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Abstract

This thesis presents a comparison in performance of various microelectromechan-
ical devices fabricated by both lithographic methods in a clean room facility and by
means of extrusion printing of conductive ink. Traditional microelectromechanical sys-
tems (MEMS) fabrication practices involve costly, time-consuming and complex multi-
step processes utilising high-end, high-maintenance cleanroom facilities. On the other
hand, printed electronics (PE) offers quick turn-around time, low-cost, and simplicity.

The work completed in this thesis involves taking candidate MEMS transducer de-
signs intended for clean room fabrication and scaling them up to the resolution of a
direct-ink write extrusion printer. Firstly, unknown ink parameters are determined
through experimentation and simulation. Then, past MEMS designs for a Lorentz ac-
tuator and DC electric field sensor are scaled up and in some cases changed slightly to
accommodate PE. A Lorentz actuator-based electromagnetic relay is designed as well.
The devices are then fabricated using a direct ink writing (DIW) printer in conjunction
with a laser micro-machining tool, and are tested to both verify the simulations and
offer comparison to their respective MEMS counterparts and/or other similar devices
from the literature.

A key finding was comparable performance metrics between the PE devices fabri-
cated in this thesis, and their respective lithographic or commercially available coun-
terparts. This signifies that PE is a viable alternative to lithography for manufacturing
some MEMS devices, or at least offers itself as a means of rapid prototyping. In addi-

tion, the ink used in this thesis was characterized for use in simulation models.
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Introduction

1.1 | Motivation

As of now, all around the world, electronic devices and transducers manufactured by tradi-
tional means and processes dominate the technological landscape, contributing to a $646B
global market [1]. These devices, manufactured primarily from semiconducting silicon
and/or other inorganic materials and metals, have fundamentally changed the way we as
a species live, grow, and interact with each other; however, this comes at a cost. Man-
ufactured primarily in facilities such as clean rooms, these devices require complex and
expensive equipment, both to operate and to maintain, lengthy and labour-intensive fabri-
cation processes, and generate considerable chemical and heavy metal waste. Furthermore,
start-up and long-term maintenance costs associated with cleanrooms are fixed and do not
scale with production. As a consequence, there as been significant research and advance-
ments in the field of additive manufacturing (AM) and printed electronics (PE) to act as an
alternative to traditional methods for manufacture of small and complex electronic devices

[1]. PE promises less setup time, less equipment, fewer production steps, less chemical
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Printed Electronics Lithography

Mil cale Micron‘or Nanometer Scale

Low Density High Density
Large Areas Small Areas
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Simple Fabrication Comp cation

Low Cost t

Figure 1.1: Printed electronics vs. lithography.

waste, and faster production time over traditional lithographic techniques [2], as shown in
Fig. 1.1.

Though PE has been used extensively for applications in biomedical devices, wearables,
displays, radio frequency identification (RFID) tags, strain gauges, and more [3], the idea
of printing MEMS devices by direct ink writing (DIW) of conductive ink has not been fully
explored in the current literature; in fact, less than 1% of AM-centric papers focus on MEMS
[4]. It presents an interesting challenge, as at the ~100-150 ym resolution of PE [5], some
10-100 pm-scale MEMS devices are nearly printable, and the trade-off of size versus per-
formance is magnified. It is the existence of this trade-off that yields the impetus for the
research conducted for this thesis, which aims to show how size affects performance (and
other application-specific parameters) for printed MEMS devices. This thesis also hopes to

set the stage for future work to be done as PE printing resolution improves further.



Chapter 1. Introduction 1.2. Aims and Objectives

1.2 | Aims and Obijectives

The 3 core objectives of this thesis are to:
1. Simulate scaled-up MEMS devices with PE materials.
2. Fabricate the scaled-up devices using PE.
3. Test and compare the performance of printed vs. lithographic MEMS.

The completion of these objectives will yield the feasibility and highlight the trade-offs
associated with printing MEMS devices vs. manufacturing them in a clean room environ-

ment, granted the current state-of-the-art in PE technology and resolution.

1.3 | Contributions

The work presented in this thesis makes the following contributions:

m Establishes the presence of novel printed electronics research at the University of

Manitoba.

m Determines best practices for extrusion printing MEMS devices to aid in rapid proto-

typing and development.

