
Solution Processed Electronics for Flexible Hybrid

Electronic Systems

Jonathan Ting

Electrical Engineering and Computer Sciences
University of California, Berkeley

Technical Report No. UCB/EECS-2023-22

http://www2.eecs.berkeley.edu/Pubs/TechRpts/2023/EECS-2023-22.html

May 1, 2023



Copyright © 2023, by the author(s).
All rights reserved.

 
Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission.



Solution Processed Electronics for Flexible Hybrid Electronic Systems

by

Jonathan K’ang-Yu Ting

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Engineering - Electrical Engineering and Computer Sciences

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor Ana Claudia Arias, Chair
Professor Jan M. Rabaey

Professor Lydia Sohn

Spring 2021



Solution Processed Electronics for Flexible Hybrid Electronic Systems

Copyright © 2021
by

Jonathan K’ang-Yu Ting



1

Abstract

Solution Processed Electronics for Flexible Hybrid Electronic Systems

by

Jonathan K’ang-Yu Ting

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Ana Claudia Arias, Chair

Recently, form factors of electronics have been changing from conventional rigid electron-
ics to more novel and complex form factors including soft, flexible, and even stretchable
forms. These unique form factors are lightweight and enable conformal interfaces between
electronics and the objects they rest upon. Printing is a commercially viable manufacturing
technology for fabricating these types of electronics, capable of depositing materials including
conducting, insulating, and semiconducting materials. However, printed flexible electronics
are not as efficient as silicon integrated circuits (ICs) in certain regimes, such as computation
or communication. Flexible hybrid electronics (FHE) leverage the benefits of flexible printed
electronics and ICs by combining the two onto flexible substrates.

In this dissertation, I will discuss the various components of an FHE system and the range
of printing techniques that are used to fabricate them. This dissertation will also overview
specific works highlighting advancements in developing FHE systems. For passive sensing
applications, I will focus on our work on screen-printed thermistor arrays, and their ap-
plications in battery health monitoring. For active sensing applications, I will discuss our
work using doctor-blade coated arrays of organic light-emitting diodes (OLEDs) and or-
ganic photodiodes (OPDs) for reflection mode blood oximetry, which accurately measures
pulse rate and oxygenation. In addition to the discussion of the flexible sensor composed of
OLEDs and OPDs, I will present our work on various unique geometries of optoelectronics
and their significance in improving sensor efficiency. For power sources, I will present our
work on screen-printed Zn-Ag2O battery arrays, and the scalability of these devices. Finally,
I will discuss other techniques to develop robust conformal electronics, using a class of FHE
systems called in-mold electronics.
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Chapter 1

Introduction

1.1 Flexible electronics

Flexible electronics is a relatively broad term. In general, it encompasses any sort of
electronics fabricated on a flexible substrate, substrate being the material that holds up the
rest of the electronics in this sense. In recent years, this form factor of flexible electronics
has really shifted from the traditional rigid, rectangular form factor, to a variety of new
possibilities [1–8]. Researchers today are now looking into substrates made of plastic, paper,
and even stretchable materials. Each of these substrates has individual challenges associated
with them, such as surface energy, roughness, chemical compatibility, and thermal budget.
One of the main advantages of flexible electronics is its form factor. A trend we will see
throughout this dissertation is how having conformal electronics improves the use of printed
sensors. Due to the conformal nature of flexible electronics, the interface between flexible
electronics and the objects they are placed on is significantly more robust compared to a
rigid printed circuit board (PCB). Take the circuit in Figure 1.1 for example: this flexible
electronic circuit sits very nicely in the palm of the user, and we can see that it comforms
very well to the various contours in the hand due to the flexible substrate the electronics
are fabricated on. If we were to reimagine the same circuit on a conventional rigid PCB,
we would see that the circuit wouldn’t sit very well in the palm of the hand, nor would
the electronics be sitting flush to the skin at all points of the circuit. There are a variety
of applications where conformal electronics are a better form factor than rigid electronics,
especially in the wearables and health sensing regime [4, 6, 7, 9–11, 11–16].

Although there have been major advancements in the realm of printed flexible electron-
ics, especially in sensors, there are still a few major limitations in the current research grade
devices. Most printed flexible electronics suffer from low yield, reduced lifetime, and high
power consumption. In comparison to the conventional rigid electronics, silicon integrated
circuits (ICs), printed electronics simply cannot provide the computational power required
to develop full systems capable of interfacing with the printed flexible electronics. In general,
silicon ICs have significantly fewer issues on this front, with standardized fabrication tech-
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Figure 1.1: ARFL, Harvard collaboration on 3D printed flexible electronics. Figure
from [17].

niques and highly optimized designs they have very good yield and performance, however
are still limited by their bulky package sizes and form factors. In addition, the fabrication
techniques required for silicon ICs typically involve vacuum deposition, making scaling to
large area fabrication very difficult and costly.

Flexible Hybrid Electronics (FHE) is a concept introduced to leverage both the advan-
tages of printed flexible electronics and conventional rigid ICs. As discussed earlier, the
form factor advantage of printed flexible electronics is huge and can even improve sens-
ing capabilities of lower quality sensors due to the highly conformal nature of the flexible
electronics. Similarly, the reliability and high performance aspects of silicon ICs cannot be
ignored. By combining the two, both printed flexible electronics and rigid silicon ICs, onto a
single substrate we can utilize and maximize the advantages of both realms simultaneously
on one platform for electronics. By using component mounting techniques, such as pick and
place, we can attach silicon ICs onto flexible substrates with printed electronics fabricated
directly on top of them. Ultimately, the scalability and flexibility of printed electronics is
preserved, while gaining the computational power and reliability of silicon ICs on a new
flexible platform.

There are a variety of ways to implement FHE, and a concept art from the NextFlex
consortium is shown in Figure 1.2. This figure outlines a schematic of a FHE system, and
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some components typically involved in FHE. There are a variety of components that can
be printed, that are mostly printed, and are not usually printed categorized in this image.
Starting with the components that can be printed, there has been a large amount of research
in printed displays and printed interconnects. As discussed earlier, printing techniques can
accommodate all sorts of materials, including conductors, semiconductors, and dielectrics.
For printed interconnects, it is most commonly done with printed silver, however recent work
has shown advancements in printed silver with plated copper. For printed displays, there is a
huge effort in the printed organic light emitting diode (OLED) research area [2, 6, 7, 12, 18],
and much of the research is focused on developing highly efficient emitters and scaling down
pixel sizes to as small as possible, rivaling that of evaporated display configurations. That
being said, there are many compatible technologies that do not require printing for displays
and interconnects. Many commercial flexible printed circuit boards are developed with single
layer copper, and there are many AMOLED displays that can be directly mounted onto a
variety of substrates. Moving onto components that are mostly printed, these include thin
film batteries, antennas, and polymer solar cells. Printed antennas have been developed over
many years, and especially with the advancements in conductivity for solution processed
metals, the quality of printed antennas is close to that of PCB antennas. From a fabrication
perspective, a single layer of printed conductor, and perhaps a printed dielectric, is sufficient
to develop a printed antenna for most NFC/RFID applications [5] For printed power, energy
harvest and batteries are both viable printed technologies. There are a variety of printed
solar cell works involving organic photovoltaic (OPV) materials, and several different battery
chemistries have been shown in literature. Finally, there are a variety of components that are
not usually printed for FHE systems. This usually includes microprocessors and memory, as
there are silicon equivalents that are reliable and well commercialized.

If we break down the various components discussed into several categories, we can see
there are generally four major categories: active components, passive components, power
sources, and integrated chips. In general, components such as displays and certain sensors
that draw power are considered active components. Passive components include components
such as interconnects and sensors that do not draw power. Power sources included energy
harvesting solutions and energy storage, such as batteries [8–10, 12, 19]. And finally inte-
grated chips includes microcontrollers and any other logic that requires the assistance of ICs.
Despite being four very broad categories, many of the components included in active compo-
nents, passive components, and power sources can be printed. As part of this dissertation,
we will discuss several works that showcase examples of each of these categories and how they
can fit into the bigger picture of flexible hybrid electronic systems. For passive components,
we discuss our work on printed thermistor arrays for battery health monitoring. For active
components, we discuss our work on printed optoelectronics, and a multi-channel reflection
mode oximeter. Finally, for power sources, we discuss our work on printed Zn-Ag2O battery
arrays. It should be noted that these are not the only works demonstrating each of these
categories, however they have been selected for their importance during my Ph.D.
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Figure 1.2: Concept art of flexible hybrid electronic system. Various components are
identified as mostly printed, can be printed, or not usually printed. Figure from [20].
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1.2 Printing methods

The advantages of using printing as a manufacturing method for flexible electronics is
pretty extensive. Firstly, printing is typically considered an additive manufacturing process.
This means that materials are deposited additively in a vertical fashion, building more and
more layers to finish a full device stack. In contrast, many commercial silicon IC fabrica-
tion techniques require the use of lithography and etching based approaches, a subtractive
process, starting with blanket deposition of material and removing excess as necessary. In
general, solution processing also simplifies the fabrication process and removes the need for
vacuum deposition, lithography, and etch steps. On this note, printing is considered a high
throughput process. Commercial printing processes are on a roll-to-roll manufacturing line,
and can have speeds up to meters/second per roll. In contrast, many conventional fabrication
processes are heavily limited by vacuum deposition processes, which require time to pump
down and evaporate. Similarly, many printing processes are highly scalable in comparison
with conventional techniques. This means that regardless of the substrate dimensions, most
printing techniques take the same amount of time to process, with only the amount of ma-
terial that needs to scale. Processes that involve vacuum deposition do not scale well due
to larger substrates requiring larger vacuum chambers, and thus longer pump down times.
There are a variety of materials that printing can process as well. These include dielectrics,
conductors, and semiconductors, which all enable a variety of applications for solution pro-
cessing. One of the most common solution processing techniques is spin-coating, however it
isn’t considered a printing process. This involves depositing a small amount of ink on the
surface of a substrate and spinning it at high speed to spin off excess ink, and leave a uni-
form film of ink the surface. Although this does have great yield, it is primarily considered
a prototyping technique in our lab, with the intention of scaling to some of the following
printing processes.

As mentioned, there are a variety of printing techniques available, and several of them
are shown in Figure 1.3. Figure 1.3a shows the schematic process of inkjet printing. Inkjet
printing involves a small print head with a piezoelectric nozzle that can dispense very con-
trolled volumes of ink. Depending on the waveform provided to the nozzle, this volume of
ink can be precisely varied. Inkjet printing is one of the few processes that is purely additive,
and with the advancements with drop on demand technology, drops of ink can be deposited
precisely in locations anywhere on the substrate. By merging several drops of ink, larger
features can be formed. It should be noted that inkjet printing is not a very area high scaling
process due to its raster scan printing process. Because it prints along both the x and y
axis at every point, regardless of if there is a feature or not, scaling to larger areas requires
significantly longer time. In addition, when printing very fine features, it can be difficult
to detect defects and shorts without the assistance of an optical microscope. However, it
should be noted that inkjet printing has the highest resolution and smallest possible feature
spacing out of all the printing techniques, with resolutions as small as 20 µm, and films on
the nanometer scale. Doctor blade coating, in Figure 1.3b, is the next printing technique,
and involves using a doctor blade to uniformly guide ink across the surface of a substrate.
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There are a variety of parameters that have an effect on the thickness of the film, includ-
ing viscosity, blade speed, blade height, and surface energy. It should be noted that this
printing technique is a non-contact method, meaning the blade never physically contacts
the substrate itself, which is very good for thin sensitive films. Finally, the last technique
discussed, in Figure 1.3c, is screen-printing. Screen-printing is very good for printing thicker
films, especially due to the high viscosities of inks that it uses. Ink is first deposited on a
patterned mesh and flooded with the flood bar to uniformly spread ink over the surface.
From there, a squeegee moves across the surface of the screen applying pressure to force ink
through the patterned openings and transfer, via contact, ink onto the substrate. Most of
these inks are in the 1,000 - 10,000 cP range, and have a unique shear thinning behavior.
There are several important parameters of optimization, including ink viscosity, substrate
surface energy, squeegee pressure, and snap off distance.

1.3 Thesis organization

This thesis primarily describes the various design and fabrication challenges for each of
the various components generalized in a FHE system. Because there are a variety of printing
techniques available for each application, selecting the printing technique that is most suited
for the application at hand is critical to the optimization and performance of these devices.
The printing techniques used throughout this dissertation have already been outlined above,
and each section will go into the critical optimization techniques and analysis for the device
fabricated.

Chapter 2 goes through one example of passive components, printed thermistors. Tem-
perature is a commonly measured signal in a variety of applications. Specifically motivated
by the lack of in vivo battery health monitoring solutions, we explore a printed thermistor
array for real time temperature mapping. Monitoring batteries for local heating can indicate
regions of low series resistance, which can cause thermal runaway during battery operation.
The fabrication process for the 4 x 4 array of thermistors involves screen-printing two layers
of ink, one NiO sensing film and one silver electrode film. As there is no commercially avail-
able NiO ink for screen-printing, we optimized the NiO ink for film quality and uniformity
by characterizing the viscosity of the ink. In addition, we explored various anneal times and
film thicknesses to improve the sensitivity of the devices. Finally, the array is characterized
with a commercially available Lithium-ion battery discharged at various C-rates, and com-
pared with a commercial thermal camera to validate the accuracy of the printed devices. In
addition to the thermistor characterization, a thorough analysis of design rules and toolkits
for screen printing is outlined, including design and feature limits, as well as the process to
submit a screen design.

Chapter 3 introduces an example of active components, printed optoelectronics. As most
of my work during my PhD involves printed OLEDs, a thorough discussion of OLED per-
formance metrics is included. In addition, two different measurement setups are discussed:
integrating sphere and a custome photodiode measurement setup. The design of the photo-
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diode setup is included, as well as an in depth discussion of the control software. In addition,
an emission angle measurement setup is discussed and validated. From here, an example
of optoelectronic sensing is discussed in detail, a multi-channel reflection oximeter. The
oximeter uses both printed OLEDs and OPDs, and the assembly of the sensor is discussed
in detail. Several different sensor design schemes are introduced and evaluated including
varying pixel geometry and spacing, as well as introducing optical isolation between the
emitter and detector. Finally, the overall performance of each sensing scheme is analyzed
and compared via their calibrated photoplethysmogram signal magnitude.

Chapter 4 explores one example of printed power sources, Zn-Ag2O batteries. Specifically,
arrays of Zn-Ag2O batteries are designed and connected in series to allow for application
specific design flexibility. The design of the individual Zn-Ag2O battery is discussed in detail,
as well as the series interconnect scheme enabling any integer multiple of 1.5 V to be achieved.
Furthermore, a custom electrode ink slurry was developed for both Zn and Ag2O, and the
optimization of the various electrode films are analyzed. Specifically, ink viscosity, mass
loading, number of print passes, and screen integrity and their effects thoroughly analyzed.
Finally, the characterization of both the single cell battery and arrays of various dimensions
are shown.

Chapter 5 focuses on another approach in designing flexible hybrid electronics, specifically
for applications demanding highly conformal designs for complex surfaces. The concept of
in-mold electronics is introduced, as well as the various design processes associated with
a standard in-mold electronics design approach. A software assisted design approach is
proposed and outlined, and the fabrication process for in-mold electronics is thoroughly
discussed. Key design criteria are discussed for the pick and place component attach process,
and an optimized in-mold electronics fabrication process is explained. Additional design
criteria for vacuum forming and mold design are outlined, and several examples of finished
in-mold electronics are discussed. Finally, a detailed analysis of the software toolkit design
is discussed with relevant algorithms.

