connected to the
analog-to-digital input of a microcontroller. A main concern about having a
long cascaded line of sensing elements is the line impedance and signal drop.
In our implementation, we measured 6 () of impedance caused by the copper
traces in a 0.3 meter line, which would cause less than 1% of variation in the
sensor reading. Induced pickup is another factor for long lines, especially at
high impedance. With multiplexing at the end of each sensor tape, we could
read the humidity measurement of each sensing element with minimum
components, as shown attached to one reel of tape. To test the response time
of our humidity sensing element, we started by placing our sensor under 99
% RH and then moving back to 58 % RH, which was the ambient humidity.

Figure 5.8 shows an impedance variance of 30 kQ from 99% to 58% RH
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within 300 seconds under constant 1.4 volts. Although the response time was
not as fast as most polymer-based capacitive humidity sensors [76], the value
is repeatable and responsive to humidity changes. Response time could be
improved by increasing film thickness or using a polymer with higher water
absorption ability (for PW-1500, the water absorption rate is 4%). The time-
dependent ripple in Figure 5.8 shows the polymer thin film system reaching

diffusion equilibrium state.

Figure 5.7 (a) Circuit diagram for measuring resistance change at a fixed voltage.
(b) Picture of the actual circuit and components. The four pins are connected to
power, ground, reference voltage and amplifier voltage output linked to the
analog-to-digital input of a microprocessor.

In conclusion, we describe the concept and provide an example of fabricating
low-cost humidity sensing tape for fine-grid environmental sensing based on
a roll-to-roll manufacturing process. We experimented with the possibility of
constructing sensors and sensor templates with a low-cost conductive inkjet

printing copper circuitry.
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Our first attempt was to fabricate humidity sensors by spin-coating low-
temperature curable, high water absorption, conductive polymer (polyimide)
onto our sensor substrate and integrate the design with an embedded system
for data collection and power management. The humidity sensor was tested
in a two-point probe and exhibits the -V profile of a diode. We utilized the
property and designed a current-to-voltage converter circuit to measure and
amplify the signal. We demonstrate a working humidity sensor prototype
with an impedance variance of 30 k Q from 99% to 58% relative humidity

(RH) within 300 seconds under 1.4 volts.
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Figure 5.8 Impedance variance of 30 k Q from 99% to 58% RH within 300 seconds
under 1.4 volts.

Future work includes developing multiple sensing modalities, such as
temperature and light on the same template for the production of a linear
sensor tape with an assortment of sensing abilities, and also better ways to
apply different chemicals on the tape substrate, such as drawing with a pen
loaded with a sensor “ink” [77]. Research about mechanical drawing of gas
sensors on paper [77] has been done in Prof. Tim Swager’s lab at the
Chemistry department at MIT (Figure 5.9) and other methods such as
spinning coating, piezo-electric based inkjet printing and drop casting can
also be used as a fast way to apply different chemicals on the sensor tape

template.
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Figure 5.9 (a) lllustration of sensor tape as a template for different sensor coating,
while (b) changing the sensing target through mechanical drawing, or drop
casting.

We envision a flexible, inexpensive, low power sensor tape system that can
be embedded into or adhere to the construction materials as building blocks
of smart structures in the future. As mentioned at the beginning of this
chapter, sensor tape is a way of constructing a complex sensing surface with
an additive approach and can have great scalability for large-area,

environmental sensing applications.

This sensor tape can be served as a template for various sensing targets,
which can be changed ad-hoc based on the application, environment and
hardware platform associated with immediate needs, and charged wirelessly
or through energy harvesting as mentioned in the related work section.
Besides the “addition” in shape, adding different materials for expanding
sensing targets is also one of the aspects of the additive manufacturing
approach, which can support more scalable and versatile sensing

applications.
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Although more and more materials can be printed in the near future,
additional chemical layers often require specialized equipment for
reproducible manufacturing results; therefore, as covered in the following
chapters, I started to explore multimodal sensing techniques for near surface
interaction, without any additional layer of deposited chemicals. Each input
capacitive or resistive sensing element connects to an analog multiplexer and
cycles through different filtering circuitry that is targeted to the most
common interaction inputs - hovering, touching and pressure, without any

additional complication.
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Chapter 6

Multi-modal Sensing:

Target Specific Shapes

6.1 Sensor floor -background and related work

To demonstrate the scalability in power, data transmission and versatility of
multi-target sensing on a printed flexible sensor network, we use a roll-to-
roll process to create a sensor floor for activity sensing. Our prior work has
explored dense networks of hardwired sensor modules (termed Sensate
Media) as a scalable sensor substrate [22] [19] [20]. Many research groups
explored low-cost and dense sensing environments, mostly as floors, for
multi-media applications. Unlike computer vision based tracking, this
approach requires minimal computing power, can be quite low cost, and can
also provide good range-independent resolution, depending on the sensor
density. A flexible sensor floor can be quickly rolled out and hooked up
anywhere without constraints on lighting or issues of camera occlusion. One
of the methods is to use load cells at the corners of a surface that can
estimate the changes in weight and position of an object and further identify
people based on their footstep force profiles [78] [79]. Other projects,
including the Magic Carpet (piezoelectric wires) [80] , Litefoot (optical
proximity sensors) [81] and ISA floor (FSR) [82], create pixilated surfaces
using larger numbers of sensors. The Z-tiles used Force sensing resistors
(FSRs) in networked modular sensing units for easy installation and
reconfiguration [83]. Ada’s floor [84] is a networked tactile-sensing luminous

floor that was constructed and used as the skin of the playful interactive
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space Ada. Recent projects in the area of floor sensing evolved quickly in the
direction of multi-modal sensor fusion, especially those combining vision

tracking for off-floor three-dimensional movement and interaction [85].

6.2 Overall Architecture and Construction

Our prototype sensate surface [16] is based on a matrix of sensing ‘tiles’ that
is formed by printing a specific copper pattern onto a thin, flexible plastic
substrate using conductive inkjet technology. Each sensing tile is around
0.3m x 0.3m and contains four printed electrodes of approximately 0.12m x
0.12m for capacitive sensing and two additional printed RF antennas - one
for detection of cellular GSM UHF electromagnetic radiation and another for

Near Field Communication (NFC) pickup in the HF band.

Whilst it is possible to attach surface-mount electronic components directly
to the printed substrate, using either low-temperature solder or conductive
adhesive, this process is not straightforward and does not yield high enough
performance to support the circuitry needed to process the signals picked up
by the printed electrodes and antennas. For this reason, we decided to
implement the required circuitry on a small but separate conventional FR4
glass fiber printed circuit board (PCB). This is reminiscent of the architecture
proposed by Wagner et al. [86] for an elastomeric skin that carried rigid
islands housing active sub-circuits. In our case, the PCB forms a signal
conditioning and processing module, which is itself attached to the flexible
substrate. One such module is attached per tile, in the center of the four
capacitive electrodes. Figure 6.1 shows photos of these components. Details
about the operation of the various sensing modes supported by the

electronic hardware are described in the following section.

In addition to performing the necessary signal processing, the PCB modules
also contain a microcontroller unit (MCU), which is able to sample the
detected waveforms and communicate this information with a PC over a

shared I2C bus that runs along the length of the substrate. In order to
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minimize any cross coupling between the data lines, each is separated by a
grounded trace. The MCU can also be instructed to excite the electrodes with
a predefined waveform - for this, synchronization between the adjacent
squares is required, and this is achieved using one additional line that

distributes a global clock to all tiles and their associated MCUs.

Power is distributed to each PCB using dedicated power and ground lines
running along the left and right edges of the substrate. Wider tracks are used
for this to lower trace impedance and hence power drop. The conductive
inkjet printing process results in a sheet resistance of 200 mQ per square,
and the resulting power drop across each sensing tile was measured at
~0.18V with all sensing modules fully powered on. The power rails run at
18V nominally (for 8 units), and a smoothed linear regulator fitted to each

PCB is used to generate a 5V supply locally.