1.4 | MEMS Devices

There are 3 devices (Fig. 1.2) selected for comparison in this thesis:

1. DC Electric Field Sensor
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2. Lorentz Actuator
3. Lorentz-actuated Relay

These are chosen for their simplicity as well as they possess 2-dimensional planar designs,
which best facilitates the use and feasibility of PE. Additionally, they are all similar in their
simulation settings, fabrication processes, and testing procedures, thus maintaining consis-

tency.
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Figure 1.2: Devices studied in this thesis.
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1.5 | Thesis Structure

This thesis is laid out as follows, as 7 chapters:
1. Chapter 1 Introduction: motivation and introduction to thesis topic.

2. Chapter 2 Printed Electronics Technology: background on PE technology used in this
thesis, current state of AM/PE for MEMS devices, as well as determination of ink

parameters for modeling and simulation.

3. Chapter 3 DC Electric Field Sensor: background, comparison of scaled up PE DC

electric field sensor to MEMS.

4. Chapter 4 Lorentz Actuator: background, comparison of scaled up PE MEMS Lorentz

actuator to MEMS.
5. Chapter 5 Lorentz Actuator Relay: background, fabrication trials, results.

6. Chapter 6 Discussion and Conclusion: conclusion of this thesis is presented based on

experimental findings.
7. Future Work: recommendations on future work that could be done with PE for MEMS.

8. References



Background

Printed electronics (PE) involves depositing a layer of conductive or functional material on
a surface of either a rigid, flexible, or functional substrate. Popular methods for PE include
gravure, screen, inkjet, and extrusion printing [6]. Gravure printing, also known as roll-
to-roll, involves two adjacent rollers; one to carry the ink in circumferentially impressed
molds, and another to feed and press the ink pattern onto the substrate. Although it re-
quires large output in order to see any economical benefit, sub-micron features are achiev-
able. Screen printing is quite popular, utilising a rubber squeegee to push ink through a
patterned mesh screen and onto a substrate. Micron-level features are attainable, but again
this method is not cost-efficient unless large quantities of prints are required. Inkjet printing
is a very common direct-ink writing DIW process, involving depositing low viscosity ink
droplets, one drop at a time, at a controlled rate through an array of microscopic droplet dis-
pensers. It results in high resolution (1-10 micrometre level), flexibility, ease of use, and fast
speed. However, it can be very difficult to create suitable inks for this process, as droplet
formation demands strict and narrow viscosity ranges. Extrusion printing involves load-
ing (and liquefying, if required) a material, extruding the material out of the nozzle with

pre-defined pressure, and moving the dispenser around, depositing liquid material in a

7
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program-defined route. Advantages include low cost, short production cycle, and high ac-
curacy. However, resolution is highly dependent on printer type and ink composition and
viscosity, as well as the accuracy of the stepper motors present in most extrusion printing
apparatuses.

In this thesis, focus will be placed on extrusion printing over other methods which have
largely been covered by other works [7]. Also, the availability of new extrusion printing
technology breeds new and exciting opportunities for research in the area. This chapter
will cover the current technology in extrusion printed electronics, including printers, inks
and substrates. Next, the technology used in this thesis is highlighted along with some
relevant works from the literature. Finally, a review of the state-of-the-art in printed MEMS

technology is discussed.

2.1 | Extrusion Printing

A specific sub-domain of PE is extrusion printing, which involves pushing or extruding
ink out of a nozzle at a controlled rate, dependent upon nozzle size, pressure, and ink
viscosity [8]. Filament-based fused deposition modelling (FDM) 3D printers familiarly use
this technology, heating and melting a rod or filament of material while simultaneously
extruding it to print a 3D object, layer-by-layer. Extrusion printing for PE, on the other
hand, has lagged behind other PE methods until somewhat recently, being enabled by the
advent of a wide variety of conductive and functional ready-to-use inks, fitting the strict
demands of extrusion printing for viscosity and particle size through careful selection of
binders, surfactants, and stabilizers [3]. Furthermore, printers with smart dispensers and

sophisticated control systems facilitate finer control over various process parameters [9].
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2.1.1 | Printers

Extrusion printing is a form of additive manufacturing. It is well known in the 3D printing
domain, utilising materials such as low-melting point metals, ceramic slurries, suspensions
containing nanoparticles, silicones, and concrete, among others [10]. The main advantage
of this technique is its ability to deposit a wide range of materials in a straightforward and
economical manner, which makes it robust and easily scalable.

There exist three types of extrusion printing: plunger-based, filament-based, and screw-

based [11] (Fig. 2.1).