Chapter 6 concludes this thesis. Several future works will be discussed including inte-
grated impedance and optoelectronic sensors for wound monitoring and stimulation, printed
sensors for food packaging, printed vias enabling double-sided electronics, and SimuPrint:
multi-functional single substrate printed electronics. An overview of each future work with
additional details about potential implementation will be discussed.
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Figure 1.3: Schematic view of various printing techniques. Schematic of (a) inkjet
printing technique, (b) doctor blade coating technique, and (c) screen-printing technique.
Figure from [21].
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Chapter 2

Printed thermistor arrays

2.1 Introduction

There are a variety of signals monitored by passive sensing technologies today. Tem-
perature is a useful signal that is frequently used to evaluate the status of a variety of
mechanical or microelectronic systems. A few temperature monitoring applications include
IC chips, heat sinks, metal structural integrity, and battery health. Although using individ-
ual temperature sensors does provide meaningful information, an array of sensors is capable
of measuring the spatial distribution of temperature, as well as provides signal redundancy.

Large-area printing has gained significant interest and is becoming one alternative to
conventional lithography-based processes, especially for applications that require large area
coverage of components. There are a variety of printing techniques available, but screen-
printing is a particularly appealing method for large area material deposition and is in use
today in manufacturing scale processing. The low complexity printing, fast turnaround
time, and uniform large area deposition of materials that screen-printing enables makes it
an attractive additive manufacturing process.

In order to monitor temperature over a surface, the sensors must be sitting as close
to the surface of interest as possible to form a high-fidelity sensor-surface interface. With
this in mind, fabricating large area flexible thermistors would enable this type of interface.
Although semiconducting manufacturing technologies are reliable and widely used, they
tend to require high vacuum or temperature environments, and have poor areal scaling for
custom designs. In addition, these manufacturing techniques usually require lithography or
additional masking steps, which can be expensive and result in high material waste.

In this chapter, we report on a fully screen printed 4 x 4 thermistor array. The thermistor
array is highly sensitive and demonstrates temperature coefficient, α = -5.84 % K−1 and
material constant, β = 4302 ± 401 K. This array can be applied not only for wearable
and medical applications such as measuring skin temperature, but it could also be used for
battery health monitoring as illustrated in Figure 2.1. We used the 4 x 4 array of thermistors
to measure the temperature of a commercial lithium ion battery when operated at higher
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Figure 2.1: Concept art for fully screen printed thermistor array used in as battery
temperature monitoring sensor. The 4 x 4 array would be placed on top of a battery
and would monitor the heating, producing a real-time temperature map of the surface. The
data obtained with the proposed device would be useful in monitoring battery performance,
helping to prevent dangerous failure mechanisms resulted from overheating.

C-rates. By multiplexing the individual thermistor pixels, we were able to plot, in real-time,
the temperature of the battery surface, and spatially resolve local heating. Additionally, the
screen-printing was done on flexible plastic substrates, making the sensor array conformal to
the object being measured, allowing higher efficiency at resolving surface temperatures when
compared to conventional rigid thermistors [1–16]. Portions of this chapter are submitted
for review in [1].

2.2 Thermistor array fabrication

The temperature sensitive ink used for the thermistor is composed of NiO nanoparticles
mixed with a polystyrene–butadiene rubber (PSBR) binder and water. The number of
charge carriers in the conduction band of NiO increases with higher temperature, resulting
in a decrease in the resistivity. The PSBR holds the nanoparticles together to form the
thermistor layer. An array of fabricated thermistors on PEN substrates is shown in 2.2.
First, square pads of NiO are deposited on the PEN substrate using screen printing. After
annealing the NiO, the conductive silver pads and traces are then screen printed directly
on top of the NiO pads. The two-step process is depicted in 2.2a, with the inset showing a
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magnified image of an individual thermistor pixel stack. Depending on the design, a variety
of sensor densities can be achieved, as seen in 2.2b-d. The inset image of 2.2d shows the
magnified image of the NiO pads, which have dimensions of 900 µm x 900 µm.

2.3 Screen-design guidelines

2.3.1 Design rules

In order to effectively print films using screen-printing, there are a variety of design rules
that should be followed in the screen designing process. For the screen printer described in
this work, we are assuming that we have a minimum feature distance of roughly 125 µm.
Knowing this parameter is crucial to determining how to layout the various parts of the
screen. An additional parameter used in the design process is the maximum printable area
of the screen. Although the screen itself is very large, the printable region of the screen
is determined by the squeegee width and the vertical actuation distance during the travel
along the screen. For our printer, these dimensions are 150 x 170 mm. In addition, it is
recommended to place most features as close to the center of the print axis as possible, to
avoid any print region related defects. An example of a screen design used for this work
is shown in Figure 2.3. If we look at this particular design, we can see there are a variety
of design features on the screen. There are arrays of various different design densities, as
well as electrode spacings. It should be noted that for any design that requires two or more
layers, alignment marks are mandatory on the screen for each layer. This allows the user
to vertically align consecutive layers using the fiducial camera on the screen printer. For this
particular screen, each design has a small printed cross that acts as the alignment mark. One
should take caution when designing placing these alignments, especially for smaller designs,
as there is a physical limit on how close one can place the fiducial cameras on the screen
printer without overlapping them.

Additionally, it is recommended to place a set of test structures on a screen when working
with new or unfamiliar ink compositions. This primarily functions to allow the user to
characterize several ink parameters, such as thickness, spreading, and feature definition
without having to make a separate screen to do so. There is, in theory, a location dependence
to these test structures, however it is in general negligible for most applications. As seen in
Figure 2.4, we can see a zoomed in photo of an array design in 2.4a, as well as some test
structures used in Figure 2.4b. Printing several lines of varying linewidth or length allows for
quick 4 point probe measurements to characterize resistivity, and designing several squares
of different dimensions allows one to test ink spreading.

There are a variety of issues one could encounter during screen-printing, and that warrants
a dissertation on its own, however one of the most common issues to debug while working
with conductive inks is electrode shorting. Figure 2.5 shows an example of two printed silver
electrodes that have shorted on a microscopic level. To the naked eye, this would be very
difficult to detect, however upon closer inspection it can be determined that the electrodes
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are indeed slightly shorted. This is a sign that the screen design has reached the lower limit
of feature separation. As we can see, this particular separation of electrodes seems to be
below 125 µm, and with ink spreading this effect can occur at even larger spacing.

Figure 2.6 is a great example of the difference between designed feature specifications and
actual printed specifications. For this particular flat flexible connector (FFC), the printed
silver lines were designed to have a pitch of 1 mm, with each trace having a width of 750
µm and each space having a width of 250 µm. However, upon measuring the printed traces
on the optical microscope, it can be seen that they have values closer to 800 µm and 200
µm respectively. This implies there is roughly a 25 µm spreading effect for the printed silver
traces. Knowing this value is particularly helpful, and can potentially be accounted for in
future design iterations by adjusting design dimensions. Specifically for connectors, it is
particular helpful to design connectors such that precise alignment is not required should
there be any ink spreading into adjacent pads. For example, this connector was used with
a 500 µm pitch connector, however two traces and one gap were shorted together to avoid
precise alignment requirements.

2.3.2 Toolkits

There are a variety of tools one could use to design screens for screen-printing. Personally,
the most convenient design software has been AutoCAD in 2D. Most screen order companies
use Gerber (.gbr) file formats to layout screens. However, many of them accept .dwg or
.dwx file formats nowadays, and this is the default output format of AutoCAD. For designs
such as Figure 2.4a, laying out geometric components such as square pads is quite trivial
in AutoCAD, however there is no convenient trace routing function. To do so requires a
combination of AutoCAD and a PCB layout software. I have found using DipTrace (freeware)
is convenient in combination with AutoCAD. The easiest way to combine the two is to design
all of the printed electrodes and features as closed objects in AutoCAD and export it as a
.dxf file. DipTrace can handle .dxf files and they can be imported as ”pads” into the layout
software. From there, each component can be placed, just like in PCB layout, and routed
manually using the DipTrace routing tool. I personally recommend designing the FFC
separately such that you can use it like a library and import it to whatever project you
need in the future. After the design has been completely routed, the DipTrace file can be
exported in a few different file formats. I personally prefer exporting it in the .dxf file format,
specifically exporting the ”TOP” and ”EDGE TOP” layers, however one could also directly
export to .gbr, it is merely a matter of personal preference. From there, the files can be sent
to the screen design company and a screen can be ordered.
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Figure 2.2: Fabrication schematic and various printed array dimensions. (a) Fab-
rication steps for fully-screen printed thermistor array. A layer of NiO is first deposited on
a PEN substrate using screen printing, after which conductive silver pads and traces are
printed directly on top. The inset image shows a magnified view of an individual thermistor
pixel stack. (b-d) Various thermistor densities can be achieved by modifying the screen
design, a dime is shown for scale. The inset image shows a magnified view of NiO pads for
the smallest array design, which have dimensions of 900µm x 900µm.
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Figure 2.3: Screen layout for thermistors, arrays, and test structures.



CHAPTER 2. PRINTED THERMISTOR ARRAYS 17

Figure 2.4: Close-up of critical screen design elements. (a) Layout of thermistor array
with large pixel spacing. (b) Layout of test structures for print quality evaluation.
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Figure 2.5: Micrograph image of shorted printed silver electrodes on top of printed
NiO film. The scale bar represents 100 µm.

Figure 2.6: Micrograph image of printed silver FFC connector. The screen design
dimensions are for a 750 µm pad width and a 250 µm spacing. The scale bar represents 500
µm.
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2.4 NiO film optimization

2.4.1 Ink deposition and characterization

The thermistors were screen-printed, using an ASYS APM101 screen printer, onto a 120
µm thick polyethylene naphthalate (PEN) substrate. The thermistor first layer is consisted
of a nickel oxide (NiO) nanoparticle ink with different weight ratio of NiO (nickel(II) oxide
nanopowder, < 50 nm from Sigma-Aldrich), PSBR (Targray Technology), and deionized
(DI) water. The mixture was then screen printed onto PEN substrates and then was cured
for 12 hours at 140 °C in vacuum. To complete the thermistors, a silver electrode layer was
screen printed on top of the NiO layer using a silver micro-flake ink, with flake size of 7
mm, purchased from Creative Materials (118-09A/B). The metal layer was annealed at 110
°C for 15 minutes after deposition. The thermistor layers thicknesses were measured with
a Dektak profilometer. The temperature response of the thermistors was characterized on
top of a custom-made hotplate by using a Keithley 2400 SourceMeter. SEM images were
acquired with a Hitachi TM-1000 SEM. The ink viscosity was measured with a Brookfield
DV3T viscometer.

2.4.2 NiO ink viscosity

There are three critical parameters when formulating screen printable inks: the ratio of
the solid content, the particle size distribution, and the viscosity. The latter is related to the
molecular attraction within the liquid and is the ratio of the shear rate of the fluid to the
shear stress. The ink must have thixotropic characteristics, in which the shear rate/shear
stress ratio is nonlinear. As the shear rate (which is the combination of the squeegee pressure,
velocity, and screen tension) is increased, the ink becomes substantially thinner, causing it
to flow readily. We tested different ink compositions whereas the amount of water and
PSBR were varied: 6:2:1, 6:2:2, 6:1.5:2 and 6:1:2 (NiO:PSBR:H2O). Figure 2.7a shows the
viscosity of each tested ink as a function of shear rate. For inks with 6:2:1 composition, the
viscosity reduces significantly as the shear rate increases from 25000 to 75000 cP. During the
screen-printing process, while force is being applied by the squeegee (high shear rate), the
ink viscosity must be low, causing the ink to flow readily so that it is transferred completely
from the screen to the substrate. After the squeegee has passed (low shear rate) and the ink
is on the substrate, the viscosity should be higher so that the ink will not flow, maintaining
the definition of the pattern. This behavior was not observed for the ink compositions of
6:2:2, 6:1.5:2 and 6:1:2, whereas the viscosity change is low (from 5000 to 3500 cP) as the
shear rate increases. Figures 2.7b-d indicate the correlation of ink viscosity with printing
quality. As indicated in Figure 2.7b, using the 6:2:1 ink composition resulted in printed
features with good shape definition and homogenously coated 2 x 2 mm film. For the 6:2:2
ink when the water content was doubled, the printed feature has poor feature definition,
spreading ink along the edges and leaving pinholes on the film surface (Figure 2.7c). Poor
film quality was also observed for the 6:1.5:2 and 6:1:2 compositions (Figures 2.7d and e).
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Figure 2.7: Ink viscosity optimization for NiO ink and printed films. (a) Ink
viscosity obtained with a spindle rheometer and optical images of printed features for each
ink compositions (NiO:PSBR:water): (b) 6:2:1, (c) 6:2:2, (d) 6:1.5:2 and (e) 6:1:2. The
scale bars in the micrographs represent 500 µm. Printed features with higher quality was
obtained for the 6:2:1 composition whereas the viscosity decreases with increasing shear rate.
Ink viscosity of 6:2:2, 6:1.5:2 and 6:1:2 compositions is not significantly reduced when shear
rate is higher and resulted in printed features with poor quality.
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Figure 2.8: Measured thermistor β as a function of annealing time and number
of printed layers. (a) Measured thermistor β as a function of film annealing time for
printed NiO films with 3 layers. (b) Measured thermistor β as a function of printed NiO
film thickness. 1 layer (35 µm), 2 layers (45 µm), and 3 layers (65 µm) are plotted.

Figure 2.9: Printed NiO film defects on printed silver electrodes. (a) Printed 6:2:1
NiO ink on bare PEN. (b) Printed 6:2:1 NiO ink on printed silver electrodes. Low yield of
electrodes is achieved due to many missing printed NiO films.
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Figure 2.10: Contact angle measurement of NiO ink and cross sectional film mi-
crograph images. (a) Contact angle measurement of 6:2:1 NiO ink drop casted on printed
silver and on PEN substrate. (b) SEM cross sectional image of 6:2:1 NiO ink printed on
PEN. (c) SEM cross sectional image of 6:2:1 NiO ink printed on PEN, with printed silver
on top. The scale bar represents 30 µm.

2.4.3 Drying time and film thickness

Figure 2.8a shows a plot of measured β as a function of annealing time for a NiO film
with 3 printed layers. We can see that a longer anneal time tends to yield a higher β device,
with closer grouping between devices. Specifically, we chose to use the devices annealed for
12 hours at 140 °C. In Figure 2.8b, we see a plot of measured β as a function of NiO film
thickness. By varying the number of print passes for the NiO film, we can tune the thickness
of the film. We see that the devices with the closest grouping when annealed for 12 hours
was the 5 layer thick (65 µm) NiO films. However, each print pass requires a cleaning and
realignment, and becomes very time consuming. As such, we selected to move forward with
the middle ground, the 3 layer (45 µm) NiO films.
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2.4.4 Layer orientation

As noted from Figure 2.2, the fabrication process of the thermistor arrays involves first
depositing the NiO film before depositing the silver electrodes. This configuration is inverted
from the conventional NiO thermistor configuration due to the interaction between the NiO
ink developed (6:2:1 ratio) and the printed silver electrodes. Figure 2.9a shows the 6:2:1 NiO
directly printed on the PEN substrate. However, when moving to printing the NiO films
onto the printed silver electrodes, we can see from Figure 2.9b that there are some major
print defects in the NiO film. Notably, there are several pixels that have incomplete NiO
films, as well as many electrode pairs that are completely missing a NiO layer. Our suspicion
was that the NiO film was delaminating from the silver electrodes during the screen printing
process and adhering to the backside of the screen as the squeegee passes over. To confirm
our suspicions, Figure 2.10a shows a contact angle measurement of a drop casted NiO ink
on top of a printed silver electrode. It can be seen that the NiO ink drop casted onto the
silver directly has a contact angle of 61.39 °, whereas the NiO ink drop casted onto the PEN
substrate itself has a contact angle of 45 °. We then tried the inverted configuration and
deposited the NiO film directly onto the PEN before printing the silver electrodes on top of
it. Figures 2.10b and c show the SEM cross sectional image of a thermistor pixel at each
fabrication step. The NiO directly fabricated on the PEN substrate has a rough thickness of
20 µm with good cross sectional uniformity, and the silver fabricated on top has a thickness
of 10 µm. From this analysis, we concluded the inverted pixel structure was optimal.