Figure 6.2 shows what the sensing floor looks like when the PCB modules are
attached to the flexible substrate. Our test-bed is based on a 2.4 m length of
0.3m wide printed film, which has 8 tiles along its length. It works under
regular carpet tiles. In our prototypes, the width of the substrate was limited
to a single tile because the conductive inkjet process was only available to us
on a 30 cm wide roll at the time of manufacture, although our supplier’s
manufacturing facility is theoretically capable of printing on substrate up to
around 2 m wide. The length of substrate is only constrained by the size of
the roll; a single piece tens of meters long is entirely feasible. The PCB
modules are soldered to the substrate with low temperature solder (we used
Sn42Bisg tin-bismuth solder: melting point 138°C, tensile strength 55.2 MPa).

We also attached a piezoelectric pickup element directly to the substrate.
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Figure 6.1. Top left: The top view of the signal processing PCB module shows the
electronic components. Top right: The surface-mount pads on the underside of
the PCB module, which are used to connect with the substrate below. Bottom:
The substrate is made up from sensing tiles like the one shown. The 2x2 matrix of
printed electrodes is clearly visible; note that the top-right electrode incorporates
a pattern of breaks in the copper designed to minimize Eddy currents because the
NFC HF antenna is printed around it (just visible in the photo). The GSM UHF
antenna is just above the bottom-right hand capacitive electrode.
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Figure 6.2. (a) A roll of the substrate with multiple sensing PCB modules fitted
and (b) a close-up of one PCB module. (c) A single sensing tile consists of the
substrate plus the corresponding PCB module.

6.3 PCB module circuitry

Having made the decision to mount the electronic components on a ‘PCB
module’ rather than directly to the flexible substrate, we decided to make the
circuitry as versatile as possible. To that end, each PCB module in the system
uses an Atmel Atmega368 microcontroller to coordinate global and local
communication, manage sensor [/O and perform basic data processing.
Global communication is achieved by a two-wire [2C protocol that is
coordinated by a master microcontroller, which interfaces between the end

of the substrate and a PC.

Figure 6.3 shows a block diagram of the sensing operation of each unit. There
are five major modalities: passive capacitive sensing, active capacitive

sensing, GSM UHF detection, NFC HF detection, and vibration/pressure
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sensing from the piezoelectric sensor. This wide range of approaches was
chosen to allow us to explore the use of printed conductors for sensing as
extensively as possible. The raw signal from each printed detector is passed
through some signal conditioning circuitry and then into a multiplexer
(CD4052) for selective analog to digital conversion (ADC) sampling on the
microcontroller. The sampling rate was set to fast mode (400 kHz) with 6
channels of 10-bit ADC. The electrode size in our design (~12cm x 12cm)
seems to work well for resolving detail down to the size of a human foot. It
would be possible to design a higher or lower resolution floor to match

different needs for tracking and localization.

1600 Hz High
Pass Filter

60 - 160 Hz
Band Pass Filter g
X100
Microcontroller

hum pickup (Slave)
:—
antenna b
NFC ‘
'_' > | > — Microcontroller
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Log X20 gain

Figure 6.3. Block diagram of operation for each sensing tile. From left to right,
signals picked up by the electrodes/ antennae are then filtered by analog circuits
and finally sampled by the microcontroller. Each microcontroller acts as a slave
device to a master microcontroller, which controlled the entire floor via a two-
wire communication protocol.

Figure 6.4 below illustrates the basic operation of the firmware for power
management on each slave sensor unit. Each operation starts after receiving
a “start” command from the master MCU and then enters idle mode after it

successfully joins the 12C network. Idle mode is the low power mode where
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the MCU stays in sleep state and the most power-hungry analog circuits (e.g.
the NFC log amp) are disabled to save power. The slave units will wake on
interrupts from the passive sensor signals, piezo pickup (or optionally on the
passive capacitive or GSM/NFC signals), indicating nearby activity. If verified,

every unit in proximity wakes up and enters passive capacitive sensing mode.

In the passive capacitive sensing mode, we can easily locate the presence of a
person and start the active (interaction) mode. If nothing is detected (event
completion), passive mode will eventually time out in favor of idle mode.
However, if presence is detected, the operation enters active sensing mode.
In this stage, the slave MCU repeatedly excites one of the electrodes with a 5V
square wave pattern and samples adjacent electrodes for coupled pick-up,
transmitting signal strength information back to the master node. It also
samples for signals that are potentially generated by mobile devices the
detected user may be carrying or interacting with, namely GSM and NFC

signals.

After the interaction stops, the master node sends out a stop command, and
slave units return to low power mode until further movements are picked up.
Details about how each sensing modality works are described in the

following section.

Figure 6.4. Basic operation of each slave sensor unit. Once an unit joins the I°c
network, it enters a low-power idle mode and can be interrupted by piezo pickup,
RF signals, or the network (signal detected from adjacent units) and enters
presence sensing, interaction and recognition mode.

80



6.4 Physical topology

As mentioned above, our prototype is based on a relatively narrow roll of
substrate due to current limitations of the production process we used, as
shown in Figure 6.2(a). In order to cover a wider area with a single strip of
sensing substrate, we explored the use of folding - which is possible given
the flexible nature of our prototype. In this way, it is possible to cover large
areas and also non-flat geometries without the need to cut or re-connect

different pieces of the substrate. Examples of this are shown in Figure 6.5.

LA =

O i

1.

Folding Mechanism
for Adapting
Surface Geometry

Figure 6.5. Example folding schemes that allow wider and non-flat areas to be
covered using a single piece of the substrate without any cutting or joining. Blue
arrows indicate the direction of connecting units.

6.5 Sensing Modalities

Analog active filtering circuits were designed to detect all of the supported

signal types mentioned previously. Each is described in more detail here.
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6.5.1 Passive Mode Capacitive Sensing

Passive mode turns out to be both the simplest and the most power-efficient
mode for tracking people moving across the surface. In passive mode, the
floor detects signals from the environment, such as power line hum (usually
50 or 60 Hz). These signals are coupled into electrodes much more strongly
when a person stands on them. We implemented circuits for detecting and
sampling this electric hum. The raw signal was first fed into a band-limit
filter, made from a pair of first-order filters - a 50Hz high-pass followed by
160 Hz low-pass with x100 gain. The filter output can be selected for ADC
sampling by the microcontroller, or alternatively it is also passed through a
DC envelope- detector that gives an easily-sampled smooth output reflecting
hum amplitude. Because there was a 2.5 V offset on the electrodes, they
worked as condenser microphones, and were very sensitive to impacts.
Although this was mainly filtered out by our conditioning circuitry, it could

be used as another sensing modality as well.

6.5.2 Active Mode Capacitive Sensing

In active mode, one of the floor electrodes on each tile transmits a signal that
is detected by adjacent electrodes when a person’s body bridges any two of
those electrodes. Any of the four electrodes can serve as the transmitter by
emitting a OV to 5V square wave. The other three electrodes are set up as
receivers via trans-impedance front-end current-voltage converters that

amplify coupled transmit signals. This process is illustrated in Figure 6.6.
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Figure 6.6. Active capacitive sensing: one of the electrodes serves as a
transmitter by way of a series of rising and falling edges that act as an excitation
waveform (Vsource). The neighboring electrodes pick up this signal (Vc). The
amplitude of Vc is proportional to the capacitive coupling between transmit and
receive electrodes.

Signals from the receive electrodes were connected to a high pass filter
(1600 Hz cut-off frequency) with 10x gain and then sampled by the built-in
microcontroller ADC after each changing edge of the transmit electrode (ADC
sampling rate ~9600 Hz), once the receive signal stabilized (around 0.5 ms in
our case). As seen in Figure 6.6, we sampled the charging and discharging

amplitude change (voltage) for 32 cycles and averaged their difference.