Plunger-based Filament-based Screw-based

Figure 2.1: Three methods of extrusion printing. Reproduced from [11] under the terms of
the Creative Commons (CC BY) License.

Plunger-based works by pushing a soft or liquid material with low viscosity through a
nozzle by means of pressure induced by a plunger, or, in some cases, pressurized air. The
materials for this process, generally referred to as inks, are designed to contain a solvent

to suspend the desired deposited material. Thus, a post-deposition step is required, such
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as sintering and curing to remove the solvent and harden the suspended material into one
contiguous shape. Examples of plunger-based printers used for printable electronics avail-
able in the market today are the Voltera V-One and Voltera NOVA [5] (Fig. 2.2). The Voltera
NOVA, in particular, is capable of printing conductive ink on flexible substrates through

utilisation of a vacuumed printing stage to hold the substrates secure.

Figure 2.2: Voltera V-One (top) and NOVA (bottom) plunger-based extrusion printers.

10
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Filament printers are used as a safe and simple alternative to plunger-based methods
but are much less common in the context of printable electronics. They involve feeding a
thermoplastic or low-melting point metal filament through a liquefier, which the extrudes
out of a nozzle. This technique is much more prevalent in 3D printing, where layer-by-layer
of deposition of plastics is achieved. However, some printers combine this method with a
conductive ink dispenser to implement electrical conductivity in a plastic 3D structure,

such as the Voxel8 [12] (Fig. 2.3).

Figure 2.3: Voxel-8 filament electronics printer.

Screw-based methods are a popular alternative if a filament or ink cannot be manu-
factured due to constraints on material properties or technical know-how. This method
involves using a hopper of solid pellets of the desired material fed into a heating zone to be
melted. A rotating screw auger helps to push the pellets through the heating zone and the
molten plastic out of the nozzle. In the context of printable electronics, the Nano3DPrint
A2200 3D multi-material electronics printer uses a screw mechanism to extrude either ther-
moplastics or conductive material for the manufacturing of printed circuits and devices

[13] (Fig. 2.4).

11
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Figure 2.4: NanoPrint3D A2200 screw-based printer.

2.1.2 | Inks

There is a myriad of inks that are available, with a number of them being more compatible
on some substrates than on others, and also exhibiting different electrical and functional
properties. In addition, for a given printer, the concept of printability is paramount for
achieving a high-quality print, affected by factors such as viscosity and curing method [14].
Each printer type discussed in the previous section has its own requirements on the ranges
of viscosity’s and different types of inks they can accommodate. Conductive inks are usu-
ally composed of conductive metal nanoparticles (NPs), typically silver, homogeneously
suspended in a blend of stabilizers, organic solvents, and sintering agents [15]. Before the
process of sintering the ink may not be conducting at all. Upon sintering, the organic sol-
vents evaporate and the stabilizers are removed, allowing the NPs to coalesce into one

whole conducting solid structure. Fig. 2.5 shows a schematic of the ink curing process.

12
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Figure 2.5: Conductive ink curing process. Reproduced from [15] under the terms of the
Creative Commons Attribution (CC BY) License.

2.1.3 | Substrates

There exist a number of substrates suitable for extrusion printing in printable electronics.
Each has its own functionality, from acting as simply a surface for a given circuit to be
printed on, to being a functional and interconnected member of a circuit or device [16]. In
the most general sense, there are really two distinct types of substrates: rigid and flexi-
ble. Rigid substrates are typically metal or glass — Si or SiO; are good examples — or more
commonly a polymer composite such as flame retardant 4 (FR4) or plexiglass. Flexible sub-
strates are commonly a polymer such as polyimide (PI), polyethylene terephthalate (PET),
polydimethylsiloxane (PDMS), etc., or organic composites like paper. Each has its own
advantages and disadvantages, and selecting one of either rigid or flexible substrates is de-
pendent upon application, ink compatibility, and thermal, mechanical, chemical, electrical,
and optical properties and requirements [16]. Also, surface roughness, adhesion properties,

and surface energy — roughly, how a material’s surface interacts with different materials
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[17] — is an important consideration, and pre-treating of the substrates may be required to
promote adhesion of inks to its surface [16].