2.5 Temperature mapping

2.5.1 Sensor characterization

Figure 2.11a shows the photograph of the thermistor array that was fabricated by screen
printing the 6:2:1 ink composition. Two 2 x 2 mm silver pads with 140 µm gap distance and
10 µm thick were printed on top of each 2 x 2 mm nickel oxide pads with thickness of 30 µm.
The resistance versus temperature characterization is illustrated on Figure 2.11b. As indi-
cated by Figure 2.11b, the resistance of the thermistor decreases with temperature increase,
hence, the sensors exhibit NTC behavior. All 16 pixels of the array present similar values
of resistance for each temperature, indicating good reproducibility of the pixels within the
array at 25 °C. The β, the slope of the graph in Figure 2.11c, is a measure of the temperature
sensitivity and higher values result in greater change in resistance with temperature change.
For the array fabricated in Figure 2.11a, we obtained an average β = 4302 ± 401 K which
is comparable with previous reported values for a single pixel NiO thermistor fabricated by
ink-jet and stencil printing. The thermistor change in the resistance is given by the following
equation:

Rt = R0 exp β(
1

T
− 1

T0
) (2.1)



CHAPTER 2. PRINTED THERMISTOR ARRAYS 24

Rt is the resistance at temperature T , R0 is the resistance at the reference temperature
T0 and β is the material constant for the thermistor and can be calculated by rearranging
Equation (2.1):

lnRt = lnR0 + β(
1

T
− 1

T0
) (2.2)

β represents the slope of the lnRt versus 1/T plot, which is related to the Boltzmann
relation (E/kT ), where E is the bandgap of the thermistor material and k is the Boltzmann’s
constant. By differentiating Equation (2.1) with respect to T and dividing by Rt, it is possible
to obtain the temperature coefficient of the thermistor α, which represents the percentage
change in resistance per degree Kelvin.

α =
1

Rt

dRt

dT
=

β

T 2
(%K−1) (2.3)

For calibrating the thermistor array, we probed resistance values for different temperature
for each pixel and calculated β using Equation (2.2). These β are used in Equation (2.1) for
calculating the temperatures from the thermistor resistances, which are read from a voltage
divider network composed of the thermistor in series with a 660 kΩ resistor (R). The variable
voltage from the thermistor (Vt) is recorded and can be related to the thermistor resistance
(Rt) by Equation (2.4), where Vb is the bias voltage.

Vt = Vb ×
R

(Rt +R)
(2.4)

The resistance of the thermistor at a given temperature also depends on the geometry
of the electrodes. Figure 2.11d shows resistance values at 25 °C for the 2 x 2 mm silver
electrode pads with distance gap of 75, 175 and 285 µm, which resulted in the exponential
increase of 4 to 9 MΩ.

The thermistor array was designed such that each individual thermistor pixel could be
individually addressed. By addressing each individual pixel, we can spatially map the tem-
perature of a surface using the fabricated thermistor array. 2.12 demonstrates the tempera-
ture map acquired when the first column of pixels is touched by a finger. The temperature
rises from 25 °C to 33 °C as a finger is placed on the thermistor pads. (Figure 2.12a and
2.12c). As it is shown on Figure 2.12a and 2.12c, the thermistor array is capable of resolving
local heating in areas as small as one-pixel dimension.
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Figure 2.11: Resistance characterization of the various thermistor pixels. (a) Pho-
tograph of the 16 pixels thermistor array with each corresponding pixel number. (b) Resis-
tance versus temperature plot for each pixel in the array and (c) β plot of each pixel. (d)
Resistance versus silver electrode gap distance. (e), (f), and (g) micrographs of the silver
electrode gap for 75, 175 and 285 µm, respectively. The scale bars represent 500 µm.
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Figure 2.12: Temperature mapping capability of the printed thermistor arrays. (a)
Photograph of index finger placed over 4 pixels of the thermistor array and (b) corresponding
temperature map. When touched, the temperature rises from 25 °C to 33 °C. (b) Photograph
of index finger placed over a single pixel of the thermistor array and (d) corresponding
temperature map.
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2.5.2 Battery temperature characterization

With the fabricated thermistor arrays, we monitored battery surface temperature in real-
time with an experimental setup that varied battery discharge rate. C-rate is one way of
describing a batteries discharge rate. A 1C rate corresponds to a discharge current that will
completely discharge the battery in 1-hour. For a battery capacity of 200 Amp-hours, a 1C
discharge current would be 200 Amps, a 2C rate would be 400 Amps, and a 0.5C rate would
be 100 Amps. For real-time temperature monitoring, the thermistor data was obtained using
a voltage divider network, where the variable voltage across an individual thermistor pixel
is recorded using an ADC, and then individual pixels are selected using a multiplexor. The
measured values are then sent to a laptop via USB for collection and processing. The printed
thermistor array is connected to the board and placed on top of a commercially available
lithium-ion battery, connected to power resistors of various values such that the battery
discharge rate would be 0.5, 2, or 3C. A schematic view of the setup can be found in Figure
2.13a-b. In Figure 2.13c-e, the values collected from the thermistor array are plotted over
time, with the red regions depicting when the battery was discharging, and the green regions
depicting when the battery was disconnected. Depending on the discharge rate selected,
different discharge profiles were used as to not heat the battery in a dangerous way. The
peak temperatures of the battery were confirmed using a thermal imaging camera, which is
plotted as red dots superimposed over the thermistor array data.

For the 0.5C discharge rate, the battery is connected to the power resistor for 6 minutes
continuously. Because this is a very low discharge rate, almost no temperature change is
observed, which can be observed in Figure 2.13c. There is a slight monotonic increase in
temperature over the 6 minutes window, but the temperature change is no more than 2 °C.
For the 2C discharge rate in Figure 2.13d, the battery was connected to the power resistor for
3 minutes, and then disconnected for the remaining 3 minutes. Here, we observe a significant
increase in temperature during the time when the battery is discharging. Again, there is a
monotonic increase in temperature, this time from around 23 °C to a peak of about 45 °C.
When the battery is disconnected, it begins to cool and the temperature gradually decreases
until around 33 °C at 6 minutes. For the 3C discharge rate in 2.13e, the battery was connected
to the power resistor for 1 minute, and then disconnected for 1 minute. This was repeated
two more times over the 6 minute experiment duration. Similar to the 2C experiment, we
observe that the battery temperature increases linearly when it is discharging, and cools
slightly when it is disconnected. However, because the rate at which the battery heats up is
higher than its cooling rate, we observe that over the three charging and discharging cycles,
the peak battery temperature continues to increase. This is depicted in 2.13f-g, where a
snapshot from the thermal imaging camera and the thermistor temperature plot are plotted
side-by-side at 60 seconds, and at 300 seconds respectively. The peak temperature the
battery reached at 60 seconds was around 35 °C and around 46 °C at 300 seconds.
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Figure 2.13: Battery temperature monitoring characterization. (a) Schematic of
battery monitoring setup. (b) Optical image of thermistor array connected to readout elec-
tronics and placed on top of Lithium-ion battery. (c-e) Temperatures recorded from 16
channels of the array are plotted over 6 minutes. The discharge rate is set to 0.5C, 2C, and
3C, and the discharge profiles are different for each rate. The red regions depict when the
battery is connected to the resistor and discharging, and the green regions depict when the
battery is disconnected. A thermal camera was used to verify the temperatures recorded
by the array, and is plotted as red dots. (f,g) The left image was captured using the ther-
mal camera from the top view of the battery and the right image is the temperature map
captured by the thermistor array, at 60 and 300 seconds.
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2.6 Chapter conclusions

In conclusion, in this chapter, we have demonstrated a 4 x 4 array of fully screen-printed
thermistors based on a custom NiO ink, printed on a flexible substrate. NiO inks of various
viscosities were created and characterized to optimize the print quality of the NiO films, as
well as their feature definition. By utilizing an array of devices, as well as a microcontroller to
interface with the printed sensors, real time temperature monitoring was demonstrated. As
a system level implementation, the printed sensor array was tested on commercially available
Lithium ion batteries to observe and quantify battery heating as they were discharged at
various C-rates. The temperature maps were confirmed using a thermal camera and on
average had an error of 5 %. We believe that this fully screen-printed thermistor arrays
will motivate more research on these printed sensors and will contribute with useful insight
for future works. This demonstration of printed thermistor arrays will help stretch the
applications of these sensors beyond conventional sensing regimes, such that benefits of low-
cost fully printed thermistors can be effectively used.
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Chapter 3

Printed optoelectronics

3.1 Introduction

In this chapter we will discuss one example of ”active” sensors, a reflection oximeter.
Specifically, using printed optoelectronics, we can combined organic light emitting diodes
(OLEDs) and organic photodiodes (OPDs) and use it as a reflection mode sensor. In par-
ticular, OLEDs have been primarily used in the display industry as well as area lighting
applications, however here I will discuss how OLEDs have applications in the sensor realm.
First, I will discuss my work on OLED characterization, and how a custom luminance char-
acterization setup was developed. From there, I will dive into the multi-channel reflection
oximeter work and discuss the fabrication of the devices, as well as the various studies we
designed to determine optimal device placement, device geometry, and sensor redundancy.
Portions of this chapter are published in [1].

3.2 OLED characterization

3.2.1 Performance metrics

There are a variety of key performance metrics to characterize the OLEDs we fabricate.
Here we will loosely introduce some of those paramaters and their relevant equations [2].
It should be noted that many metrics have both a radiometric and photometric equivalent.
The latter is specifically concerned with the measurement of light as perceived by the human
eye.

The radiant flux Φ is defined as the rate of change of radiant energy with respect to time.
Radiant flux has units of Watts and is defined as:

Φ =
dQ

dt
(3.1)

Irradiance E is defined as the radiant flux per unit area emerging from a point in a given
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surface. It is defined as:

E =
dΦ

ds0
(3.2)

where ds0 is defined as the surface area element on the surface of interest. Irradiance has
the units of Wm−2.

Radiance is a measurement of area and solid angle density for radiant flux, and is recorded
in units of Wm−2sr−1. Generally it can be explained as the amount of radiant flux per unit
area, per unit solid angle emerging from a point on the surface of interest. It is defined as

L =
d2Φ

dωds
(3.3)

where ω is defined as the solid angle in a specific direction and s is the projected area onto
the surface containing the point of interest. It should be noted that irradiance has both the
initial surface, source point, and the direction that the measurement is taken.

For most OLED applications, the human eye is used as the detector in the system. As
such, the optical performance of OLEDs in this particular application space requires the
definition of how the human eye behaves and receives various forms of light. This particular
analysis is defined as photometry. Detecting light itself through the eye is a very complex
process. Light enters the eye and is transmitted through a variety of optics before being
received by the retina. The retina itself has two different types of receptors, split into rods
and cones. Even within rods and cones, there are further degrees of classification [2]. From
the light absorbed in these receptors, the light is converted into a series of electrochemical
signals sent to the brain via the optic nerve. It is understood that rods are used for low
light vision, known as scotopic vision, and cones are used for ambient light vision, known as
photopic vision, and are how we perceive various colors. There are different types of cones
responsible for a variety of wavelengths, loosely split into short, medium, and long cones.
From Figure 3.1, we can see the photopic response of the human eye defined as V(λ). Note
that this particular spectrum is more green cenetered, around the 500-600 nm wavelength
regime. This has to do with the aforementioned short, medium, and long cones and how
they overlap in their absorption spectra. We happen to have more cones that absorb and
overlap in absorption in this region, and as such human vision is green-weighted.

From our previous introduction of radiance, the photometric equivelant is defined as
luminance, Lv. The units of this measurement are lm m−2sr−1, alternatively cd/m2 or nits.
This is conceptually the human perception of brightness in photometry, where as radiometric
radiance is the quantitative value of brightness. It can be computed as follows:

Lv = 683[
lm

W
]
∫ 770

380
L(λ)V (λ)dλ (3.4)

As part of the luminance calculation for OLEDs, the responsivity of the detector used for
the measurement, as well as the spectral emission pattern of the OLEDs are required. The
other plots R(λ) and S(λ) in Figure 3.1 are examples of what this may look like.
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External quantum efficiency (EQE) conceptually is defined as the ratio of number of
photons emitted by a device to the number of electrons injected into the device. Note that
this does not specifically mean the number of electrons injected into the emission layer of
the device, specifically this is the injection of electrons at the electrode [2]. The EQE can
be defined as

η =
nph

ne

× 100% (3.5)

where nph is the total number of photons emitted from the device and ne is the total number
of electrons injected into the device. It should be noted that light emitted directly horizontal
and at angles greater than 180 degrees are not included in this calculation and be considered
as not relevant for emitted light, as they are waveguided into the substrate.

An additional parameter that is frequently reported is the current efficacy of the device,
ηI . The current density measurement has units of cd/A and is defined as

ηI = 0.1
Lv

J
(3.6)

where J is the current density of the device under test, measured in units of mA/cm2.
This measurement is particularly useful in the display industry, as knowing the amount of
luminance, or perceived brightness, a certain amount of current can provide is important
to circuit designers for display controllers. In addition, radiance isn’t used as perceived
brightness by the human eye matters more than total energy radiated.

The luminous efficacy of radiation is a parameter that tells us how effictive a beam of
light is at stimulating the human eye response, with units of lm/W. First, by defining the
luminous flux Φv (the radiant flux weighted by the photopic response):

Φv = 683[
lm

W
]
∫ 770

380
Φ(λ)V (λ)dλ (3.7)

The luminous flux is defined in units of lumen (lm). From there, the luminous efficacy
of radiation, Kr can be defined as this ratio between luminous flux and radiant flux, or
mathematically noted as:

Kr =
Φv

Φ
(3.8)

Finally, the power efficacy of a device measures the luminous flux produced by a light
source at given input power. It is recorded in units of lm/W and expressed as:

Ks =
Φv

P
(3.9)

where P is the electrical power inputted to the source in units of Watts.
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Figure 3.1: Spectral response of OLED, photodiode responsivity, and human pho-
topic response.
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3.2.2 Custom photodiode setup

As part of the OLED characterization, two measurements are frequently performed. Cur-
rent vs. Luminance, and Luminance vs. Voltage characteristics are typically aquired using
a commercial luminance setup, however for the characterization of our devices, we built a
custom photodiode measurement setup [2]. In conjunction with an integrating sphere, a cus-
tom built setup consisting of several equipments connected to a computer running control
software (LabVIEW) can perform the J-V-L (current density-voltage-luminace) characteri-
zation. A schematic of the custom setup is shown in Figure 3.2. The OLEDs are placed in an
OLED holder, allow for individual wires connecting to up to eight cathodes and one anode
to be addressed. The OLEDs are driven by a Keithley 2601A sourcemeter, and the J-V can
be measured directly from this sourcemeter. Separated by a 21.4 cm distance, a commercial
silicon photodide (PDB-C609) is placed on a goniometer. This allows the photodiode to be
precisely aligned at various angles to the incoming OLED light. The photodiode generates
photodiode current based on the incident OLED light, and the photocurrent is measured by
the Keithley 2400 sourcemeter, synchronized in time to the OLED driver. Using LabVIEW,
this setup can precisely record and time the data for both the J-V, and the photocurrent
of the photodiode. A photo of the setup is shown in Figure 3.3. From Figure 3.4, we can
see the LabVIEW software interface for controlling the J-V-L setup. The sweep to and from
voltages can be defined, and the delay between applying the voltage to the OLED can also
be defined. On the right, both the J-V, and the V-L plots are displayed in real time.