It is important to note that with a tiled setup like our floor system, there is
very likely to be crosstalk between tiles during active mode. This means the
transmit electrode of any one tile is likely to generate a signal that is picked
up by electrodes on neighboring tiles. In our prototype, we alleviate this
issue by ensuring all tiles operate in sync when running in active capacitive
sensing mode. We do this by running a global clock synchronization line to

each tile. Accordingly, with proper synchronization, sensing between a
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transmitter attached to one microcontroller and receiver on an adjacent

microcontroller is possible.

There are two possible scenarios when a user’s body comes into the electric
field between transmit and receive electrodes - these are known as transmit
mode and shunt mode [87]. In transmit mode, the signal is coupled through
the person, effectively increasing the amplitude of the signal on receive
electrodes. The user or object has to be very close to the transmit conductor,
hence is acting like an extension of the transmit electrode. Conversely, in
shunt mode, the object or body of the user is not connected to the transmit
electrode. Instead, it blocks the electrical field between electrodes, i.e., the

coupling between the person and the room ground dominates.

The relative dominance of transmit and shunt modes depends on aspects of
the physical configuration of the floor and the user walking across it - things
like the position of the user’s foot relative to the transmit electrode and the
distance between the somewhat dielectric floor surface and the capacitive
electrodes below it. In transmit mode, the strength of the detected signal will
increase as the foot approaches the floor, and in shunt mode it will drop.

Nonetheless, it is possible to use either to detect the user’s presence.

In addition to localization and identifying people, an active capacitive sensing
floor can be further used as a platform for communication between different
devices or users by transmitting signals through the user’s body. For example,
we have demonstrated this with a small circuit clipped on a shoe with inner
side electrode to local ground (against the body) and outer electrode

transmitting/receiving a digital signal to and from the floor.

6.5.3 UHF and HF Sensing

We implemented two antenna designs to pick up signals from a cellular
phone. The first type is a % wave GSM antenna, which is designed to pick up
both 900 MHz and 1800 MHz emissions from a GSM cellular handset. The
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design is a simple 8 cm by 0.3 cm trace on the flexible substrate that feeds a

Schottky diode detector followed by a low-pass filter with gain.

NFC signal detection was achieved by constructing a square loop antenna
designed to be resonant at 13.56 MHz around one electrode. The electrode
was cut into sectors as shown in Figure 6.1(c) in order to eliminate Eddy
currents that would decrease performance. The signal is amplified and
detected with an AD8307 log amp in order to produce an easily sampled

output response.

6.5.4 Piezoelectric pickup

In addition to printing electromagnetic pick-ups on the substrate in the form
of capacitive sensing electrodes and UHF/HF antennas, we also integrated
flat contact piezoelectric pick-up sensing elements onto the substrate,
adjacent to each PCB as shown in Figure 6.2(c). Each sensor was soldered
onto the ground line of the substrate and was also glued in place to ensure it
would be physically coupled to any vibration around the area, as well as
responding to dynamic pressure applied from above. Signals were

conditioned with a 160 Hz active x20 gain low pass filter.

6.6 Evaluation

Here, we report the capability of our system operating under various types of
inputs and conditions. We seek to demonstrate the potential of printed
conductive technology as a basis for sensing the presence and location of

users in a low-cost, highly flexible sensing system.

6.6.1 Detecting users with passive mode

First, we evaluate the ability of our system to sense users via the electric hum,
which is coupled into the electrodes using the passive capacitive sensing

circuit outlined above. Without any stimulus, the output from the signal
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conditioning circuitry is centered at the bias voltage of just under 2.5V. When
a user steps on the sensing surface, different intensities of electric hum

coupled via the body were picked up based on the contact area and proximity.
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Figure 6.7. Footstep patterns detected by electrodes embedded in the floor in
passive capacitive sensing mode. The four different colors in the right-hand
figures represent the signals from the different electrodes in one sensing tile.
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Figure 6.8. Different signatures typically detected with the passive capacitive
sensing method. (a) Forefoot strike, (b) heel strike pattern (left feet), (c) and (d)
mid-swing between steps (right feet), detected by adjacent electrodes. The decay
time is from the RC response of the envelope detector.
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In Figure 6.7, we demonstrate footstep detection over time on 4 individual
sensing units. As we can see from these traces, the interaction patterns are
clean and consistent. It is also worth observing that we can detect the user’s
foot approaching from a range of 15-20 cm in passive mode. In Figure 3.8,
signals from each of the electrodes in a single tile are plotted separately.
Three major signatures of the three typical signal patterns - heel strikes,

forefoot strikes and mid-swings between steps - can be differentiated.

6.6.2 Sensing with active mode

As mentioned above, depending on the distance between users’ body and the
transmit electrode, two possible effects can be observed during active
capacitive sensing, namely transmit mode and shunt mode. We therefore
tested the active mode in these two conditions.
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Figure 6.9. (a) The effectiveness of active capacitive sensing mode. (b) Shows the
electrode pattern of a single tile, where the electrode marked by the red dot
served as the transmitter. The user was bridging two electrodes, namely transmit
electrode (4) and receive electrode (1). (a) The user was touching the transmit
electrode and moved from towards electrode (1). The strength of the signal pick-
up is plotted as a function of distance. (c) Signal pickup on all the receive
electrodes as a function of time, as the user repeatedly bridges electrodes (4) and
(1) — significant signals are picked up by adjacent electrodes (2) and (3) as well
as electrode (1).
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Firstly, a user interacted with one unit by directly touching the transmit
electrode (4) and approaching the receive electrode (1), see Figure 6.9(b).
From the resulting signal distribution in Figure 6.9(c), it can be seen that
adjacent electrodes picked up the signals as well. To demonstrate the range
versus signal response of transmit mode, we tested and plotted signal
strength based on 5 sets of interactions per sensing distance. The result
shown in figure 6.9(a) indicates that signal strength decays smoothly with
distance. This not only demonstrates transmit mode, but also suggests that
signals can be easily capacitively coupled into and out of the body, enabling

the body to be used as a conduit for electronic messaging via touch.
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Figure 6.10. Walking patterns detected by shunt mode. During each step, the
user effectively blocks the electromagnetic field flux, hence the signal drop: (a)
heel strikes and (b) mid-swing. The red dots mark the transmit electrodes.

The second condition involves detecting walking signals on the floor in shunt
mode. The testing environment was set up on the floor, with ~4 cm of high-
dielectric constant foam on top of the sensors. The test subject walked over
the receive electrodes as indicated in Figure 6.10, thereby avoiding transmit

mode. Again, the red dots in the figure represent the transmit electrodes, and
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the results plotted show how the signal picked up by the electrodes adjacent
to the transmit electrode demonstrate a noticeable attenuation through the
shunt effect. Although this effect is less marked than the passive sensing
results, it none-the-less shows around 4 bits of resolution. Signals from each
electrode are marked with numbers - patterns from the steps were
consistent across four units: (a) heel strikes and (b) mid-swings. Better
shunt-mode response can be attained by lifting the electrodes a few cm
above a conducting floor (e.g. by putting a piece of wood below the sensing

strip).

6.6.3 Piezoelectric sensor

We integrated piezoelectric sensors into our system for a several reasons.
First, like passive capacitive sensing mode, piezoelectric sensors do not
require active pulsing, and can therefore be operated with relatively low
power consumption. Additionally, a piezoelectric sensor can sense vibration
and strain on the surface, so activity at distance can be detected as well as
dynamic pressure applied directly to the sensor. In this way, we can easily
use the signal from a piezoelectric element to trigger wake up of the
microcontroller from a low power sleep mode. The piezo signal also yields
dynamics that might roughly infer the weight of a person and provide insight

into gait dynamics [88].