The most common rigid substrate used in extrusion printing of electronic circuits is FR4.
This material is generally regarded as a workhorse in printed circuit board (PCB) manufac-
turing due to its excellent dielectric properties, low cost, and mechanical strength [18]. For
extrusion printing, FR4 on its own has moderate surface energy, offering sufficient adhe-
sion for most conductive inks, and is generally compatible with most inks on the market
without any pre-treatment requirements. Also, it has good resistance to most solvents used
in electronic manufacturing, such as those found in conductive inks. However, FR4’s glass
transition temperature — the temperature at which it loses it mechanical structure and be-
comes soft —is around 130°C [19], which can limit the number of inks that can be used with
it due to curing requirements.

On the other hand, there are a myriad of flexible substrates used in printable electron-
ics, with no clear front-runner as is with the case of rigid substrates. Flexible substrates
are commonly non-reinforced polymers, which lends more freedom of design than rigid
substrates and contributes to clever and innovative applications in printable electronics
[16]. As such, there is distinctly more research work being done in printable electronics for

flexible substrates over rigid substrates.

2.2 | Printed MEMS

Microelectromechanical systems (MEMS) are utilised everywhere across various indus-
tries, such as automotive, consumer electronics, and medical, to name a few [20]. Exam-
ples include pressure sensors, gas sensors, accelerometers, and inkjet printer heads [4].

Sensing principles include capacitive, piezoresistive, and piezoelectric, whereas actuation
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principles include electrostatic, piezoelectric, and thermal [7]. The fabrication of these de-
vices, composed principally of silicon, uses high-end, high maintenance cleanroom facil-
ities, which are economically beneficial at large manufacturing scales, but infeasible for
low-scale prototyping applications. Material deposition involves metal evaporation or va-
por deposition equipment along with lithographic masking and etching processes. Fig. 2.6
shows the contrast in fabrication process between lithography and PE.

PE enables low cost, rapid prototyping of low-volume devices. However, there is a
trade-off between with the benefits of PE and its disadvantages, such as decreased reso-
lution and repeatability. Overcoming the challenge of matching the micron or sub-micron
level of cleanroom fabrication facilities with PE is critical in establishing PE as a feasible
alternative for prototyping MEMS devices. For some larger MEMS, on the scale of 10-
100 pm, the resolution granted by most 2D and 3D printing techniques allows for almost
1:1 replication of the lithographic counterpart. For example, the authors in [20] realized a
fully-functional MEMS accelerometer by means of multi-photon polymerization 3D print-
ing, achieving a resolution of 6 ym. However, they had to rely on thermal evaporation to
deposit the conductive material atop the 3D printed structure.

The majority of published research involving printed MEMS feature common 3D print-
ing techniques [4], such as selective laser sintering, stereolithography, multi-photon poly-
merization, and more, whereas extrusion printing is not as highlighted. Inkjet printing of
MEMS, however, is well documented. Devices such as microlenses, solder bumps, tem-
perature sensors, strain sensors, thermal actuators, electrostatic actuators, gas/humidity
sensors, and photodetectors have all been explored using inkjet printing [7]. Fig. 2.7 shows
a flexible capacitive humidity sensor fabricated via inkjet printing [21]. These printed de-
vices achieve printed thicknesses of around 1-10 ym, and a resolution of around 50-100

pm.
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Figure 2.6: Lithography vs. printed electronics processes.
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Figure 2.7: Inkjet printed capacitive humidity sensor (©2020 IEEE). s. Sulaiman, N. A. Rashid, A. S. A.
Aziz, L. Q. Jun, and S. M. H. S. M. Jaafar, “Inkjet-printed graphene-based flexible humidity sensor for environmental applications,” in 2020
IEEE International Conference on Semiconductor Electronics (ICSE), pp. 148-151, 2020.

As mentioned, extrusion printing of MEMS devices is quite uncommon in the litera-
ture, with an average of 10 publications/year from 2017-2024 [22]. This could be attributed
to its lower resolution (150-200 pm) than inkjet, as well as higher fluctuations in surface
morphology due to extrusion printing’s more viscous inks; the ink does not spread out as
evenly as it does with inkjet printing. However, the low costs and wide portfolio of inks
and substrates associated with extrusion printing can make it a viable alternative, especially
as printing technology improves. Of the publications that highlight extrusion printing of
sensors, the majority are strain gauges - whose resistance varies with applied stress - and
most researchers opt for silver NPs inks [22]. Fig. 2.8 shows an example strain sensor from
[23], made by embedding a printed silver ink structure within a 3D printed thermoplastic
polymer substrate. Other examples from the literature include humidity sensors, pressure
sensors, antennas, and electrochemical sensors. Most works are printed using 100-400 ym
nozzles, and these devices are all on the millimetre scale.