In addition to this particular setup, the goniometer on the bottom of the OLED mount
can allow for interesting emission angle measurements. In general, most fabricated OLEDs
are considered Lambertian emitters, meaning they follow a cosine angle rule regarding the
angle of emission and intensity. To validate that, the LabVIEW software can be adapted to
measure the photodiode current when applying a constant voltage to the OLED at various
angles. In Figure 3.5, we can see the LabVIEW control software for the setup. At each
inputted angle, the user can be prompted to turn on the OLED through the software, and
the photodiode current is recorded. An example plot of several different OLEDs measured
from 0-180 °emission angles is shown in Figure 3.6. As mentioned earlier, it is expected they
have similar emission behavior.
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Figure 3.2: Custom photodiode setup schematic for OLED characterization.

Figure 3.3: Photo of custom photodiode setup for OLED characterization.
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Figure 3.4: LabVIEW control software for J-V-L measurement.
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Figure 3.5: LabVIEW control software for emission angle measurement.

Figure 3.6: Plotted normalized luminance vs. emission angle for vaious OLEDs.
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3.2.3 Radiometric and photometric values

Between a conventional integrating sphere setup, which is used frequently to characterize
OLEDs, and the custom photodiode measurement setup described in the previous section,
there are a variety of values that can be measured from device characterization. It is impor-
tant to separate which values can be acquired by which measurement technique. In Tables
3.1 and 3.2, we can see the breakdown of these values. In each table, values are separated into
the radiometric and photometric equivalents, and then color coded into values that can be
acquired with said measurement technique, and values that cannot. Notably from Table 3.1,
we find that many of the relevant photometric quantities cannot be acquired. In literature,
values such as luminance and current efficacy are regularly reported. However, from Table
3.2, we find that almost all of the radiometric and photometric values can be computed, and
the EQE can be interpolated from certain measurements. However, it should be noted that
as part of the photodiode setup, a series of integrating sphere measurements must first be
made in order to acquire information about the spectral intensity of the OLED emission.
Without that information, the photometric values cannot be computed.
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Table 3.1: Radiometric and photometric values for integrating sphere measurement. Cells
marked in green are measurements that can be measured directly using the integrating
sphere, where cells in red cannot.

Table 3.2: Radiometric and photometric values for photodiode setup measurement. Cells
marked in green are measurements that can be measured directly using the integrating
sphere, where cells in gray can be approximated.
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3.3 Multi-channel reflection oximeter

3.3.1 Overview

A schematic illustration of a two-channel wrist-worn reflectance PPG sensor is shown
in Figure 3.7a. The multi-channel sensor is designed using two circular sensors to collect
PPG signals from the radial and the ulnar arteries (Figure 3.7b). The sensor is interfaced
to multiplexers that switch between the pixels and connects to an analog front end (AFE).
The AFE sequentially drives the OLEDs and reads out the OPD signals. Since the focus of
this article is sensor design and optimization, we use a wired interface for data collection.
However, the AFE can be interfaced with a wireless transceiver for wearable applications.
Both red and NIR PPG signals are collected using the two pixels. Since most wearable PPG
sensors are wrist-worn, we utilize the two-channel PPG sensor for on-wrist measurements.
The underside of the wrist, especially on the radial and ulnar arteries, provide the best PPG
signal magnitudes. One pixel (Ch 1) is placed on the ulnar artery, while the other pixel (Ch
2) is placed on the radial artery. A photograph of the multi-pixel sensor is shown in Figure
3.7c, where the sensor is bent to a radius of curvature of 5 cm to resemble bending on the
wrist.

Reflection-mode sensors require light emitters and detectors assembled on a substrate or
a circuit board [3–16]. Traditionally, red and NIR LEDs are placed on either side of the PD
to assemble the sensor [17–24]. The designs of commercially available optoelectronic sensors
are limited in shape - typically rectangular, which do not provide much versatility to vary
the sensor geometry [1, 25–35]. On the other hand, printed optoelectronics can be fabricated
in various shapes and sizes [4]. In this work, we explore three different sensor geometries as
shown in Figure 3.8a-c: (1) Rectangular geometry (R), where the OLEDs are placed at either
side of the OPD; (2) Bracket geometry (B), where the OLEDs are shaped as brackets and
placed around the square OPD; (3) Circular geometry (C), where the OLEDs are shaped as
block arcs and placed around the circular OPD. The rectangular sensor design is chosen to
represent conventional sensors that use side-by-side optoelectronics placement. The bracket
and the circular sensor geometries are non-traditional geometries chosen to improve PPG
SNR. Figure 3.8d shows the sensor placement on the underside of the arm. Radial and ulnar
arteries are marked to show sensor placement. All sensors are composed of printed red and
NIR OLEDs with emission peaks at 630 and 725 nm respectively, and OPDs with external
quantum efficiency (EQE) of 20% at the aforementioned wavelengths (Figure 3.8e). PPG
signal magnitudes vary appreciably based on the sensor placement locations on the wrist.
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Figure 3.7: Multi-channel reflectance PPG sensor overview. (a) Schematic illustra-
tion of a wearable two-channel PPG sensor, where the PPG sensor pixels are mounted on
the wristband. (b) Setup for the multi-channel PPG sensor. Two circular sensors are spaced
4 cm apart to collect data from the ulnar artery (Ch 1) and the radial artery (Ch 2). The
sensor pixels are driven using an AFE, while multiplexers are used to switch between the
pixels. Both red and NIR PPG signals are collected and processed for extracting HR and
pulse oxygenation data. (c) Photograph of the multi-pixel reflectance PPG sensor bent to
a radius of curvature of 5 cm.
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Figure 3.8: Reflectance PPG sensor design and placement on the wrist. (a-c)
Different sensor geometries with the same active areas. (a) Rectangular geometry (R),
where the OLEDs are placed at either side of the OPD. (b) Bracket geometry (B), where
the OLEDs are shaped as brackets and placed around the square OPD. (c) Circular geometry
(C), where the OLEDs are shaped as block arcs and placed around the circular OPD. (d)
Photograph of the printed reflectance oximeter sensor placed on the underside of the wrist.
The radial and ulnar artery sensing locations are marked to show sensor placement locations.
The inset shows a circular sensor with red and NIR OLEDs on the top and the bottom side
of the OPD, respectively. (e) Normalized electroluminescence (EL) of the red (red line) and
NIR (peach line) OLEDs and EQE of the OPD (brick line). The OPD shows similar EQE
at both red and NIR wavelengths.
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3.3.2 Sensor assembly and calibration

A base polyethylene naphthalate (PEN) substrate is used to assemble the reflectance
sensor. Inkjet-printed silver traces are used to route connections from the optoelectronics to
the control electronics that consists of an AFE and a microcontroller with a universal serial
bus (USB) interface to a computer. The OLEDs and the OPD are printed on separate plastic
substrates and then assembled on the PEN substrate with silver traces as shown in Figure
3.9a. The photograph of the assembled sensor with the OLEDs and the OPD is shown in
Figure 3.9b. Since we are comparing different sensor geometries, a two-step calibration is
used to account for the batch-tobatch device variability of the OLEDs and the OPDs. A
calibration platform composed of a silicon photodiode and a red LED is used to calibrate
the assembled sensor, seen in Figure 3.10. In the first step, the OLEDs are calibrated
using the silicon photodiode by operating the OLEDs at a fixed current and recording the
photodiode current. The OLEDs of the assembled sensor are turned on sequentially to
measure their intensities using the silicon photodiode. Each OLED is then calibrated to
the maximum current measured in a batch of devices, κOLED = max(ISiPD)

ISiPD
. In the second

step, the OPDs are calibrated by recording the OPD current while running the solid-state
red LED at a fixed drive current. The red LED of the calibration platform is turned on
and the OLEDs are turned off for calibrating the OPDs. The fabricated OPD detects light
from the red LED and the measured photocurrent is recorded. Similar to the OLEDs,
each OPD is then calibrated to the maximum OPD current measured in a batch of devices,
κOPD = max(IOPD)

IOPD
.The obtained values are then used together with the measured PPG signal

to calculate the calibrated signal magnitude. The calibration equation is given below, which
is used to compare sensor performances for the three different geometries.

PPGcal = κOLED · κOPD · PPGmeas[mV ] (3.10)

3.3.3 Placement

We explored three sensing locations: (i) On top of the wrist, (ii) on top of the ulnar artery,
and (iii) on top of the radial artery and recorded PPG signals (Figure 3.11a and b). While
the radial artery provided the cleanest signal (49.50 mV for red and 19.08 mV for NIR), the
pulsatile PPG signal on top of the wrist was the weakest (Figure 3.11c). At the ulnar artery
an order of magnitude improvement (26.12 mV for red and 9.02 mV for NIR) in PPG signal
is observed over the wrist (3.24 mV for red and 0.94 mV for NIR). Therefore, we used our
sensor on the underside of the wrist for both single and multi-channel measurements.
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Figure 3.9: Assembly of the printed sensor. (a) Schematic depicting the sensor assembly.
Polyethylene naphthalate is used as the base substrate. Inkjet-printed silver traces are used
to connect the optoelectronic sensor to the control electronics. Red and NIR OLEDs and the
OPD are then connected to complete the sensor. (b) Photograph of the assembled sensor.

Figure 3.10: Calibration setup and calculation for the various batches of OLEDs
and OPDs.
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Figure 3.11: PPG signal variation on the wrist. (a) Three sensor placement locations
are shown - (i) On top of the wrist, (ii) on top of the ulnar artery, and (iii) on top of the
radial artery. (b) PPG signals from the wrist, ulnar and radial arteries are shown. Red
color for the red channels and peach color for the NIR channels. Since the signal on the
wrist is weak, a 10x gain setting is used to resolve the pulsatile PPG signal. (c) PPG signal
magnitudes at the wrist, ulnar and radial arteries. The error bars represent data from 3
separate trials.

3.3.4 Spacing

After the calibration step, a fair comparison among the three different geometries can be
performed. Additionally, we evaluate another important design parameter, emitter-detector
spacing, d. Figure 3.12a-c show the photographs of the rectangular, bracket, and circular
sensors with an emitter-detector spacing of 2, 4, and 6 mm, which are labeled as R2, R4,
R6, B2, B4, B6, C2, C4, and C6. These labels are used in Figure 3.12d to show pulsatile
PPG signal magnitude, PPGcal based on (3.10). The rectangular sensor consists of OLEDs
and an OPD that are all square-shaped which are placed side-by-side. Since the OLEDs
do not surround OPD from the top and the bottom, this scheme is susceptible to ambient
light, which contributes to the noise of the measurement. Also, a significant amount of light
coming out from the left edge of the red OLED and the right edge of the NIR OLED do
not contribute to the measurement, hence, gets lost. Ideally, a perimeter light source that
surrounds the OPD would be the best. The two new schemes, the bracket, and the circular
designs, where the light sources encompass the perimeter of the OPD enhance measurement
SNR. As shown in Figure 3.12d, all three designs show an exponential decay with increasing
d. Due to the perimeter lighting and better light collection by the OPD, both bracket and
circular geometries outperform the rectangular design in terms of pulsatile PPG signal mag-
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Figure 3.12: Pulsatile signal magnitudes for different sensor spacings. (a) Pho-
tographs of the rectangular sensors with emitter-detector spacing, d = 2, 4, 6 mm. The
devices are labeled as R2, R4, and R6. (b-c) Similar to a, photographs of the bracket and
circular sensors with emitter-detector spacing, d = 2, 4, 6 mm. The devices are labeled
as B2, B4, B6, C2, C4, and C6. (d) The pulsatile signal magnitudes for all rectangular,
bracket and circular sensors. Red-colored bars represent data for the red channel, while the
peach-colored bars represent data from NIR channel. The error bars represent data from 3
separate trials.

nitude. While comparing the bracket and circular design, we observe a negligible difference
in PPGcal.
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3.3.5 Geometry

For a direct comparison of the different geometries, we kept the emitter-detector spacing
constant at 2 mm, and kept the device area of the OLEDs and the OPDs same for all three
geometries as shown in Figure 3.13a. The OPD areas are kept fixed at 16 mm2 and the
OLED areas are kept fixed at 28 mm2. The PPG waveforms for the different geometries
are shown in Figure 3.13b. Utilizing the bracket geometry, we observe 39.7% and 18.2%
improvements in PPG signal magnitude in the red and NIR channels, respectively over the
rectangular geometry. For the circular geometry, we observe 48.6% and 9.2% improvements
in the red and NIR channels, respectively over the rectangular geometry. The bracket and
the circular design show similar performance in the PPGcal (Figure 3.13c). Additionally, the
two new designs bring down the overall length of the sensor from 18.6 mm for the rectangular
geometry to 12 mm for the bracket and 13.2 mm for the circular geometry.

3.3.6 Optical isolation

In reflectance PPG and oximetry, the light coming back from the arteries contributes to
the signal, while the light scattered from the skin surface contributes to noise. Therefore,
blocking the light scattered from the skin surface enhances SNR. We incorporated the light
blocking feature in our design by utilizing an optical barrier between the OLEDs and OPD.
Black tape is cut into the shape that fits the area between the OLEDs and the OPD and
is used to block scattered light. Figure 3.14a shows the schematic of the sensor. With the
blocking layer, we observe 26.5 % improvement in PPGcal in the red channel, and while
PPGcal remained almost the same in NIR. Red light scatters more on the skin surface than
the NIR. Therefore, more red light scattered by skin surface gets blocked by the optical
barrier, resulting in an improved red PPGcal (Figure 3.14).

3.4 Chapter conclusions

In this chapter, we discussed the various performance parameters of OLEDs. We further
explained the different types of characterization for OLEDs, and outlined a custom photodi-
ode measurement setup for J-V-L characterization, as well as emission angle measurements.
We additionally outlined our work on a multi-channel reflection oximeter. By utilizing the
versatility of printed electronics, optoelectronic sensors for PPC and oximetry are fabricated
in different shapes and sizes. In this work, we utilized non-conventional geometries such
as bracket and circular designs to improve sensor performance. The new sensor geometries
demonstrated a clear improvement over the conventional rectangular sensor design. The
new sensor geometries not only improved the PPG signal magnitudes but also decreased the
overall sensor size and reduced power consumption. These sensor designs coupled with multi-
channel redundancy can be incorporated into wrist-worn devices, making them promising
for wearable reflectance PPG and oximetry.
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Figure 3.13: Performance comparison of different sensor geometries. (a) Pho-
tographs of the rectangular, bracket and circular sensors with an emitter-detector spacing
of 2 mm. (b) PPG signals from the red and NIR channels for the sensors shown in a. (c)
The pulsatile signal magnitudes for the smallest rectangular, bracket and circular sensors.
Red-colored bars represent data for the red channel, while the peach-colored bars represent
data from NIR channel. The error bars represent data from 3 separate trials.