We evaluated the effectiveness of vibration and pressure detection in a
similar manner to the previously reported tests of capacitive sensing. Figure
6.11 shows the signals picked up by our system. When a user walks along the
floor, vibrations that match their footsteps are detected by the nearest sensor;

smaller amplitude vibrations are also detected by adjacent sensors.
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Figure 6.11. Signals picked up from the piezoelectric sensors. Red rectangles mark
the location of each sensor within the sensing surface. Walking patterns were
consistent with the other experiments reported in this paper. Note that vibration
from adjacent units is also perceptible.

6.6.4 Cellular signals versus localization and identification

In our system, we included two types of RF antennas, namely 13.56MHz NFC
and 900/1800 MHz GSM. We used a Nokia 6212 phone to test the signal
strength of both NFC and GSM emissions across the platform. Figure 6.12
shows the typical signal patterns picked up by our system.
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Figure 6.12. Signals picked up by antennas printed on the sensing substrate. (a)
NFC signal pattern. The pattern and signal strength of NFC are consistent and can
easily be used to determine range by measuring peak thresholds. (b) GSM signals
have stronger signal response that can infer longer distance tracking by
integrating and averaging the signal patterns.

The signal response from the NFC output of our logarithmic amplifier circuit
is consistent and can be mapped to the distance - Figure 6.13(d) shows this.
GSM signals are both stronger and more complex. The signal versus distance
relationship can be seen more easily by filtering and averaging the signal
patterns. Figures 6.13(b) and 6.14(b) show the experimental setup. We tried
to evaluate the effectiveness of our platform in terms of identifying the exact
unit the user was standing on or near, and the detection range over which
cellular signals could be used. Each data point was taken and averaged

according to five measurements.

To demonstrate signal propagation across the whole floor system, we plotted
the signal response across the tiles in Figure 6.13(a) when the NFC device
was held 30 cm away from the surface. The peak value was reported from
the tile directly under the NFC reader as expected, and the signal strength

drops off in all directions, enabling the location of the handset to be
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determined via the NFC signal. We further tested range versus signal
strength by taking data from only one tile, recording measurements at
various distances. The red circle in figure 6.13(b) indicates the location of
NFC antenna used for this. Results are shown in Figure 6.13(d). The NFC

signal is good for detecting short-range signal emissions, up to around 90 cm

in our tests.
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Figure 6.13. (a) Signal response versus sensing unit location when a NFC device is
held 30cm from the surface. (b) lllustration of the experimental setup. (c) Close

up of the NFC square loop antenna printed on each tile. (d) NFC signal strength
versus distance.

We performed a similar experiment with GSM signal detection. When
communicating with the cell tower, a cellphone generates a strong signal in
the GSM band, which turns out to be readily detectable by the floor tiles from
significant distance via our simple circuit. Figure 6.14(a) shows the signal
strength distribution across our platform when the mobile device is held
about 1m away from the sensing surface as shown in Figure 6.14(b). The
signal strength was integrated and averaged from a 6-second long GSM

connection. As seen in Figure 6.14(a), the peak value fell off in adjacent tiles

92



in a similar manner to the NFC signal. We again recorded signal strength
versus range as described above, and illustrated the result in Figure 6.14(d).
This shows that the GSM signal strength drops off with distance in a similar
manner to NFC and it is apparent that either could be used as a basis for

determining range.
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Figure 6.14. (a) Signal response versus sensing unit location when a GSM device is
held 1m from the surface. (b) lllustration of the experimental setup. (c) Close up
of the tile GSM antenna. (d) GSM signal strength versus distance.

Both NFC and GSM signal strengths are directionally sensitive and could be
affected by the way a user holds the mobile device. We have seen the GSM
pickup to be fairly resilient, however, and the NFC detection range has been
over a meter when the NFC antennae on the floor are isolated from magnetic
material below - e.g., by putting a piece of magnetic shielding under the
antenna or raising the floor up by a cm or two atop a nonconductor (e.g.,

piece of wood).
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6.7 Conclusions

Passive mode is the simplest sensing method to integrate and implement
with minimum electronic components, and it is yet one of the most powerful
modes for localization. Crosstalk between different electrodes was
unnoticeable. The received signal patterns could be used to distinguish
walking direction, strikes and mid-swing - all useful information for gait

analysis.

In order to minimize system power consumption (in our full system
deployment, each unit consumes ~25 mA when it’s actively scanning for each
sensor input), we combined both active and passive modes as a low power
hybrid mode. The floor defaults to sleep mode and interrupted only when a
vibration occurred at the nearby surface and immediately entered passive
mode. Upon confirmation from the passive mode, the floor switches to active
mode (see Figure 6.5). Interrupts can also be triggered by the passive
capacitive sensing mode or GSM or NFC pickups. It is possible to form a
larger network if the current drain is managed properly to avoid excessively

loading the power bus lines.

Whilst the sensate floor described in this paper can detect and locate users, it
is not intrinsically capable of identifying specific users. However, substantial
studies of locomotion and especially gait structure analyses [89] suggest that
it is possible to use the difference in a person’s unique walking motion for
identification. Given the gait data presented in Figures 6.7, 6.8 and 6.10 we
believe these techniques may be applicable here. It may also be possible to
combine additional sensing and identification modalities. For example, if a
user is positively identified when they are logged into a desktop computer or
when they make use of an electronic access control system, it may be
possible to track them subsequently using the floor and maintain the correct

association between identity and current location.

Besides localizing and identifying people, it may also be possible to use this

technology to sense hands interacting with a surface such as a desktop or
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wall, and to associate these with the corresponding feet using active transmit
mode coupling between the two surfaces through the user’s body in a
DiamondTouch-like manner [90]. It may also be possible to instrument more
complex surface structures by folding or forming a conductive printed
substrate in more sophisticated ways than we have presented here. In active
capacitive sensing mode, the signal strength is strong enough to be used as a
way of transmitting digital information from a body-worn device to the floor
sensing system. For example, it would be possible put small tags on users’
shoes that transmit unique identification signals for each person with a
transmit electrode outside and local ground electrode inside against one’s

sock and sending the ID of a user (see Figure 6.15).

The future work will focus on integrating this system into a building
environment to form a ubiquitous computing platform. To minimize the
wiring and power drop across long power line, printing flexible batteries
with power harvesting and charging circuit, as well as connect the data
transmission wirelessly are two directions that can truly make each floor tile

standalone and scalable.

In addition to evaluating and extending the system further, this gives us an
opportunity to investigate potential applications, including smart floor
sensing for motion tracking, localization, identification, gesture recognition,
gait analysis and a variety of human-computer interaction and ubiquitous
computing scenarios. These technologies can also be used in other
applications off the floor, as described in the next chapter, which describes a
multi-modal sensing platform especially designed for human-computer

interaction design with two conductive inkjet printing technologies.
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Figure 6.15. lllustration of transmitting/receiving into the floor — from clip on shoe
attachment to the sensor floor tiles.
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Chapter 7

Multi-modal HCI Sensing:

Multiplexing Inputs

In this chapter, we describe the design of multimodal sensing techniques for
near surface interaction based on only one electrode input. The signal is
multiplexed with three analog circuits and can infer hovering, touch and
pressure. By combining multi-touch, pressure and proximity inputs, the
sensor detects rich variations of grasp, plus on-surface and near-surface
interactions. The sensor is so inexpensive that a large number of everyday
objects can be instrumented with it, such as tools and controllers, training
devices, wearable accessories, furniture, home appliances, and smart

packages. We illustrate these unique capabilities with the following examples:

7.1 Example Scenarios

Our design supports a wide range of applications in tangible wearable,
mobile, and desktop computing. To illustrate the unique capabilities of the
sensor and the innovative interactions it enables, we provide several usage

scenarios.