Designing MEMS devices may require knowledge of electrical, thermal, optical, me-

chanical, chemical, and magnetic systems, and how they interact [24]. The devices in this
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Figure 2.8: Extrusion printed strain sensor (©2018 IEEE). H. Nassar, M. Ntagios, W. T. Navaraj, and R. Dahiva,
“Multi-material 3d printed bendable smart sensing structures,” in 2018 IEEE SENSORS, pp. 1-4, 2018.

thesis are consist of electrical, thermal, and mechanical interactions, and in order to design
these devices, some important parameters related to the ink and substrate are required be-
fore moving forward.

For electrical systems in MEMS, there are typically two elements: the conductor and the
dielectric; in context of this thesis, the ink is the conductor and the substrate is the dielectric.
In the case of the conductor, the resistivity p is required, as this dictates electrical resistance

R and thus current flow i, given an applied or induced voltage V:

_p Y
R—A z—R

where [ is the length and A is the cross-sectional area of the conductor. For dielectrics,
the dielectric constant € is required, as this describes the strength of electric field E in the
dielectric, and consequently the capacitance C - the ability of the dielectric to store electric
charge. When an electric field is incident in a dielectric, the material polarizes to an extent
based on the dielectric constant. This induces an electric field to counteract the incident

tield, which results in a net reduction of the field present inside the material:
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E—>E
€

A higher dielectric constant increases capacitance because the dielectric material polarizes
more strongly in response to an electric field. This polarization reduces the effective field
between the capacitor plates, lowering the voltage for a given charge. The reduced voltage

means more charge can be stored, resulting in higher capacitance:

CseC C=QV

In the case of thermal systems, the most relevant parameter to consider is the coefficient
of thermal expansion, a. This dictates how much a material deforms - expands or contracts

- from its original size V) based on a temperature change AT:

AV = aVhAT

The temperature change can be a consequence of a myriad of different phenomena. In
MEMS devices, it is induced most commonly through the process of Joule heating. This
occurs when current i flows through a resistive material, causing it to dissipate energy as

heat to the resistance R:

_ i?Rt
N mc

AT

where t is the time interval, m is the mass of the material, and c is the specific heat capacity.
Lastly, for mechanical systems, one is generally concerned with how much a material
moves or deforms due to an applied stress or force. This relationship is known as Hooke’s

law:
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oc=Ye¢

where ¢ is the applied stress, ¢ is the strain or deformation, and Y is the Young’s modulus.
The Young’s modulus, then, is the parameter that satisfies this relationship, and is thus the
most relevant parameter for designing mechanical MEMS devices. From Young’s modulus,
one can derive the spring constant k of some topology based on its Young’s modulus and
physical dimensions. Then, given an applied force F, the structure deflects or deforms by a

displacement Ax, yielding a recast version of Hooke’s law:

F = kAx

To summarize, in order to design MEMS devices that involve electrical, thermal, and
mechanical interactions, knowledge of the resistivity of the conductor, dielectric constant
of the dielectric, coefficient of thermal expansion, and Young’s modulus are all required at

a bare minimum.

2.3 | Ink, Printer, and Substrate for This Thesis

The conductive ink used in this thesis is Voltera Conductor 3 silver conductive ink [25].
It exhibits good adhesion, flexibility, conductivity, and is robust to hand-soldering and
rework. Also, it is readily available and makes little to no mess, requiring only a small
amount of isopropyl alcohol (IPA) to clean up. Ink parameters are detailed in Table 2.1. Fig.
2.9 shows a ready-to-use cartridge of silver ink in a 2 mL package [26]. It is heated at 90 °C

for 5 minutes to evaporate the solvents, then at 120 °C for 15 minutes to sinter and cure.
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" VOLTERA
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Material: Conductor 3
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Figure 2.9: 2 mL cartridge of Voltera Conductor 3 silver ink.

Table 2.1: Voltera Conductor 3 silver ink parameters.