CHAPTER 3. PRINTED OPTOELECTRONICS 51

Figure 3.14: The effect of an optical barrier in sensor performance. (a) Schematic
of a reflectance oximeter sensor, where an optical barrier is placed in between the emitters
and the detector. (b) The pulsatile signal magnitudes of the red and NIR channels without
and with the optical barrier. The error bars represent data from 3 separate trials.
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Chapter 4

Printed battery arrays

4.1 Introduction

Miniaturization of electronic components has been realized; this has allowed us to fab-
ricate miniature devices that can be used in a wide range of applications: from Internet
of Things (IoT) devices [1, 2] to wearable health monitoring devices [3–5]. While advances
have been made to scale these devices, further work is needed to design on-board power
supplies for these miniaturized devices [6, 7]. Printed batteries are an emerging solution to
providing on board power supplies due to their small form factor, design flexibility, ease of
manufacturing, and low fabrication cost [7, 8]. Printing-based fabrication techniques offer
several advantages towards on-chip integration and are capable of simplifying system level
design [6, 9]. These methods utilize high-throughput processing methods that can additively
integrate battery packaging and interconnects, eliminating the need for traditional battery
form factors such as coin or pouch cells. Furthermore, printing-based techniques are compat-
ible with emerging microelectronics processing techniques such as wafer-level and chip-scale
packaging.

While printed single-cell batteries using various chemistries such as Zn-MnO2, Zn-Ag2O,
and lithium ion have been demonstrated [10–18], they are shown to be suitable for low
voltage applications due to their low operating voltages of less than 4 V. As electronics
tends towards device miniaturization, there continues to be a demand for higher voltage
on-board power supplies. For example, millimeter scale single chip nodes will likely rely on
microelectromechanical system (MEMS) components, which typically require relatively high
pull-in voltages (5–30 V) [16]. Although electrochemical cell potentials cannot meet these
demands, combining several cells in series can provide sufficient energy and power to drive
high voltage components. By combining these solution processable battery systems with
high throughput printing techniques, we can realize highly customizable batteries of varying
dimension and capacity. Printed battery arrays offer one way of addressing the variable
design requirements for application specific cell potentials [16].

In this chapter, we will discuss our efforts towards developing an printed energy stor-
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age solution for flexible hybrid electronics. For this work, a fully solution-processed battery
design and process utilizing the Zn-Ag2O chemistry is demonstrated. The batteries are
screen-printed in ambient conditions with custom Zn and Ag2O inks. The viscosity of these
inks were optimized to maximize the quality and thickness of the printed films. The indi-
vidual battery cells are designed with a vertical geometry where printed current collectors,
anode, separator, and cathode are stacked together. The screen-printed batteries have an
area of 0.25 cm2, with 120 µm thick Zn electrode films and 70 µm thick Ag2O electrode
films. In addition, the vertical geometry is designed to allow for vertical interconnects, cre-
ating series connections between adjacent cells. By connecting these cells in series, we are
able to realize battery arrays with open circuit voltages of 3 V, 6 V, and 9 V, and can reach
power densities up to 72 mW cm−2. Because any number of cells can be connected in series,
any open circuit voltage that is a multiple of 1.5 V could be demonstrated. [1–29] Portions
of this chapter are submitted for review in [23].

4.2 Battery architecture

4.2.1 Substrate

There are a variety of substrates used to fabricate printed batteries in literature. For this
work, we initially considered glass as the substrate based on previous works demonstrating
printed batteries from [10]. However, due to the thick cross section of the glass slide substrate,
around 1 mm, the screen-mesh began to form light indentation patterns during the screen-
printing process. Because of this significant stretching defect, the screen began to slightly lose
tension in regions that were repeatedly printed during prolonged use, ultimately affecting the
amount of force required to maintain screen contact to the substrate. In addition, because of
the sharp edges of the glass substrate, the damage to the screen could ultimately cause screen
tearing and permanently render the screen unusable. A discussion on screen degradation is
included below. Unlike flexible substrates, glass substrates cannot be easily cut and resized
without leaving potentially sharp edges from the use of a diamond tip cutter. Even with the
use of these tools, it is very difficult to acquire a precise dimension for the substrate. Using a
diamond tip cutter requires scoring the substrate and then folding it along the scored region,
which does not guarantee a perfectly straight edge, or an exact dimension. Because of the
fixed dimensions of the glass slides used in the lab (75 mm x 25 mm x 1 mm, or 75 mm
x 50 mm x 1 mm), the dimensions of the batteries fabricated can only be as large as the
dimension of the substrates if not smaller, ultimately limited the fabrication dimensions of
the arrays.

One solution was to move to a different substrate entirely, and as such a flexible substrate
was selected. Flexible substrates remove many of the restrictions that the glass substrates
had. The can be easily cut and resized, as well as being arbitrarily thin without damaging
the screens during printing. We selected polyimide (PI), colloquially known as Kapton, as
the substrate for this work. 125 µm thick Kapton is commonly available in the lab and was
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used in the rest of the fabrication for this work.

4.2.2 Current collector

A current collector is needed in order to transfer charge to the anode and cathode of
the battery. Ideally, this current collector should be as conductive as possible to minimize
series internal resistance of the battery, reducing the performance. Furthermore, the cur-
rent collector must be chemically stable and not react with the electrolyte of the battery.
Should there be poor chemical stability between the two, the current collector or electrodes
could corrode or delaminate, which would ultimately reduce the performance of the cell. In
addition, the electrodes fabricated must have good adhesion to the current collector below
it, else there would be additional delamination issues. Finally, to fabricate a fully solution
processable battery, the currently collector itself must also be solution processable.

At the early stages of this work, evaporated gold on glass was used as a current collector.
However, this process is time consuming and expensive, and we eventually moved away
from using gold. Despite there being screen-printable gold inks from Creative Materials, our
unfamiliarity with the ink and the cost drove us to select a different material system.

We briefly tested screen-printed nickel (Creative Materials #116-26) as an alternative
printed current collector. Although the printed nickel current collectors were chemically
stable in the presence of the 8 M KOH electrolyte, the nickel films were not as electrically
conductive as we would have liked. The datasheet provided from the nickel ink stated they
would have a sheet resistance of 50 Ω/sq at the suggested curing temperature [22], however
we wanted to further minimize this resistance. Several experiments varying temperature,
anneal time, and plasma treatment were carried out, however we were unable to realize
current collectors with sheet resistance below 10 Ω/sq. Therefore, printed nickel was not
selected as the current collectors of the system.

We were already familiar with printed silver inks from previous works, and so we tried
using a screen-printed silver ink (Creative Materials #126-33) as the current collector. Com-
mercially available silver inks exhibit very low resistance. Although the chemical stability of
silver in the presence of KOH is not as good when compared to the stability of nickel [19, 21],
we went ahead and fabricated batteries with this current collector configuration. To date, we
have yet to see any swelling, cracking, or corrosion of the current collectors fabricated with
silver. However it should be noted that all of these defects would pose an issue in the battery
system and reduce battery performance, and should be regularly investigated to ensure the
quality of the current collector.

4.2.3 Electrodes

In the Zn-Ag2O battery chemistry, zinc functions as the anode and silver-oxide functions
as the cathode [18]. For a printed battery system, the areal capacity is directly proportional
to the electrode film thickness, as well as the mass loading in the films. In addition, thicker
zinc electrode films result in higher long term stability, which can improve the yield rate and
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cell performance. The effects of various parameters on the printed film quality is discussed
in the following sections.

Polyethylene oxide (PEO) binder is used to make Zn and Ag2O slurries for screen printing.
PEO is chosen for the binder for the electrode slurries because it is water soluble [24],
eliminating the need for flammable components from the electrode slurry. Furthermore,
PEO is biodegradable, which is a desirable property for disposable primary batteries. Most
importantly, by varying the concentration of PEO, the viscosity of the binder can be tuned;
details about the effects of viscosity on printing are discussed in a later section.

The binder used for the zinc slurries consists of 4 wt% PEO (Mv = 600, 000) (Sigma
#182028) with 1 wt% PEG 400 in DI water. The binder solution was stirred with a
stir bar for 2 hours at 500 rpm to homogenize the solution. The zinc slurry contained
92 wt% Zn (Alfa#10835), 5 wt% ZnO (Sigma #677450), 1 wt% Bi2O3 (Alfa #45582), 1
wt% In2O3 (Alfa #40394), and 1 wt% binder. The additives (ZnO, Bi2O3, In2O3) help
to suppress hydrogen gas evolution and reduce the rate of zinc corrosion during fabrication
and operation. The slurry was hand mixed in a vial using a wooden applicator for about
5 minutes. The Zn electrodes were screen printed on top of the current collectors. After
printing, the electrodes are dried at 40 °C to improve electronic conductivity in the electrode.

The binder used for the silver oxide slurries consists of 4.5 wt% PEO (Mv = 600, 000)
(Sigma #182028) with 1 wt% PEG 400 in DI water. The binder solution was stirred with
a stir bar for 2 hours at 500 rpm to homogenize the solution. The slurry contained 96 wt%
Ag2O (Strem #93- 4743), and 4 wt% binder. The slurry was hand mixed in a vial using a
wooden applicator for about 5 minutes. The Ag2O electrodes were screen printed on top of
a separate sheet of current collectors. The printed square electrodes have an area of 0.25
cm2. The printed Zn electrodes have thicknesses of approximately 120 µm and the printed
Ag2O electrodes have thicknesses of approximately 70 µm.

4.2.4 Separator, electrolyte, and encapsulation

A printable sol–gel using a photopolymerizable polyacrylic acid (PAA) solution previ-
ously reported in our group was used as the separator between the anode and the cathode
[22]. In addition to being printed, this sol-gel allows a vertical cell structure to be realized,
which helps limit the device footprint. The sol-gel separator soaked in 8 M KOH electrolyte
dissolved with 2.1 g ZnO was then encapsulated in a polydimethylsiloxane (PDMS) ring to
prevent electrolyte dehydration and ensure suitable ionic conductivity across the separator
throughout battery operation [26].

To prepare the separator, a solution of composed of 0.092 g PEO (Mv = 400, 000) (Sigma
#372773), 250 µL of acrylic acid (Sigma #147230), and 1 wt% PEG 400 mixed in 3.125
mL of 1 M KOH was prepared by stirring it for 2 hours at 500 rpm to allow the PEO to
dissolve. Next, and 0.0185 g of photoinitiator (Mw = 224.25) (Sigma #410896) and 0.037 g
of PEDGE crosslinker (Mn = 250) (Sigma #410195) were added to the solution and stirred
for 15 min at 650 rpm. The solution was then bubbled with nitrogen gas for 10 min to
deoxygenate the solution. The solution was UV cured using a Spectroline SB-100P UV lamp
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for 10 min. Finally, the separator was soaked in 15µL of 8 M KOH electrolyte mixed with
2.1g ZnO for 15 min.

The PDMS ring was prepared by mixing the PDMS stock and the curing agent in a 10:1
ratio and then placed in a desiccator for about 15 minutes to remove any bubbles. Next,
the PDMS was spin coated on a silicon wafer for 30 seconds at 150 rpm. The PDMS was
cured at 150 °C for 10 minutes. Finally, the PDMS was cut to its desired pattern using a
laser cutter.

4.2.5 Series interconnects

In order to connect adjacent printed Zn-Ag2O cells in series, a vertical interconnect was
introduced to the fabrication process. After laminating the separator, a screen-printable
silver ink (Creative Materials #126-22) was drop-cast directly on top of the printed silver
current collector. This configuration allows for a direct contact between the anode of one
cell to the cathode of the adjacent cell. By doing so, we are able to fabricate any integer
number of cells in series to form an n × n array, however for this work we report on the
results of single-cell batteries, as well as 2 x 1, 2 x 2, and 2 x 3 arrays.

4.2.6 Fabrication process

Figure 4.1b shows the full process flow of the printed Zn-Ag2O battery arrays. Starting
with an untreated Kapton substrate, silver current collectors are deposited using screen
printing. A second substrate with the same current collector pattern is prepared. We then
screen-print Zn and Ag2O electrodes onto their respective current collector substrates. Spin-
coated polydimethylsiloxane (PDMS) encapsulation rings are then laminated to the surface
of the zinc electrode array substrate. The PDMS encapsulation layer has shown to be
printed in other works. In order to connect the anode of one battery cell to the cathode
of an adjacent cell, silver interconnects were added to the design. The silver interconnects
for the series connection were drop-casted onto the Kapton substrate in between the PDMS
encapsulation layers, before laminated the two separate zinc and silver oxide electrode arrays
together. These interconnects were drop casted directed in between two adjacent PDMS
ring edges, separated the adjacent zinc electrodes. Afterwards, the sol-gel soaked in KOH
electrolyte was placed on top of each zinc electrode. Finally, the array of Ag2O electrodes
were laminated together by visually aligning the printed alignment marks on the zinc and
silver oxide substrates. A single-cell battery schematic is shown in Figure 4.1a, and a fully
assembled 2 x 3 Zn-Ag2O battery array schematic is shown in Figure 4.1c.
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Figure 4.1: Zn-Ag2O single-cell and array fabrication schematic. (a) Schematic of
single-cell screen-printed Zn-Ag2O battery. (b) Process flow for printing and assembling
printed 2 x 1 Zn-Ag2O battery array. (c) Schematic of printed Zn-Ag2O battery array
assembly.
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Figure 4.2: White ZnO precipitate formation on printed Zn electrodes due to poor
electrode print quality.

4.3 Screen-printable electrode optimization

4.3.1 Electrode film quality

As part of the ink optimization process, the film quality of the zinc and silver oxide
printed electrodes was evaluated. To first order, the quality of each of these films influences
the performance of the battery. A variety of defects can occur during the printing process, in-
cluding non-uniform film thickness, pinhole defects, misprints, etc. All of these influence the
quality of the battery to some degree and, depending on the severity, can cause the battery
to fail catastrophically. In Figure 4.2, we see an example of a battery with poorly printed
electrode films resulting in rapid corrosion on the zinc electrodes. As such, the following
sections discuss how the electrode inks were optimized for thickness and film uniformity.

4.3.2 Ink viscosity

Figure 4.3a shows a plot of shear rate against viscosity for PEO binder at various con-
centrations (by weight) in water. It is shown that the viscosity of the binder can be tuned by
varying the concentration of the PEO in the binder. In general, as the PEO concentration of
the binder increases, the viscosity of the binder increases. This allows us to tune the viscosi-
ties of the binders for the electrode inks used in screen printing. Optical microscope images
of printed Ag2O film using binder concentrations of 1-4 % are found in Figures 4.3b-e. One
critical parameter when developing screen printable inks is the ink viscosity. While screen
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Figure 4.3: Influence of ink viscosity on printed electrode quality]. (a) Plot of shear
rate against viscosity for PEO binder at various concentrations. Optical microscope image
of printed Ag2O film using (b) 1 % PEO binder, (c) 2 % PEO binder, (d) 3 % PEO binder,
and (e) 4 % PEO binder. Printed features with the highest quality were obtained with inks
printed with the 4 % PEO binder. The scale bar for the micrographs represents 500 µm.

printing, force is being applied by the squeegee on the ink (high shear rate), and the ink
viscosity must be low to allow it to flow readily through the mesh of the screen. Once the
squeegee has passed and the ink is sitting on the substrate (low shear rate), the viscosity
must be higher so that the ink will maintain the definition of the printed feature. For general
purpose screen printable inks, viscosity at no shear is in the range of 104-105 cP. Depending
on which PEO binder concentration was used in the ink preparation, different print qualities
were obtained. In screen printing, there are a variety of typical print defects. One of the
most common defects is a lack of material in a small area on the printed film, called a pinhole
defect. Another major defect, called delamination, is when the ink itself does not maintain
adhesion to the substrate and pulls away from itself. Notable delamination was found in
the lower concentrations, as well as a high pinhole density yielding high film roughness in
the lower concentrations of PEO binder. However, the 4 % PEO binder yielded a relatively
uniform single layer print and was used for all future Ag2O ink preparations. From our
measurements of these various binder concentrations, we can show that by increasing the
concentration of binder we are generally able to improve the quality of the printed electrodes
films. However, there are diminishing returns, as we can see that the binder viscosity plotted
against shear rate does not increase drastically between 3 % - 4 %.
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Figure 4.4: Print quality of Ag2O electrode films when varying mass loading of
ink. The scale bar of the micrographs represents 500 µm. Legends for each plot represent a
different trial within the same experiment.