7.1.1 Enabling rich input on and above smart objects

The vision of ubiquitous computing is becoming a reality, and everyday
objects are increasingly getting “computerized” [1]. It is obvious that this
development requires novel interaction styles that go significantly beyond

those known from desktop computing and today’s mobile computing devices.
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Detecting grasp and reacting to how a user holds an object is a promising
new interaction method [33] [34]. The way a person grasps and manipulates
an object not only tells a lot about its current or intended use, but also

implicitly conveys information about the user.
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Figure 7.1. Motivating scenarios.

The ability of capturing the detail of a grasp can be used to extend a device’s
functionality, such as enhancing game controllers and as a learning tool and
data logger for repetitive gestures. Many activities require a user to hold and
move an object in a very precise way; examples comprise sports (especially
racquet sports and bat-and-ball games), playing an instrument (holding the
bow of a stringed instrument), a worker or artist using a tool (such as
calligraphy). Our sensor enables low-cost tangible control for computer
applications that provide a more realistic capture of the user’s movement. A
controller in the shape of a tennis racket with a sensor sheet on its handle
(Fig. 7.1 (a)) could enable more realistic tennis games by capturing where

the user holds the handle and infer what forces are applied. Moreover, a
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sensor sheet could be added to a real tennis racket and used to capture
detailed information about a player’s grip, which could be used to provide

personalized feedback to improve the player’s form.

Another class of smart objects makes use of the sensor for inferring
knowledge about its user. For instance, a smart handle of an oven door could
lock the door automatically if the user’s hand is smaller than a certain limit,
preventing young children from opening the door. Additionally, a “secret”
movement, hardly visible to an observer, allows parents to lock and unlock a

door for anybody, to allow or prevent young children from using it [91].

Smart accessories could be used as body-worn controllers. For instance, the
sensor could be integrated into a bracelet (Fig. 7.1 (b)) or a watchstrap (even
sharp folding around a thin object is possible). The inner side could be
biometric data for healthcare [92]. For instance, galvanic skin resistance
correlates with the user’s stress level [93]; knowing about the stress level
can either be used in health care applications or as a direct feedback for
entertainment services. The outer side could be used to provide an

interactive surface for touch, pressure and proximity gestures.

7.1.2 Interactions with, on and above flexible surfaces

Computer interfaces are becoming physically flexible, thanks to recent
advances in flexible electronics and e-textiles as mentioned in Chapter 2.
Flexible materials that can sense how people interact with them and how
they are touched and deformed are crucial for the implementation goals of
such interfaces. We offer a lightweight and robust way of sensing such input
on very thin and flexible surfaces, such as paper, thin plastic film and non-

stretchable fabric.

For instance, the flexible cover of a tablet can become an input device (Fig.
7.1(c,d)). It detects not only multi-touch/pressure/proximity input, but also

curving at the same time. This enables novel interactions for navigation
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within a document by bending the left or the right edge, similarly to flipping
pages in a book [94]. The sensor differentiates various ways of bending,
which can be mapped to different speeds of navigation. Simultaneous multi-
touch gestures allow the user to perform activities like copy/paste and
moving contents while navigating through the pages of the document. When
the sensor is printed transparently onto a flexible display using ITO or
conductive polymer, for example, these interactions become also possible

with flexible tablets and smart phones.

7.2 Design and Fabrication Principals of PrintSense

In this section, we will describe the design rules and techniques that we
developed for our infrastructure, which we call PrintSense. Our first
approach is simple - print single-layer patterns and traces, then use flexible
printed circuit connectors to interface the rigid circuit board with the flexible
sensor sheets. This approach works well as a basic platform for near-surface

sensing.

Our purpose is not to create a 3D controller, but instead a 2.5D user interface
(e.g., inferring particular 3D actions as opposed to tracking 3D position) that
is low-cost, customizable and malleable. The uniqueness of our approach is
that the sensor inputs can be constructed with the same material and pattern
design, which could greatly increase the reusability and adaptiveness for user

customization.

Figure 7.2 is an illustration of the basic architecture of the system. The first
component is the flexible circuit printout from either a conductive inkjet
printer or regular printing cartridges with conductive particles [21]. With
roll-to-roll printing, it is possible to create flexible sensor stripes or sheets
that are unlimited in length. The sensor printout can be customized as any
shape (long stripes conform to the shape of an object such as the surface of a
guitar, or even a pattern for origami). The impedance, noise and the power
drop across a long signal line are the major constraints on the sensor size.
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However, this is not an issue for smaller scale applications within a few
meters square. The second component is the sensor board electronics for
filtering, amplifying, multiplexing and communication with a computer.
Although it is possible to implement all of the circuitry on the flexible sensor
pattern design, we designed a traditional printed circuit board (PCB) since
our approach is to create reusable PCB hardware for interfacing with
different interchangeable PrintSense sensors. Spatial and temporal
multiplexing and data conditioning for all three input modes are processed in
the hardware and a microprocessor transmits the data through serial
communication to a computer. Further gestural recognition and mappings

are implemented in the computer software.

Sensor board
[spatial-temporal multiplexing for /\/
hovering, multi-touch and multi-force input detection]

K computer,

Sensor printout Gesture recog.nmon
and mapping
[Electrodes for
capacitive and resistive
sensing, can be designed
in varies sizes and shapes]
Applications

Ground Signal

Figure 7.2. Top: System architecture of PrintSense. Down: The design of an input

element. One side of the IDT pattern is always connected to ground.

Our implementation (figure 7.3(a)) demonstrated a sensor array with an
element size of 1 cm?and distance of 0.5 cm between inputs. The advantage

of this approach over the following methods is the one-step prototyping
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ability. Flexible Printed Circuit connectors (FPC) are used to interface the
sensor sheets and the PCB. However, strain mismatch may cause tear
damage and breakage at the connector if not handled properly. It also makes
the sensing density slightly lower due to the need for extra wiring in between

electrodes.

To explore the possibility of multi-layer sensor construction, and also
different connections between microprocessors (or PCBs) and sensor sheets,
we experimented with the pressure sensitive adhesive (PSA) transfer tape
from 3M with anisotropic electrical conductivity - the “Z tape” that only
conducts on the Z-axis. The Z tape matrix is filled with conductive particles,
which allow interconnection between layers through micro vias. The
conductive channels are spaced far enough apart for insulating adequately in
the plane of the adhesive (X and Y). The contact resistance is <0.3 ohms and

the minimum gap is 15 mils between conductors [33].

Figure 7.3 (b, c) shows design examples; utilizing the unique properties of
the Z-tape, we can route the traces on a second printed layer, and also
connect the signal 10 to a printed circuit board (PCB). This approach allows
maximized sensing density and also makes it possible to interface flexible
sensor sheets with rigid PCBs in a more robust and compact form factor. It is
also possible to “tape” components directly on top of the circuit design
printout, which is a convenient way for prototyping surface mount
components. The only drawback is the constraint in feature size, and the

weaker physical bonding force between components and the circuitry.

The last fabrication possibility follows the design principles of either single
or multi-layer construction, but prints double-sided conductive traces. For
electromagnetic field sensing that requires proper shielding or a power plane,

an extra layer is critical for an adequate signal-to-noise ratio.
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(c)

Layer 3, traces print
on buttom

Layer 2, p——
Z-tape r—g

P Sa—

P— 4 Layer 1,
print on top

Figure 7.3. (a) Example implementation of single layer sensing matrix (copper
traces), interfacing with FPC (Flexible Printed Circuit) Connectors. (b)
Connecting sensor sheet (silver ink on paper) to PCBs using the Z-tape; on the
right is the bottom view of the PCB design, with pads connecting the sensor
inputs and 10 of the microcontroller. (b) Illustration of multi-layer construction
of the dense capacitive sensing matrix. The tape (middle gray layer) only
conducts in the Z direction, which connects the top traces to the bottom traces. It

can also be used for connection between pads on PCBs.
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7.3 Sensing Principles of PrintSense

P
- Hovering Receive 2=
or transmit
é AC hum detection
ﬁ
\_ J
( Touch )

Resistive sensing
-
=] &
Eas SN L)
—_ P,

Capacitive sensing

- \—'&' ) L

J

Figure 7.4. Four different sensing modalities supported by PrintSense, in
conjunction with inter-digitated electrodes. Illustrated from top to bottom: Close
proximity active transmit-and-receive capacitive sensing, AC hum detection
(passive capacitive proximity sensing), traditional capacitive sensing and resistive
pressure sensing. Note that fold detection is not illustrated.