4.3.3 Mass loading

In addition to tuning binder viscosity, print quality of the electrode films may be tuned
by varying the mass of the active material. As shown in Figure 4.4, it can be observed
that printed films with 96 wt% Ag2O and 4 % binder solution results in film thicknesses
of around 50 µm with fewer pinholes and print defects compared to inks with lower mass
loadings. Similar experiments were done for Zn electrodes and it was found that the optimal
mass loading for Zn consists for 1 % binder with 99 wt% of active material and 1 % binder
solution. Film thicknesses of around 50 µm were also achieved for Zn electrodes in a single
pass.

4.3.4 Film thickness

First, we wanted to validate the thickness uniformity of the screen-printed electrode
arrays. To do this, we printed a 4 x 4 grid of each electrode on a glass substrate. For
this particular experiment, the individual electrode dimensions were 5 mm x 5 mm, for an
area of 25 mm2. After printing the individual electrode arrays, each array was characterized
for thickness. Both vertical and horizontal profilometry measurements were taken, and the
average was reported. In Figures 4.5 and 4.6, the thickness mapping of each array is plotted.
For the Zn films, the average thickness was 47.59 µm with a standard deviation of 2.29 µm,
and for the Ag2O films, the average thickness was 48.58 µm with a standard deviation of
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2.26 µm. It should be noted that this particular experiment was done with a screen that
had been used quite a bit already and may have degraded. The effects of screen quality
degradation are discussed in a following section.

While tuning and optimizing the electrode ink compositions for screen printing, we were
able to achieve thicknesses of approximately 50 µm for both Zn and Ag2O films on a single
print; by printing over the same layer multiple times, thicker, smoother, and less porous
films are formed. Figure 4.7a and b show the profilometry of zinc and silver oxide films,
depending on the number of print passes used to prepare the electrode. In order to deposit
thicker electrodes, multiple screen-printing passes were used, letting each printed film dry
at room temperature for 10 minutes before depositing the next. By depositing multiple
layers of the same material, pinholes formed from the first layer were filled in, as well as
yielding thicker electrodes films, with an average thickness of 120 µm for the zinc electrodes,
and 70 µm for the Ag2O electrodes. For Zn films, it is shown that the thickness of the
film significantly improves with the number of print passes. The average thickness for Zn
films after one, two, and three print passes are approximately 50 µm, 80 µm, and 120 µm,
respectively. In comparison, the Ag2O film thickness does not seem to increase significantly
with additional passes. The average thickness for Ag2O films after one, two, and three print
passes are approximately 50 µm, 60 µm, and 70 µm, respectively. Despite multiple printing
passes resulting in small changes in thickness, the primary benefit of printing multiple Ag2O
layers is to fill in pinhole defects in the films. As seen in Figure 4.8, the quality of the printed
Ag2O film improves drastically from one print to three print passes, with each additional pass
filling in more pinholes in the layer below. Because of the improvements to film thickness
and print quality, the battery arrays are fabricated using electrode films with three print
passes.



CHAPTER 4. PRINTED BATTERY ARRAYS 66

Figure 4.5: Single-layer Zn electrode thickness characterization. The average thick-
ness was 47.59 µm with a standard deviation of 2.29 µm.
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Figure 4.6: Single-layer Ag2O electrode thickness characterization. The average
thickness was 48.58 µm with a standard deviation of 2.26 µm.
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Figure 4.7: Thickness characterization of multi-printed films. (a) Profilometry mea-
surements for screen-printed Zn films with varying number of print passes. (b) Profilometry
measurements for screen-printed Ag2O films with varying number of print passes.

Figure 4.8: Optical micrograph images of multi-printed films. (a) Optical micrograph
of a single printed Zn electrode. (b) Optical micrograph of a triple printed Zn electrode. (c)
Optical micrograph of a single printed Ag2O electrode. (d) Optical micrograph of a triple
printed Ag2O electrode. The scale bars in the micrographs represents 500 µm.
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4.3.5 Screen quality

It was also observed that the quality of the printed electrode films was highly dependent
on the quality and age of the screen. Even with the best maintenance, because of the large
particle sizes of the electrode inks, the screen-mesh inevitably begins to clog with extended
use resulting in rougher and thinner films with increased film defects, such as pinholes and
incomplete transfers. As shown in Figure 4.9a, the average film thickness after a single-layer
print of a Zn electrode is shown to decrease from 50 µm to 38 µm, and from 50 µm to 33
µm for Ag2O films in Figure 4.9b. Due to the reduced film thickness, the effective mass
loading of the inks is reduced as well; a numerical measurement for the mass loading may be
determined by computing the area under the profilometry curve. The area under the curve
after one pass decreased from 1.78e6 µm2 to 1.67e6 µm2 for Zn, and from 2.42e6 µm2 to
1.33e6 µm2 for Ag2O. Therefore, one should take extreme care when cleaning the screens for
the printed electrodes to maximize the lifetime of each screen, as well as ensure the printed
film quality is maximized. Should the printed film quality and yield rate of the batteries
begin to degrade, the screen will need to be replaced.

As part of the cleaning procedure to ensure the screen-mesh does not become clogged
by solid material, we use both a solvent cleaning and physical cleaning process. After each
individual printing pass, the screen is first soaked with ethylene. This is a preliminary
solvent cleaning process to dissolve the binder and loosen and solid material. Afterwards, a
dental water jet is used to gently scrub at the screen. Both sides of the screen are cleaned,
and because of the water jet pulsing, the solid material is generally forced out of the screen-
mesh. One should take care while scrubbing the underside of the screen, as the emulsion that
forms the mask of the screen is deposited on this side. With too much force, the emulsion
can be abrasively removed. In addition, selection of the emulsion material is key. Most
commercial screen-printed inks use solvents to dissolve the inks, and as such their respective
screen emulsions are solvent resistant and are generally not water resistant. In this work,
the opposite is true. Because the inks are water based, we intentionally ordered screens with
water resistant emulsions, and low solvent resistance.

4.4 Battery array characterization

4.4.1 Testing set-up

All experiments reported in the following sections were characterized with a Biologic
BCS-810 battery tester. Prior to each measurement, an initialization step was done at 0.25
mA cm−2 for one minute. For the polarization measurements, each battery was discharged
at a constant current density between 1 mA cm−2 and 8 mA cm−2 for two minutes. For the
constant current discharge measurements, the battery was discharged at 0.2 mA cm−2.
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Figure 4.9: Profilometry measurement of screen-degradation effect. (a) Profilometry
measurement for screen-printed Zn films after a single pass with a new screen and old screen.
(b) Profilometry measurement for screen-printed Ag2O films after a single pass with a new
screen and old screen.

4.4.2 Single-cell performance

To evaluate the performance of the screen-printed batteries, single-cell batteries were
first fabricated using screen printing methods and their performance was compared to our
previous work using stencil printing techniques. Figure 4.10a shows the polarization data
of the screen-printed cells. Cells were fabricated with 25 mm2 electrode size and discharged
at current densities ranging from 1 mA cm−2 to 12 mA cm−2. It can be observed that the
operating voltage decays slightly with increasing current density but maintains an operating
potential above 1.4 V at current densities up to 12 mA cm−2 and has maximum power
density of 17 mW cm−2, which matches the results from our previous work on stencil printed
batteries. The battery was also discharged at a constant current to determine its total areal
capacity. Figure 4.10b displays the constant current discharge profile of the printed battery,
which shows that the screen-printed cells can reach areal capacities of about 1.2 mAh cm−2.
In addition, it is shown that the standard deviations of the operating voltage and power
densities are less than 50 mV and 200 mW cm−2, respectively, which demonstrates the
reproducibility of the screen-printed batteries.

4.4.3 Array performance

After screen-printed single-cell performance was established, screen-printed battery ar-
rays were demonstrated. Using drop casted Ag interconnects between cells, batteries with
array sizes of 2 x 1, 2 x 2, and 2 x 3 with electrode areas of 25 mm2 were fabricated. As
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Figure 4.10: Single-cell battery performance characterization. (a) Single-cell battery
polarization curve for a single 5 mm x 5 mm screen-printed Zn-Ag2O battery at 2 mA cm−2.
(b) Single-cell battery discharge profile for a single 5 mm x 5 mm screen-printed Zn-Ag2O
battery at 2 mA cm−2

shown in Figure 4.11, the operating voltages were shown to scale to an average about 2.95 V,
6.08 V, and 9.00 V for 2 x 1, 2 x 2, 2 x 3 array size batteries, respectively, which shows that
there is little to no resistance introduced from the silver interconnects. It can be observed
that the batteries maintain an operating potential above 2.9 V, 5.9 V, and 8.9 V at current
densities up to 8 mA cm−2, and have maximum power density of 17 mW cm−2, 23 mW
cm−2, 72 mW cm−2 for 2 x 1, 2 x 2, 2 x 3 array size batteries, respectively. Like single-cell
batteries, the operating voltage decays slightly with increasing current density and a small
standard deviation for operating voltage (< 50 mV) and power densities (< 370 mV cm−2)
were observed. A side-by-side plot of the individual arrays is shown in Figure 4.12.



CHAPTER 4. PRINTED BATTERY ARRAYS 72

Figure 4.11: Printed battery array polarization data for 2 x 1, 2 x 2, and 2 x 3
arrays. Measured polarization data for Zn-Ag2O battery arrays up to 8 mA cm−2 for (a) 2
x 1 arrays, (b) 2 x 2 arrays, and (c) 2 x 3 arrays.
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Figure 4.12: Comparison of array electrical performance. (a) Power density curve for
5 mm x 5 mm electrodes of various array dimensions. (b) Polarization curve for 5 mm x 5
mm electrodes of various array dimensions.
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4.5 Chapter conclusions

In summary, we developed a printed battery array capable of achieving open circuit
voltages at 1.5 V, 3 V, 6 V, and 9 V. By utilizing the vertical cell geometry and small
footprint (0.25 cm2) electrodes, the Zn – Ag2O battery arrays we designed can be easily
integrated into existing printing process flows. Using screen printing techniques, the current
collectors, along with the anode and cathode electrodes are printed. By tuning the viscosity
and mass loading of the electrode slurries, inks suitable for screen-printing were developed.
Multiple print passes were done to increase the overall thickness of the film and improve
print quality, such as reducing pinholes and surface roughness, to improve battery yield rate
and capacity. With three print passes, we achieved Zn electrodes with average thicknesses of
120 µm and Ag2O electrodes with average thicknesses of 70 µm. Battery arrays consisting
up to six cells were fabricated and were able to maintain an operating voltage of 8.9 V at
current densities up to 8 mA cm−2 and reach a peak power density of 72 mW cm−2. Our
work demonstrates the potential for scalable manufacturing of printed battery systems that
can be integrated into miniature devices, while meeting high voltage requirements, such as
IoT devices, biological devices such as BioMEMS, or wearable health monitoring devices.
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Chapter 5

In-Mold Electronics

5.1 Introduction

Flexible, printed and hybrid textile electronics are at the forefront of novel electronic
design. Printing techniques, including gravure, flexography and screen-printing, are widely
exploited to produce functional films though recent developments in active thin film devices
and are driving more complex assemblies such as OLEDs, flexible solar cells, electrochromic
displays and consumer goods. Hybrid integrated electronics – printed electronics and inor-
ganic components or textile substrates – add design flexibility and can offer unique perfor-
mance characteristics specific to consumer electronics. However, certain surfaces are difficult
to maintain truly conformal interfaces between printed flexible electronics and the surface.
Depending on the surface complexity, it can be almost impossible to form a perfectly flush
interface without wrinkles or folds in the substrate. How can we address the increasing design
complexity of surfaces without detracting from the functionality of our printed electronics?

In-mold electronics (IME), the production process that integrates multiple substrates,
printed electronic traces, soft membranes, microelectronic components and even textile in-
terfaces is gaining increased interest because of technical and cost advantages including low
capital costs, material utilization and rapid production. Thermoforming (also known as vac-
uum forming) is a critical process utilized in IME manufacture of complex parts. Currently
the technology is driven by the automotive, control panel and instrumentation industries,
with multi-material IMEs the current cutting edge of functional product development [1, 2].
Thermoforming is an enabler for IME; common in the packaging industry the process scales
with both small and large part sizes. Thermoplastic sheet materials are often used as the
substrate, the process temperature dictated by the polymer transition or melt temperature
[3–5]. Thermoforming machines uniformly distribute heat to the plastic sheet – transfer to
the part is dependent on the tool design. As the substrate is heated above its glass transition
temperature, it becomes slightly pliable. While the substrate is pliable, it is forced over a
mold, deforming the plastic greatly. Once the mold has completely been encased by the
substrate, vacuum is drawn to pull the substrate into all of the contours of the mold. After
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the substrate has cooled, one is left with a perfect shell of the mold, with all of the detailed
contours the mold originally had. By combining this thermoforming process with existing
printed electronics manufacturing techniques, functional 3D objects can be fabricated.

In the next section, I will outline and describe a work involving in-mold electronics,
iMold. I will outline the design and fabrication process, and steps we took to ensure that
the thermoformed electronics would maintain their electronic functionality. In addition, I
will discuss a software assisted design approach, as well as the toolkit we developed, in order
to help users develop in-mold electronics. Portions of this chapter are published in [6].

5.2 iMold: Enabling interactive design optimization

for In-Mold Electronics

5.2.1 Design

The intuitive way to design in-mold electronics, starting from flat substrates to formed
3D objects, involves a few steps. In Figure 5.1, we can see the design process flowchart for
conventional in-mold electronics. Starting from a mold design that we want to form a ther-
moplastic over, we can take some initial measurements to use as guidelines to approximate
our 2D design. Using a tool like AutoCAD, we can sketch out the electronic component
layout using the measured guidelines from our 3D mold. However, because there is no 3D
visualization, we cannot determine what the electronic component layout will look like after
thermoforming and any sort of deformation associated with it. One method to validate the
design is to print out the 2D layout on paper and lay it over the mold to approximate where
component may be positioned on the 3D mold [5–15]. Should there be any revisions that
need to be made, they are done in a 2D design software and iteratively approximated on the
mold. After settling on a design, the electronic layout is printed on the substrate and formed
to the mold. Because there is no built-in alignment on the thermoforming tool, batch to
batch variability can be high and there is some trial-and-error associated with the design pro-
cess. This type of process is not ideal and can be further optimized with a software-assisted
design process.

From Figure 5.2, we can see a proposed design process flow for software-assisted in-mold
electronics. Starting with a design mold for the in-mold electronics, the software assisted
components are depicted in dark green, where the original process flow is depicted in orange.
Depending on if the mold design is too large to be modeled in one part or not, the software
can split the part into multiple ”slices” to improve the modeling accuracy and split up the
computational load across multiple slices. After the mold has been properly rendered, the
software develops a contour map based on the 2D to 3D mapping, and superimposes a gra-
dient map of localized strain on both the 2D and 3D images. From here, the user can either
import a .dwx file with drawn traces and pads for the electrical component layout, or draw
them in manually on the design. If the user imports a design, there will be an auto-router
feature, as most PCB software has a similar feature. After the electrical components have
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been lain out, the software shows the user both the 2D and 3D generated structures, with the
deformed electrical layout superimposed. Once the user has generated this view, they can
edit the layout of the components in either the 2D or 3D perspective, with the opposite per-
spective being updated in real time. In addition to this, the user can set minimum tolerances
on the interpolated resistance of certain traces after deformation, triggering warnings if they
exceed a certain tolerance and prompting the user to reroute the layout such that they avoid
regions of high local strain. Once the design is validated, the 3D layout is projected back to
2D based on the thermoforming deformation pattern, and a screen layout is generated [6].

Figure 5.1: Design process flowchart for conventional in-mold electronics. Due
to the lack of 3D visualization and confirmation, alignment and deformation of printed
components is almost impossible to determine.
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Figure 5.2: Proposed design process flow for software-assisted in-mold electronics.
With the additional of 3D visualization, as well as trace and component quality checks, the
design process gains reliability checks and users can validate designs prior to forming them.
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Figure 5.3: Fabrication process flow for in-mold electronics. Starting with the bare
substrate, materials are screen-printed and dried. Any rigid components are then attached
using a pick and place process, and then encapsulated. The substrate is then taking to be
vacuum formed. After the part has been formed, connectors in the form of ribbon cables are
attached with ACF. Finally the excess plastic is removed and the part is trimmed down to
size.

After the screen layout is generated, the fabrication process is quite simple, seen in Figure
5.3. Starting with a thermoplastic substrate, the screen-printed materials are deposited onto
the substrate. A commonly used substrate is Polyethylene terephthalate glycol (PETG),
due to its low forming temperature. There are a variety of other materials, however one
should be careful to note if the substrate is hygroscopic. Substrates that are hygroscopic
absorb moisture at ambient and need to be pre-cured in an oven to remove any moisture
before forming. Multiple layers of various materials can be deposited, and once they are
fully cured, any solid state components can then be attached to the 2D substrate. A pick
and place process is used for its simplicity and compatibility with larger substrates. Once all
the components have been attached, they are then encapsulated by lamination with a thin
film to apply vertical pressure to the components.

After all the components are attached, the 2D substrate with electronics on top can be
vacuum formed. This process entails placing a mold inside of a thermoformer (Formech
686PT) [1, 16–19] and visually aligning the substrate above it. Once the heating elements
have heated the substrate to an adequate temperature, the mold is raised into the substrate
and vacuum is drawn. Anisotropic conductive films (ACF) are attached to the connectors
of the substrate to interface with external electronics, and ribbon cables are applied to the
ACF. Finally, the 3D component is trimmed using a dremel and the excess plastic is removed.

5.2.2 Screen-printing

One major challenge with in-mold electronics is ensuring that printed conductive traces
do not crack during the forming process. Most conductive inks are silver microflake based,
and are very prone to microcracking under low to moderate strain. Because of this, selecting
an ink compatible with a thermoforming process is critical to ensuring the functionality of
the electronics after the forming process. One such ink is Dupont ME603 [17], marketed
as a screen-printable silver conductor specifically for in-mold electronics. Starting with a
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12” x 12” x 1/8” PETG substrate (McMaster Carr), conductive ink is deposited using a
screen-printing process (Ekra Semi-Automatic Screen and Stencil Printer).

Because of the low glass transition temperature of PETG, around 80 °C, annealing the
screen-printed inks is not so trivial. The recommended anneal temperature for Dupont
ME603 is 120 °C for 20 minutes in a box oven, however should the PETG substrate be
exposed to this temperature prior to vacuum forming, it would deform during the ink curing
process and lose structural integrity. Because of this, printed inks were cured at 70 °C for
2 hours minimum. Even at this lower temperature, the ME603 ink can fully cure due to
its solvent fully evaporating during the curing process. In addition, the PETG substrate
maintained its initial dimensions prior to annealing. When removing the substrates from
the oven, it is recommended to apply a vertical pressure with a heavy metal plate such that
while the substrate cools it does not curl up from uneven cooling. Doing so will yield a flat
substrate with a properly cured layout printed on top.

5.2.3 Component attachment

To attach solid-state components to the printed PETG substrates, a pick and place
process was used to ensure precise alignment as well as reliable contacts between placed
components and their respected printed pads and traces. Here, we used a multi-prupose die
bonder (Finetech FINEPLACER pic ma). In order to reliably attach the components to
their respective pads, a few additional materials were used for both electrical and structural
integrity. A cross sectional view of a surface mounted device (SMD) is shown in Figure 5.4.
Starting from the PETG substrate with printed silver, we see that there is a conductive
epoxy directly on top of the pads for the surface mounted device. This conductive epoxy
functions both as an adhesive as well as a conductive interface between the printed traces
and the surface mounted device [18]. We chose to use the Dupont ME902 conductive silver
epoxy for it’s compatibility with the Dupont ME603 printer silver traces. In addition to the
silver epoxy, a structural epoxy (Loctite 3621) [20] was deposited in between the conductive
pads such that it would make connection to the bare package of the surface mounted device.
This functions as both a structural adhesive binding the package to the substrate, as well as
a dielectric to prevent inter-pad shorting. By replacing the pick and place tool tip with a
needle, small drops of both the conductive and structural epoxy and be precisely deposited
on the printed PETG substrate using a pin-transfer method. After pin-transferring these
two materials, the surface mounted devices were placed, using the pick and place tool, in
their desired locations. The structures were then cured for 2 hours at 70 °C in a box oven.
After cooled, an additional polyurethane (PU) film from Dupont Intexar is laminated at
an elevated temperature of 120 °C over the surface of the surface mounted devices. This
functions as a protective covering, and also applies a vertical strain down onto the SMDs,
ensuring they remain in place. Because the film laminator applies high temperature for a
short period of time, on the order of a few seconds, the PETG substrate does not deform
significantly and can be continued to use for the remaining processes.
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Figure 5.4: Cross sectional view of pick and place attached component. Surface
mount components can be easily attached to the printed silver traces on a flat substrate.
First, a conductive epoxy is pin-transferred onto the conductive silver pads. An additional
structural epoxy is placed in between the pads with the same pin-transfer method. Using
the pick and place tool, the SMD is aligned and attached to the printed pads. Finally,
a top encapsulation layer (Dupont Intexar) is laminated to apply vertical pressure to the
component.

5.2.4 Vacuum forming

In order to form the printed PETG substrates over a part, we needed to design various
molds to test. Using Solidworks, as well as some 3D scans of objects, we were able to
generate a variety of different molds seen in Figure 5.5. Figure 5.5a and b show the mold
of an Xbox controller, used for a demonstrator discussed later in this section. Similarly,
Figure 5.5c, a mold for a mask, is discussed later. Figure 5.5d shows a mold designed as
a challenge structure for the vacuum forming process. There is a hemisphere, pyramid,
cylinder, and wavelike structure on this mold. A screen was designed with surface mounted
LEDs at various curvature points on each of the structures, and the individual LEDs were
evaluated before and after the forming process to ensure proper functionality [20–31]. All of
the molds were fabricated with a computer numerical control (CNC) router, all made out of
acrylic. The choice of material for the mold is quite important. Depending on what material
it is made from, the thermoforming process can damage the mold itself. An ideal material
is wood due to its low thermal conductivity, however a variety of other materials could be
used such as acrylic and other resin based materials. For this work, we chose to use acrylic
because of its abundance, however it should be noted that with repeated forming with the
same mold, the mold can begin to heat up and affect the forming quality of the part. It
should also be noted that it is helpful to place the molded part up and away from the surface
of the mold stage. For all of the molds shown here, there was a one inch ”plate” included in
all of the designs such that the formed part could be easily removed from the mold.

An additional challenge with molds is air venting. Because part of the thermoforming
process requires drawing vacuum, the mold should ideally allow some sort of airflow, de-
pending on the complexity of the part. If the part has a large number of contours, such as
the one shown in Figure 5.6, one may choose to add additional venting holes to the part.
It is recommended to make these holes as small as possible on the molding surface, and
expand them in the back of the part, as large as 5 mm diameter, as to maximize airflow. In
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addition, hollowing out regions behind densely populated air holes can improve the airflow.
Finally, adding venting lines connecting various vent regions is recommended to improve
airflow uniformity.

In this work, we used an industrial standard thermoforming machine (Formech 686PT).
The machine is preheated at 70% power for 20 minutes prior to starting any process [2–
6, 8–15, 32–41]. After the mold has been loaded into the tool, we raise the mold stage as
close to level with the substrate loading stage as possible. This allows us to visually align
the PETG substrate to the mold, and slowly drop down the mold stage until the substrate
can be clamped in place. Once the substrate and mold have been aligned, the heat cycle
is performed at 70% for 80 seconds, with all heating elements enabled. After ensuring the
substrate is sufficiently pliable, the mold is raised into the substrate and vacuum is drawn
for 10 seconds. The samples are then cooled in ambient for 20 seconds before purging the
part from the mold using the pulse function for 10 seconds.

5.2.5 Trace strain and conductivity

In order to predictively model how the electrical performance of printed traces change
during the forming process, a calibration curve of strain vs. trace resistance must be char-
acterized. To effectively determine any trends, a screen layout was designed with a variety
of test structures, shown in Figure 5.7a. Traces of varying thickness, but fixed length, were
printed on a stretchable substrate, Dupont Intexar. In addition to these test structures,
the connector for the printed electronics was also printed, in both vertical and horizontal
orientations, to test when an attached connector would disconnect from the traces at various
strains. Finally, pads for surface mounted components were also printed, again in both orien-
tations, to evaluate the strain when surface mounted components would delaminate. These
components were attached with the process outlined above, and were designed for an 0603
(imperial) package size. It should be noted that this package size determines the separation
in the printed pads, and a larger component is on average more susceptible to delamination
compared to a smaller component [20, 27–31, 42].

The screen-printed silver was then cured using the same 70 °C for 2 hour process, to
ensure the same conductivity as the devices under test on PETG. The Intexar substrate was
then stretched to various strain levels, and the resistances of the horizontal traces were then
measured, shown in Figure 5.7b. The resistance of a trace that was no longer conductive
was marked as ”0” and the plot of the strain vs. normalized resistance of traces is shown in
Figure 5.7c. As we can see, there is a general trend correlating the point of failure for the
traces with the thickness of the trace. As we decrease the thickness of the trace from 1000
µm to 250 µm, we see the thinner traces fail catastrophically at an lower strain value than
the thicker ones. In addition, an exponential fit is shown superimposed on the measured
1000 µm strain vs normalized resistance curve, with an R2 value of 0.98.
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Figure 5.5: Various molds used for forming in-mold electronic components. (a)
and (b) are two views of the underside of an Xbox controller. (c) is a mask mold and (d)
is a test platform with various test structures of scaling difficulty to test the compatibility
of vacuum forming with different geometries.

Figure 5.6: Close-up view of mask mold eye contours with venting scheme. Because
the eye regions on the mask mold have high concavity, the vacuum of the thermoformer
cannot pull down the substrate far enough into the cavity on its own. By adding an additional
venting scheme on the backside, with connected airflow, the part forming is significantly
improved.
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Figure 5.7: Printed conductive trace strained conductivity characterization. (a)
Printed silver test structures on unstrained Dupont Intexar substrate. (b) Printed silver
test structures on laterally strained Dupont Intexar substrate. (c) Strain vs. normalized
resistance curve for printed silver traces of various thickness. As the trace thickness decreases,
the traces fail catastrophically at lower values of lateral strain. An interpolated exponential
relationship for a 1 mm thick trace is shown as a dotted line.
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5.2.6 Computational design toolkit

We developed a computation design toolkit for interactively customizing the functional
electronics patterns and detecting conductivity failures. In Figure 5.8, you can see the rough
workflow of the software toolkit. Starting with a calibration mesh, we establish a mapping
between the 2D printed substrate and the 3D formed shape via a geometry based simulation
[2–4, 32–38]. In order to obtain a material dependent shape parameter involved in the
mapping, we conducted a calibration onto a preset test mold. The shape parameter will
remain the same if the substrate material is predetermined. With the established mapping,
we provide users a set of interactive tools for placing connectors and semi-automatically
generating the traces linking pins of connectors. Another import function we provide is the
conductivity failure detection. Since there is large distortion introduced in regions with high
curvature during the forming process, the conductivity in these regions could be increased
dramatically and cause electrical functionality failure. Therefore it is important to detect
such a failure and notify users to make adjustment to the trace [5, 6, 8–15, 39–41].

The idea of a 2D-to-3D mapping is inspired by a local/global parameterization approach
for 3D regular surfaces. On a given 2D pattern D and its corresponding 3D shape S, each
of the triangles td on D can be mapped onto its corresponding triangle ts on S locally. We
assume throughout the process, there is no self-intersection that can occur, which means
that any of two triangles on the formed surface S will not intersect with each other. With
this assumption, two types of transformations are introduced in the mapping, including a
rotation and scaling [3]. The rotation represents the rigidity of the deformation during the
process, while the scaling mimics the flexibility of the material. For each triangle td, the
rotation and scaling are represented as matrix forms Rt and Wt. In the thermoforming
process, it is not possible to only have rotation or scaling, and instead we combine the two
transformations together and form a new transformation matrix T as

Tt = (1− α) ·Rt + α ·Wt (5.1)

where α is a scalar shape parameter to control how much the shape will be introduced in
the forming process. α is material dependent as thinner materials are usually more flexible
and have larger deformation, and vice versa. To obtain α for certain materials, we conduct
a calibration, which is detailed below. Both Rt and Wt can be computed with the three
vertices of triangle td on D and the vertices of ts on S using a Singular Value Decomposition
(SVD). The combined transformation matrix Tt is considered as the target transformation
for each of the triangles t during the forming process. The actual transformation is expected
to follow the target Tt, and can be computed by minimizing the objective function Emapping

as follows:

Emapping =
fn∑
t=1

|||Xt − Tt|||2F (5.2)
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where fn is the total number of the triangles on D, Tt is the target transformation matrix
for triangle t, Xt is the unknown transformation for t, and the ||| · |||F is the Frobenius norm.
As Emapping is in the quadratic form, this optimization problem can be solved as a linear
least-squares problem by solving a series of linear equations.

The shape parameter α depends on physical factors of the substrates, such as the Young’s
modulus of the substrate material, the Poisson ration, and the thickness of the substrate. To
accurately establish a physical-mathematical model of the substrate based on the mechanics
and Finite Element Analysis (FEA) is challenging and inefficient. Instead, we borrow the
idea from [3] and conduct a series of experiments based calibrations. One test mold was a
pyramid structure, shown in Figure 5.9. A 1mm x 1mm square grid was printed onto PETG
using an ink transfer method from a laser printer. The printed grid was then scanned with
a 3D scanner prior to and after thermoforming onto one of the calibration molds, shown
in Figure 5.10. This process was then repeated with the other calibration mold. With the
scanned 2D substrate data and the 3D formed data, we are able to compute the α from
them. The computed α = 0.2143 is fixed and used throughout all the tested examples.

Based on the 2D to 3D mapping, we developed a sequence of interactive tools for the
user to define traces on the 2D substrate and preview the resultant 3D traces simultaneously.
We adopt the styling curve as the representation of traces. The styling curve consists of a
series of attribute nodes with not only position information, but also the triangular mesh
connectivity information on the D. Since the triangular mesh connectivity of S is the same
as the one for D, the defined styling curve can be instantaneously mapped onto S.There are
two different types of the attribute node, the attribute edge node pedge and the attribute
face node pface. Therefore, the position pedge can be calculated by interpolating the two
endpoints (p1, p2) of a triangular edge. Similarly an attribute face node is associated with a
triangular faced with barycentric coordinates (u, v, w), where u, v, w > 0 and u+ v+w = 1.
Also its 3D position is calculated by interpolating the three vertices (p1, p2, andp3) of the
triangular facet. Once the styling curve is defined on a 2D substrate, a 3D curve is obtained
instantaneously based on the established 2D to 3D mapping.