There are four different sensing modalities we explored with single layer
printing without adding extra layers of materials. Figure 7.4 summarizes the
various sensing modalities. The four modalities are close proximity, active
transmit-and-receive capacitive sensing, induced AC hum detection, resistive
pressure sensing and capacitive surface sensing, as illustrated in figure 7.4.

Details about the operation principles are described in the following sections.

7.3.1 Capacitive Touch Sensing

The operating principle of the majority of simple, single-layer electrode
capacitive touch systems is based on repeatedly charging up an electrode and
then timing how long it takes to discharge. When a finger, hand or other
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body-part is close to the electrode, the capacitive loading will change, as will
its rate of discharge, since as more charge can be stored at the larger
capacitance when the body approaches the electrode. This can be detected
and inferred as touch. PrintSense supports this mode of touch sensing, which

we refer to as load sensing.

7.3.2 Capacitive Proximity Sensing

PrintSense also supports a completely passive capacitive sensing mode,
which we call AC hum detection. In this condition, each electrode is connected
to an analog sensing circuit, which is simply detecting any mains electricity
noise coupled into it. Just as touching an audio cable that is attached to an
amplifier causes noise to be picked up, so proximity to a sensing electrode
can be detected. More specifically, we implement a band pass filter centered
at a frequency of 50 to 60 Hz to match the power line alternating current
(AC). After the band pass filter, a peak detector holds the AC signal amplitude,
outputting a DC voltage equal to the peak value of the AC signal. This mode

provides hover detection with a range of around 10 cm.

An alternative approach to proximity detection is an active transmit-and-
receive scheme similar to that used in SmartSkin. In this mode of operation,
each sensing electrode must consist of two interleaved sets of conductive
‘fingers’, as shown on the left of Figure 7.4. We refer to this configuration as

an inter-digitated electrode.

When one set of fingers (the ‘transmitter’) is stimulated with an AC signal,
the second set (the ‘receiver’) will naturally tend to pick up the same signal. If
part of a user’s hand is in contact with the transmitting electrode, it will act
as an extension to the transmitting electrode and increase the signal transfer
to the receiving electrode. Conversely, when a hand is in-between the
transmit-receive electrode pair, it tends to blocks the electric field, and
creates a signal drop [19, 25]. These effects can be used for proximity

detection. Increased range can be attained by driving blocks of proximate
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electrodes together and summing adjacent blocks of receive electrodes,

thereby creating larger effective electrode areas.

Although only the resistive sensing requires an interdigitated (IDT) electrode
configuration, capacitive and resistive modalities are all compatible with that
configuration - either by using just one of the sets of fingers for sensing or by
using them both connected together (switching the second electrode from
ground to the transmit or reverse function). Interestingly, as we show later,

in some cases performance is improved with inter-digitated fingers.

7.3.3 Other sensing modalities

As mentioned earlier, in addition to capacitive touch sensing, it is also
possible to support additional sensing modalities. As well as its use for
proximity sensing, the active transmit-and-receive capacitive technique may
be used in a slightly different way to detect folding of an array of electrodes.
In this case, one electrode acts as a transmitter and is detected by other
‘receiving’ electrodes on the sensing substrate if it is brought close to them.
So if the corner electrode on the substrate is folded over, this can be detected.
This process works best with a transmit electrode that is a little larger than

the ‘finger-sized’ capacitive sensing electrodes we have considered so far.

One final sensing modality which we can readily support is resistive pressure
inference. This exploits the fact that when a fingertip comes in contact with a
bare inter-digitated electrode it will allow current to pass between the two
sets of electrode fingers. Although there is a considerable variation in
baseline skin resistance between different users due to a number of factors,
in all cases applying pressure increases the contact area and density of
conducting ionic physiologic fluids in the finger, which decreases resistance.

This can be measured to give an indication of applied pressure.
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7.4 Electrode substrate

For the purpose of testing and evaluating the techniques described in this
chapter, we designed a single versatile conductive pattern shown in Figure
7.5. It is roughly 24 x 12 cm with a 14 x 12 cm central area, which contains a
grid of 42 inter-digitated sensing electrodes. Each electrode is around 1.5 x
1.5cm and there is a roughly 0.5cm separation between adjacent electrodes.
Two much larger 3 x 6cm electrodes designed to be used as transmitters are
included on the left- and right-hand edges of the substrate. These provide
more range for proximity detection and are not needed for close range
interaction. Similar range can be attained by electronically ganging

proximate groups of small electrodes as described earlier.

i W i

L LR T LU U

Figure 7.5 PrintSense Implementation, 12 x 24 cm2, 6 by 7 sensor arrays for
multimodal near-surface gesture contact sensing. Four large electrodes at each
corner are for longer range hovering and folding detection. The FSR at upper
right is for GSR pressure calibration.

The design is single-sided, i.e. it requires just one conductive layer - all the
traces which connect inter-digitated fingers to the PrintSense controller run
in between the electrodes. Flexible printed circuit (FPC) connectors are used

to interface the sensor substrate to the PrintSense controller board.
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7.5 Hardware implementation

Our PrintSense controller (shown in Figure 7.6) is based on a 16 MHz
ATmega328 microprocessor, which can support 46 inter-digitated electrodes
through the control of three 16:1 MUXes (CD74HC4067) in order to switch
each input between sensing modes. Each input electrode is first fed into an
amplification stage for the current to voltage conversion in the resistive
sensing before the analog MUX scans through each input and transmits the
voltage level to a 10-bit analog-to-digital converter (ADC). A second MUX that
is connected to the same output of the amplifier switches on after the first
MUX switches off. Qutput of the second MUX is connected to an analog active

filter circuit that processes the capacitive sensing information.

TouchPad U3
HIT Media Lab -
nanue1@mit.edu Aug 2012

Figure 7.6. PrintSense hardware.
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Figure 7.7. PrintSense Sensing Block Diagram.
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The geometry of the controller and the associated sensing substrate was
chosen to support fullhand interactions. The connection between the flexible
substrate we used and the controller board was made with flex circuit

connectors (JST-10FDZ).

For the AC hum detection, we designed a band-pass filter, 50-160 Hz with
gain of 100. For the receiving electrode of transmit-receive pair, the high
pass filter has a cut-off frequency around 1.6kHz. The ADC sampling with our

microprocessor is approximately 10kHz.

The whole system samples 46 channels with two modalities at 84 Hz. The
raw data is low pass filtered on the hardware before sending it to the
computer. The sensor board is USB powered, and a FTDI USB-Serial chip is
used for the serial communication between the microcontroller and a PC

(Figure 7.7).

7.6 Characterization of operation

To demonstrate and characterize the performance of our platform side-by-
side between different sensing methods, we compared the resistive pressure
input with a commercialized force sensitive resistor, utilizing a different
printing technology [95], and demonstrated the continuous behavior of near
surface sensing starting from hovering, to touch and pressure input on the

same electrode.