Built upon the styling curves attribute nodes, we developed the curve creation and editing
tools. Via the mouse left clicks, a set of points are picked as the control points. These control
points are used to generate a smooth curve automatically by interpolating these picked points
via the four-points interpolation scheme as follows:

c∗i = − 1

16
ci−1 +

9

16
ci +

9

16
ci+1 −

1

16
ci+2, (5.3)

where ci−1, ci+1, and ci+2 are the four sequencing control points and c∗i is inserted between
ci−1 and ci. After repeating the four-points interpolation several times, more and more points
will be inserted to the styling curve and the styling curve becomes smoother and smoother.
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Figure 5.8: Software toolkit for in-mold electronics. (a) Calibration meshes are in-
putted into the software toolkit and used as a transformation matrix. (b) The mold design
is fed into the toolkit and the 2D to 3D mapping of the mold is generated. (c) Interactive
trace definition and editing. Users can draw designs on both the 2D and 3D renders and see
the designs visualized in both dimensions in real time.
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Figure 5.9: Pyramid and hemisphere molds used for software calibration. Two test
structures were developed and used to calibrate the software toolkit.

Figure 5.10: 3D scanned mesh calibration technique. A 1 mm x 1 mm grid pattern
was printed and transferred onto a flat PETG substrate and scanned using a 3D scanner.
The substrate was then formed onto the calibration molds and re-scanned using the 3D
scanner. The unformed and formed meshes were then used as calibration inputs to the
software toolkit.
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Figure 5.11: Xbox controller in-mold electronics demo. Green: Printed silver capac-
itive touchpads. Blue: Surface mounted thermistors. Orange: Surface mounted LED.

5.2.7 Applications

To interface the printed electronics on the PETG substrates with external electronics,
we employed a flexible flat cable (FFC). An anisotropic conductive film was applied to the
surface of the printed traced and the FFC. Then we applied heat and pressure for bonding,
and Kapton tape was added over the bonded region as an additional securing mechanism.
With this new FFC, we could connect the printed electronics to a microcontroller on external
circuitry. We used an Arduino Uno and various other components on a breadboard to
interface the printed and rigid components. Using this setup, we were able to realize two
different demos.

One demo involves the Xbox controller molds from Figure 5.5a. The idea was to design an
overmold that was able to characterize the quality of grip the user had on the controller. By
placing single pad terminated traces on the grips, as well as surface mounted thermistors, the
overmold can measure how many pads are being touched as well as the temperature of each
palm. In addition, depending on the number of pads in good contact with the skin, a surface
mounted 0603 green LED increases its brightness with increasing number of contacted pads.
The schematic of the demo is shown in Figure 5.11. The capacitive touchpads are shown in
green, fabricated from single layer screen-printed silver. The SMD thermistors are shown in
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Figure 5.12: Mask in-mold electronics demo. Green: Printed silver capacitive touch-
pads. Blue: Surface mounted thermistor. Orange: Surface mounted LEDs.

blue, and the SMD LED is shown in orange.
Another demo involves using a mold from Figure 5.5c, a mask. This was motivated by

designing a Halloween-type mask that can sense change the external appearance of the ”eye”
LEDs based on a few inputs. In Figure 5.12, we can see there are two SMD LEDs shown in
orange, and a SMD thermistor shown in blue. In addition, there are single pad terminations
for each cheek, acting as capacitive touchpads as well. Functionally, this mask behaves in the
following manner: when either of the capacitive touchpads are tapped, the eye LEDs turn
on. These LEDs can be toggled on or off by pressing the touchpad again. The thermistor
on the nosepiece constantly reports the temperature, and as the user exhales, there will be
a local increase in temperature. As the temperature increases, so does the brightness of the
eye LEDs.

5.3 Chapter conclusions

In this chapter, we discuss IME as a possible solution to realizing functional electronics
for highly complex interfaces. In addition, we present iMold, a novel software-guided IME
process that enables interactive design optimization. We developed a computational design
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toolkit to perform interactive customization of electronic patterns while optimizing given
design with electrical failure detection. Moreover, we show a full IME process from design,
fabrication and components assembly by embedding an automatic surface-mounting process
before vacuum forming. Specific challenges in each step of the design and fabrication process
are discussed in detail, and several applications are showed as examples. Our work will benefit
people working in IME industry by providing systematic and seamless software-to-process
workflow. Our future work will involve fully integrating our software with established IME
process and conducting in-depth statistical technical evaluations on the proposed method.
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Chapter 6

Conclusions and future outlook

In this dissertation, we first presented an overview of flexible electronics, as well as
various printing techniques. We then further discussed the integration of conventional rigid
electronics with flexible electronics, and defined flexible hybrid electronics, as well as an
empirical system. In Chapter 2, we presented an example of passive printed sensors, printed
thermistor arrays. We overviewed the fabrication process of the fully screen-printed arrays,
and explored the optimization of custom screen-printable NiO inks. We further demonstrated
the efficacy of the printed arrays by using them to plot temperature maps of a commercial
lithium-ion battery discharged at various C-rates. For examples of printed active sensors,
in Chapter 3, we presented an all-organic optoelectronic sensor for pulse oximetry. We
thoroughly discussed the two fabrication processes involved for OLED and OPD devices,
and demonstrated the viability of the printed devices as biophotonic sensors. Furthermore,
we discussed various alternate geometries of OLEDs and OPDs, used in a single pixel sensor,
and how they could influence the PPG signal magnitude. In Chapter 4 we introduce a
possible solution to printed energy sources for FHE, printed Zn-Ag2O battery arrays. We
discuss the unique vertical geometry enabling series connection between adjacent cells, the
Zn and Ag2O ink optimization for screen-printing, as well as the fabrication process. Finally
in Chapter 5, we discuss an extension of printed flexible electronics, in-mold electronics.
Specifically addressing the challenge of developing electronics for highly custom surfaces,
a process to fabricate printed electronics on 2D and then form them into 3D functional
electronics was outlined, and several example works were discussed.

Overall, we demonstrated a wide range of printed components for flexible hybrid electron-
ics - passive sensors, active sensors, and batteries. The sensor development, fabrication, and
characterization are also discussed in detail. The bulk of the work in this dissertation still
utilize rigid PCBs to interface with printed sensors, however we demonstrated the viability
and compatibility of printed electronics and conventional rigid electronics. Furthermore, this
dissertation presented a wide range of potential applications for the various printed works
we demonstrated.

As we continue to add additional devices, printing methods, and integration techniques
to our repertoire, we continue to broaden our horizons for potential applications of flexible



CHAPTER 6. CONCLUSIONS AND FUTURE OUTLOOK 100

hybrid electronics. The materials and methods used here can be easily extended to areas
outside of the examples discussed in this dissertation. Some of the prospective projects and
applications for future work are listed below:

1. Integrated impedance and optoelectronic sensors for wound monitoring and stimulation

2. Printed sensors for food packaging

3. Printed vias enabling double-sided electronics

4. SimuPrint: Multi-functional single substrate printed electronics

6.1 Integrated impedance and optoelectronic sensors

for wound monitoring and stimulation

Annually in the US there are over 72 million instances of acute wounds from accidents
or surgical procedures, and chronic wounds affect approximately 6.5 million patients, which
amounts to $15 billion in wound care product costs in 2010. Innovations in wound dressings
has advanced towards incorporating diagnostic sensors to assess wound conditions such as
oxygen level, pH, and bacterial growth to reduce treatment delays. In contrast, the therapeu-
tic strategies are lagging behind and mostly limited to moisture control and anti-microbial
agents. By developing an integrated theranostic device with both sensing and stimulating
capabilities, a disruptive treatment platform to both monitor and accelerate wound healing
could be realized [1–11].

For both acute and chronic cutaneous wounds, the use of electrical stimulation (ES) in
conjunction with the standard care is shown to speed up healing. In ES therapy a low current
less than 1 mA is applied to the wound region by putting electrodes on or near the damaged
skin tissues. ES is effective for pain management as established in a double-blind study. This
method was granted FDA pre-market approval in 2002 for clinical use on chronic wounds
that fail to heal with standard care. The Centers for Medicare and Medicaid Services have
issued a national coverage decision to pay for ES therapy for conditions such as stage 3 and 4
chronic wounds. However, there is an adoption barrier to the ES therapy, due to the costs of
the electrodes and the labor required in attaching the multitude of electrodes. An integrated
monitoring and treatment system will overcome this usage barrier [1–9].

Flexible electronics for medical sensing is advantageous compared to conventional rigid
electronics due to the conformal nature of flexible electronics. By maintaining high quality
conformal interfaces with the body, flexible electronics can extract biomedical signals with
higher signal to noise ratio (SNR). In addition, many of the current developments in flexible
wearable electronics involve using soft and pliable substrates, some even stretchable, which
improve the quality of comfort for a wearable device when compared to rigid ones.

Previously from our group, we reported on printed flexible impedance electrodes used
for mapping pressure ulcer progression [12]. The observation was that there is a correlation
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between the status of the wound and the impedance measurements. A flexible array was used
to map the wound, which has the advantage discussed above, a highly conformal interface
enabling high quality signal acquisition.

In addition to the impedance spectroscopy method, wound oxygenation measurements
would be useful for physicians to monitor the status of the wound. As discussed in Chapter
3, a flexible reflectance oximeter offers many advantages over the conventional transmission
mode finger probe used in most hospitals [12–18]. A smart bandage that uses both impedance
spectroscopy and tissue oxygenation to monitor wound health would provide information
to healthcare providers on whether a wound is healing or not, with the additional signal
redundancy from two different sources. As seen in Figure 6.1a, by placing the sensor directly
on top of the wound, it would function two-fold: as an encapsulation to the open wound,
as well as providing valuable sensor data to healthcare providers. In this particular sensor,
printed gold electrodes are used to collect the impedance data from the wound, while the
printed optoelectronics are used to perform tissue oxygenation measurements. In addition
to the impedance measurements, the printed gold electrodes in Figure 6.1b can be used to
source low amounts of current to the wound, as a form of electrostimulation. After the sensor
data has been collected, it can be reconstructed on a 2D surface to show the interpolated
wound area and status over a period of time, shown in Figure 6.1c.

6.2 Printed sensors for food packaging

There is an increasing demand for detecting the freshness and safety of food with contin-
uous monitoring techniques, allowing users to track the quality of their food throughout the
packing and shipping process. This end-to-end monitoring requires intelligent food packag-
ing that can relay the status of the food intermittently to users. There are a variety of signals
of interest to report on. Environmental factors like temperature, humidity, and tamper pro-
tection are already commonly monitored [19]. However, other internal environmental factors
like gas composition, microorganisms, and light are not frequently monitored. Because of
the varying types of form factors foods can be packaged in, printed flexible electronics are a
great form factor for food monitoring sensors. Especially with the advancements in near-field
communication (NFC) and radio frequency identification (RFID), there has been an increase
in sensor tags in the realm of printed electronics. Some works have reported on polling sensor
tags intermittently to acquire tag data to be transmitted, and others have reported on direct
integration of printed sensors into the food packaging [19–21]. As discussed in this disserta-
tion, there are already many existing printed sensors that can detect signals such as light,
gas composition, temperature, etc. In addition, there have been significant advancements in
the realm of printed antennas [22, 23], allowing for seamless antenna integration into flexible
sensor form factors.
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Figure 6.1: Integrated impedance and optoelectronic sensors for wound monitor-
ing and stimulation. (a) Proposed wound monitoring patch placement on open wound.
(b) Bottom and cross-sectional view of proposed patch. (c) Collected data visualized on 2D
plane from measured optoelectronic and impedance sensor data.
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6.3 Printed vias enabling double-sided electronics

Currently, commercial printed circuit boards can accommodate significantly more com-
plex circuit designs than printed electronics reported in literature are capable of. One step
towards bridging the gap in design complexity between the two would be to develop printed
vias for printed electronics. By doing so, printed electronics would be able to accommodate
double sided electronic designs - electronics on one side of a substrate would be able to inter-
face with the other side without wires or additional complexity. Kujala et al. demonstrated
a screen-printed conductive via through a laser-cut opening in PET [24]. By varying the
diameter of the cut, they were able to improve the quality of connection through the via.
This method is viable, however is susceptible to failure due to the nature of most printed
silver inks. Because most of the screen-printed silver inks used commercially are somewhat
brittle, flexing a via printed with this method could result in microcracking, and ultimately
increase via resistance.

However, another work from Yamaoka, et al. used a rigid eyelet to improve the quality of
their vias [25]. Although this work primarily uses laser cut copper tape for conductive traces,
the idea of using eyelets as a rigid interface for traces on both sides of a substrate is interest-
ing. This particular solution can improve the quality of contact and overall conductivity of
traces during flexing, and potentially mitigate the problem overviewed above. By combining
the screen-printed vias with the rigid eyelet, we could potentially develop printed vias that
enable double-sided electronics. As part of my internship at Microsoft, I explored this idea
very briefly and prototyped a potential printed via with eyelet and show the conductivity of
this flexible via in Figure 6.2. Openings were made in a flexible substrate using laser cutting,
and conductive traces were screen-printed on both sides in a cross-shaped pattern. Finally,
an eyelet was attached to reinforce the via. Using a multimeter, I was able to validate the
via was conductive, even while flexed.

6.4 SimuPrint: Multi-functional single substrate

printed electronics

Previously, work has been demonstrated from our group realizing printed multi-color
OLEDs on a single substrate [26]. As an extension of this work, it would be interesting to
pursue if we could realize a single substrate with two different functionalities, with a single
print process. In Figure 6.3a, we can see the proposed fabrication process for SimuPrint.
Starting with a bare PEN/ITO substrate, the substrate is uniformly treated with a self-
assembled monolayer of fluorosilane, making the substrate uniformly hydrophobic. From
there, regions are masked off with Kapton tape and the exposed regions are treated with an
air plasma, etching away the monolayer. This leaves the exposed areas locally hydrophilic.
From there, PEDOT:PSS is doctor blade coated over the two hydrophilic lanes, and the
individual active layers for the functional materials are subsequently blade coated. For this
work, a proposed OLED and OPD are fabricated adjacent to each other, and as such the
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emissive layer and bulk heterojunction of the OLED and OPD, respectively, are printed.
From there, the devices are ready for evaporation. A pixel schematic of the two devices can
be found in Figure 6.3b, and the printed substrate can be found in Figure 6.3c. This is a
work in progress, and further characterization results on the individual devices, as well as
the optimzation process, will be reported on in a future publication.

6.5 Outlook

Researchers have continued to push the limits of flexible and printed electronics, optimiz-
ing their performance and tuning their manufacturing processes such that they can be scaled
to commercial levels of production. Conventional semiconductor processing is still limited
compared to printed electronics, especially when vacuum processing is involved due to how
difficult it is to scale to large area. Eventually, if we would be able to manufacture printed
electronics on a R2R scale of production, as well as minimize the amount of conventional
solid-state electronics we use, FHE can be the ideal platform for flexible electronics. By com-
bining this form factor of electronics with advancements in machine learning and on-chip
processing, FHE can provide the best end-user experience for flexible sensing applications,
especially in the wearables market. With an additional 10 - 20 years of continued research,
we believe that FHE can be optimized for low-cost large-area manufacturing, and address
many challenges in the printed electronics community for years to come.
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Figure 6.2: Prototype screen-printed via with eyelet reinforcement. (a) Screen-
printed traces on flexible Kapton substrate with eyelet reinforcement. (b) and (c) Resis-
tance measurement of unflexed via on Kapton and flexed via on Dupont Intexar substrates,
respectively.
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Figure 6.3: Overview of fabrication for multi-functional single substrate electron-
ics. (a) Schematic of fabrication process. (b) OPD and OLED layer schematic. (c) Photo
of printed OPD and OLED layers on PEN substrate.
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