7.6.1 Resistive Sensing

To evaluate the resistive sensing characteristics of PrintSense, we used an
Interlink Electronics force sensing resistor (FSR 402) with continuous force
resolution and a sensitivity range from 0.2 - 20.0 N for comparison. Our
experiment was performed with one a user touching the inter-digitated
patterns with an FSR under the pattern for pressure calibration. The blue and

red graphs in Figure 7.8 show how closely the two signals track each other.
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We used the voltage divider front end circuit shown in Figure 7.10 for these

tests, which gives an asymptotic response.

G
>
5
4
3
(I Red - resistive sensing
2
*' Blue - Force Sensing Resister
1
0

10 20 30 40 50 60 (ms)

Figure 7.8. Comparison of touch and pressure detection using different sensing
techniques. Notice how closely the resistive sensing tracks the force sensitive
resistor.

We investigated this in more detail, however, to be able to better understand
the sensor characteristics across a population of users and over time - see

below.

To evaluate the quality of the force measurement inferred by our proposed
resistive sensing (galvanic skin response, GSR) method on the interdigitated
electrodes, 1 conducted a user study to compare the average response,
stability, and drift over time of two sensors: a Force Sensitive Resistor (FSR)
glued under an interdigitated electrode for GSR measurement. FSRs are an
established technique for measuring pressure in HCI implementations.
Typically, the part-to-part repeatability tolerance held during manufacturing
ranges from + 15% to * 25% of an established nominal resistance [96] and it
also depends on particular implementation. In the comparison presented in
the following section, I will term the two sensors as FSR and GSR. Many
researchers have conducted experiments on the GSR signal over a long
period of time to infer blood pressure and emotion, comparing conditions
such as before and after exercise, before and after emotional events and
stress [97]. It is known that skin conductance can be used for simple “input”,
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but was never studied quantitatively for inferring force. The purpose of this
evaluation is to demonstrate the utility and calibration needed for GSR as a
force sensor and its variance across users and over time. Figure 7.9 is a
typical simultaneous touch response over time using our setup with FSR and
GSR electrode. A 10-bit ADC was used for data collection, and both sensors
were not saturated, either in the linear signal conditioning electronic, or the
ADC measurement. The FSR is from Interlink Electronics, Part No. 402 (0.5”
Circle), with a 10K measuring resistor [96] that determines the pressure
sensitivity, see Figure 7.10, this circuit was used for GSR measurement as
well but with a 2ZM Ohm measuring resistor (hence the higher pickup noise in

the GSR signal of Figure 7.9, which is easily filtered out).
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Figure 7.9 A typical touch input over time on a FSR and a GSR electrode. Y-axis is
the reading from a 10-bit ADC.

V+

FSR

VOUT

RM

Figure 7.10 FSR voltage divider circuit used in our setup. RM stands for the
measuring resistor.
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5 users were recruited and asked to “touch” the GSR/FSR input stack 10
times for 5 seconds, each with an interval of 5 seconds between touches. The
same experiment was repeated three times every 4 hours during the same
day. To get the most stable measurement, I selected the middle 5 of the 10
touches for analysis, and only used the first second of data (1000 samples) in
each touch, windowed to remove the applied pressure transient. Figure 7.11
is the relative pressure ratio (GSR/FSR) across users and time. Although
there may be some skew due to differential non-linearity, this relative
pressure is effectively calibrated by the FSR measurement. The author
calibrated the electronics to average at a GSR/FSR ratio to unity for her
touches. Figure 7.11(a-c) shows 5 touch inputs across 5 users, at 10am, 2pm

and 6 pm.

User 3 has the most consistent input response, while user 5 has some
fluctuation in the morning. In order to determine whether the fluctuation
comes from GSR, instead of from the fluctuation of the FSR or force inputs,
the relative standard deviation (standard deviation divided by mean value)
of each group of FSR and GSR readings for each user is plotted as shown in
Figure 7.12. The significantly smaller relative standard deviation for most of
the FSR data indicates that the noise and variation in the ratio plot (Figure
7.11) comes mainly from the GSR, as we expected. The composite standard
deviation of User 1 is 5.5388 for FSR inputs and 14.3325 for GSR inputs. And
for User 2, composite STDrsr = 11.5373, STDgsr= 13.8052; User 3 composite
STDrsr = 3.2757, STDgsr= 6.3888; User 4 composite STDgsg = 4.6115, STDgsr =
10.4574; User 5 composite STDrsr = 10.947, STDgsr = 9.4832. In general, the

standard deviation is much higher for GSR inputs.

Figure 7.13 shows the mean values of the GSR/FSR ratio across all presses
for each user at each testing time, with error bars representing the standard
deviation of that mean. This plot shows how the temporal variation changes

over longer timescales. Each user exhibits slightly different trends, which are
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independent of the room humidity and temperature; this essentially reflects

their dynamic perspiration changing the skin resistance.
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Figure 7.11 Relative Pressure between 5 touch inputs among 5 users across time.
Each incontiguous input is 1000 samples with duration of 1 second.
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Figure 7.12 Relative standard deviation of FSR and GSR inputs over time for each
user. Each point represents the relative standard deviation of a touch input
within 1 second, 1000 samples.
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Figure 7.13 Mean values of the GSR/FSR ratio for each user across time, with
error bars representing the standard deviation of that mean.
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To get a clear view about the characteristics of GSR/FSR performance of each
user, a histogram of each user’s relative pressure response is plotted in
Figure 7.14. We can observe a distinctive characteristic within each user. For
user 3, a somewhat ideal case, the spread in relative pressure is minimal, and
all the inputs are within 1 to 1.5 relative pressure reading. To unify the
inferred “force” reading of GSR, we can use such a histogram and try to shift
the peak in the distribution to “1”, which indicates a similar reading of the
FSR and GSR values in the ADC. That said, Figure 7.13 and Figure 7.14 show
what a poor pressure sensor the GSR modality provides, as it generally varies
greatly across users, time, and touches. As seen in Figure 7.14, user 5’s
pressure calibration could vary by over 100% and user 4’s calibration looks
to be bi-modal. Figure 7.11 also shows a noisy time response for some users,
indicating perhaps, a spatially inconsistent finger conduction profile due to
patches of dry skin or calloused/scarred areas on the finger tip, indicating
that GSR finger-touch data should be heavily filtered to avoid “glitching”, and
that the overall use of GSR data for pressure needs to be very approximate
and relative - e.g., the system gives some signal when it thinks the
appropriate pressure target is met so users can each custom-adjust their

force inputs.

7.6.2 Capacitive proximity sensing

Figure 7.15 demonstrates the raw signal responses of one electrode using AC
hum passive capacitive detection and also using resistive pressure sensing.
The X-axis is time and Y-axis signal amplitude. The user pointed one finger at
a single electrode, approached it, touched it and pressed into the electrode

before slowly moving away.

The blue line inferred pressure level from the GSR resistive sensing signal; as
the user presses the electrode, the signal becomes stronger. With AC hum
detection, we are able to detect fingers and hands around 10 cm above the

surface. The red line shows how this signal increases as the finger
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approaches until the finger touches the inter-digitated electrode and shunts

the capacitive signal to ground, whereupon the signal immediately drops to
the 2.5V bias voltage.

More dynamic range can be achieved with active capacitive sensing (shown
as the transmit-receive pair in Figure 7.7), which can attain a range up to
20cm.
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Figure 7.15. Near surface sensing signal responses of one electrode.

7.7 Example use cases

In order to demonstrate application scenarios for PrintSense, we picked two

examples that require different configurations of our system, which we
present here.

7.7.1 Use Case 1: Grasp Detection on Curved Objects

The first use case is grasp detection for curved objects, in which the main
sensing method is resistive sensing. Our example object is an insulated coffee
beaker (as shown in Figure 7.16), which is wrapped with a substrate of

printed electrodes. A set of six gestures were performed: no touch, one finger,
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pinch, three fingers, four fingers and whole hand grasp. Although further
machine learning implementation would need to be done to ascertain how
well actual grasp detection works, these results indicated that this array can

separate the various stages of grasps.

(c)

-|| HI l |“| '|'|,|”

Figure 7.16. Grasp detection and raw data on curved objects. (a) One finger
touch. (b) Pinch — two fingers input. (c) Three fingers touch. (d) Four fingers touch.
(e) Whole hand grasp. Raw data visualization below each image is from resistive
sensing and capacitive pressure sensing. The length and color both represent the
level of pressure.

7.7.2 Use Case 2: Manipulation of Flexible Surfaces

In our second use case, | demonstrate detection of the manipulation of a
flexible surface, more specifically bending and folding the corners of this
surface. An example application would be e-book navigation using a flexible
display. A set of gestures were evaluated: no touch, folding with left hand,
folding with right hand. As demonstrated in Figure 7.17, clear distinguishable
results were observed for different folding motions. Note that two of the
corner electrodes ((1) and (3) in the figure 7.17) are transmitting a signal in
alternation, which is picked up by the closest inter-digitated electrodes.
When the hand is touching the transmitting electrode directly, the signals are

similar in character, but uniformly bigger, providing a longer detection range.
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Figure 7.17. Using PrintSense to detect folding. (a) The basic setup; electrodes 1
and 3 are active transmitters. (b) Folding over the left-hand corner. (c) Folding
the right side. The raw capacitive receiver data from each electrode is shown in
the bottom row.

7.8 Discussion and conclusion

In this chapter, [ presented PrintSense, an architecture for utilizing single-layer
flexible printed conductive electrode arrays to support a range of sensing
modalities and associated interactions such as touch, proximity, pressure and
folding. The advantage of our approach over previous research that supports
low-cost single-layer flexible sensing surfaces is the use of multi-modal

sensing.

This implementation was designed for simulating a flexible display or e-
paper display. For other applications, such as swing training on a tennis
racket, the associated circuitry will be designed with wireless and low-power
capabilities. Of course, there are a number of limitations with this system. For
example, resistive sensing relies on a good electrical contact, which in turn
requires reasonably clean electrodes and bare skin. The resistive response can
also vary between users and change or stop entirely when the patterned metal
tarnishes (which accelerates from skin oils), suggesting that a non-tarnishing
material be printed or that the touch-exposed electrode be plated. I
acknowledge that these requirements might be impractical for some
commercial applications, but none-the-less believe that resistive pressure

sensing is interesting in a prototyping scenario and that sufficiently robust
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approaches could evolve. There are a number of interesting avenues for future
work. I am exploring the use of machine learning techniques to characterize
the output from PrintSense sensor arrays in order to detect gestures, different
types of object manipulation and so on. Additional sensing modalities such as
light, humidity and chemical sensing could in theory be incorporated through
the addition of suitable polymer layers to the substrate, as outlined in Section
5.3. To conclude, my overall aim has been to highlight a spectrum of sensing
techniques for flexible conductive surfaces and to illustrate when and why

they might be valuable.
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Chapter 8

Conclusion

This dissertation has presented a series of research platforms for exploring
the design and applications of inkjet-printed sensate surfaces, and
demonstrated its potential through a collection of work that covers the
following four areas: manufacturing, sensing design, sensing fabrication and

sensing applications.

In the “Manufacturing” area, two types of printed electronics manufacturing
methods are investigated - conductive inkjet-flex printing [14] and
conductive Silver nanoparticle ink [15] with an off-the-shelf inkjet printer.
The first method has great scalability and bendability, and these advantages
are demonstrated with the sensor floor project in Chapter 6 (Multi-modal
Sensing: Target Specific Shapes). The second method can support small-
scaled manufacturing at home and rapid prototyping for customization. This
aspect is presented with two music controller projects in Chapter 4 (Sensing
Design: Computer Aided Design for Customization). The two platforms work
well for rapid prototyping, but there is still room for improvement. One of
the disadvantages of Conductive Inkjet Technology is the substrate material,
which has always has to be Mylar. New technologies such as T-Ink, Inc [98]
or conductive silver ink that can each print on essentially any kind of surface

are promising for broader applications.

User customization was discussed from two approaches - 1) Sensing Design

and 2) Sensing Fabrication.

In the “Sensing Design” area, 1 explored designing sensors in a computer-
aided design (CAD) environment. In Chapter 4, two example principles are
provided - designing on top of existing patterns with the addition of sensing
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elements, and designing with parametrically-defined patterns. Combined
with customized color patterns, and other digital fabrication tools such as a
laser cutter or a 3D printer, users can design their aesthetically-driven

interactive surfaces in an integrated, rapid-prototyping environment.

A further goal in digital sensing design is to create software tools with design
references and rules for computer-aided sensate surface construction. In this
graphic editing environment, users can drag and drop “sensor” templates
and modify the vector graphs in order to integrate physical inputs with
graphic designs; the associated circuitry and electronics are auto-routed and

generated based on an assumed set of design rules.

In the “Sensing Fabrication” area, users customize sensate surfaces with
physical manipulation without the need of pre-defined graphic design. This
concept is demonstrated with two physical geometry designs - linear-shaped
sensor tapes, and planar-shaped sensor sheets. Unlike the former digital
design method, the surface is pre-manufactured with built-in sensing
capabilities, shapes and sizes, and the shapes and sensing targets are
processed post-manufacturing. The first example is a multi-touch cuttable
sensor sheet. This sensor sheet has a varied redundant wiring design and
physically-embedded error correction capabilities. The second example is a
humidity sensor tape, which demonstrates both the “additive” aspect of the
shape formation, and overlaying additional layers of chemicals to change the
sensing targets through printing, or other deposition. Adding an extra layer
of chemical for ad-hoc sensing target alteration is also part of the bigger
concept of broad multi-modal sensing. However, extra materials are required
in this approach, making it less applicable for rapid prototyping before
deposition techniques are supported for a wide range of functional materials

with a user-friendly machine, such as an inkjet printer.

Lastly, Chapter 6: Multi-modal Sensing: Target Specific Shapes, and Chapter 7:
Multi-modal Sensing: Multiplexing Inputs, both describe the “Sensing

Applications” area, with techniques for the design of multi-modal sensing
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with target specific shapes and multiplexing independent inputs for inferring
near-surface interactions. A sensor floor-tile network is presented to
demonstrate “target specific shapes” for different sensing targets. Examples
include special patterns for specific electromagnetic sensing modalities, such
as electrodes for capacitive sensing, antennas for Near Field Communication
(NFC) and Global System for Mobile Communications (GSM) signal pickup
[16]. This example opens the possibility of easily deploying a large-area
surface sensing system. The deployment includes peer-to-peer
communication through a network of tiles. To make this a practical and truly
scalable system, | envision combining printed, flexible batteries and wireless
modules for communication and charging the batteries though slow current
trickle across long resistive traces or (in the case of very low power demand)

environmental energy harvesting as described in Chapter 2.4.

Lastly, for facilitating the rapid prototyping of smart, interactive objects, I
present a single-layer printed surface for multi-modal, near surface sensing
(pressure, touch, folding, proximity sensing) that is based on multiplexing an

input electrode with various analog circuits.

In this thesis, I strove to combine emerging technologies in manufacturing of
low-cost flexible electronics with advances in sensing and industrial design
for human computer interaction. This work points to a fundamental
framework for the future of rapid sensor array prototyping and interactive

design.

[ envision that in the future, every printer will come with cartridges beyond
just different colors, but also dispensing conductive ink and sensing
materials. Furthermore, there will be software frameworks that can support
users to not only design graphics with clipart templates, but also to
intuitively design circuitry and sensors that are integrated with the printout

as a “design-for-manufacturing” process.
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Appendices

The appendices chapter contains the schematics and designs that are

included in this dissertation.
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A.1 Sensor Floor schematics
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A.2 PrintSense schematics
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A.3 Design example of a sensate music controller surface
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