Resistivity [() - m] 1.27 x 1077
Typical Cured Thickness [pm] 15
Min. Line Width [pm] 150
Viscosity [Pa - 5] 15

The substrate used in this thesis is 50 ym thick polyimide (PI). This is due to its good
adhesion to silver ink, high temperature and solvent resistance, durability, and flexibility.
Also, the material is well documented, so important mechanical parameters required for
simulation are readily available. Fig. 2.10 shows a sample of polyimide film [27]. Some
useful parameters of PI are summarised in Table 2.2 [28].

The printer used in this thesis is a Voltera NOVA DIW electronics printer (Fig. 2.11)
[29]. It utilises a smart dispenser system with an integrated pressure sensor and heater
to monitor and manage ink flow rate, as well as a probe to accurately map the z-profile

of the substrate to compensate for surface roughness and undulations before printing. It
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Figure 2.10: Polyimide film.

Table 2.2: Polyimide parameters.

Young’s Modulus [GPa] 3.1
Density [kg/ mA] 1415
Coefficient of Thermal Expansion [107¢/K] 45
Thermal Conductivity [W/m - K] 0.535
Maximum Temperature [°C] 250

also features a vacuumed printing stage for holding thin and flexible substrate still during
the printing process, as well as user-friendly software allowing full control over all print
parameters. Some examples of research with the NOVA include biomedical tattoos [30], a
printed woven carbon heater for de-icing drone wings [31], and a smart CO, monitoring
facemask [32]. Fig. (2.12) shows some examples. Most works are printed using 150-225
pm nozzles. The author of this thesis extrusion printed a piezoresistive strain sensor for
respiration monitoring on a TPU substrate using carbon NP ink with a 150 ym nozzle and
Voltera NOVA [33].

The most important print parameters for a printed ink trace are:
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(a) Voltera NOVA (b) Voltera Smart Dispenser

(c) Voltera Probe

Figure 2.11: Voltera NOVA DIW electronics printer.

m Dispense Pressure: the pressure exerted on the plunger to extrude the ink [arb. units].
m Print Speed: the speed at which this dispense head moves [mm /min].

m Print Height: the height of the nozzle above the substrate [ym].

m Printed Line Width: the post-cure width of a printed ink trace [um].

m Printed Line Height: post-cure height of the a printed ink trace [pm].
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(a) Inkjet Nozzle (60pum) or
/ Extrusion Nozzle (225pm)
o
\\ Tape
Electrode
Tattoo Paper (coated with
dissolvable starch layer)

Glass
Slide

Water on paper to release tattoo Metallic
® Contact
Se -

(b) Glue Layer .2 ‘

(Ethyl Cellulose)

_________________________________

(a) Printed biomedical tattoo (©IEEE 2022). Y. El-Hajj, M. Ghalamboran, and
G. Grau, “Inkjet and extrusion printed silver biomedical tattoo electrodes,”
in 2022 IEEE International Conference on Flexible and Printable Sensors and
Systems (FLEPS), pp. 1-4, 2022.

a Flexible NFC sensing tag b CO, sensitive membrane

wr
““““

¢ Smartphone app

(b) Printed smart facemask. Reproduced from [32] under the terms of
the Creative Commons Attribution (CC BY) License.

Figure 2.12: Examples of extrusion printed devices from the literature using the NOVA.
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m Nozzle Size: inner diameter of the nozzle [um].

For a given ink and substrate combination, calibration of the NOVA is required to dial in
the print parameters through a trial-and-error process. For example, more viscous inks may
require a much higher dispense pressure and slower print speed than a thinner-viscosity
ink. For the ink used in this thesis, Voltera recommends the profile in Table 2.3, however
there is no information on how much the quality of the ink trace changes with variations in

these process parameters.

Table 2.3: Voltera Conductor 3 recommended printing parameters.

Print Speed 650 mm /min
Print Height 60 ym
Dispense Pressure | 700 arb. units

Nozzle Size 150-225 ym

2.3.0.1 | COMSOL Simulations

The simulations performed in this thesis use COMSOL Multiphysics version 6.1 [34], a fi-
nite element method (FEM) solver. A 2D or 3D model is discretized into a mesh of adjacent
polygonal elements. Depending on the desired physics or coupled physics to be simulated,
the governing partial differential equations (PDE) are solved numerically in each element.
Given material properties and boundary/initial conditions, real-world physical phenom-
ena can be simulated. The physics interfaces used in this thesis are the Solid Mechanics,
Electric Currents, and the Heat Transfer in Solids modules. The governing PDEs are as

follows. For Solid Mechanics, COMSOL solves:

V-S+F, =0
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where S is the Cauchy stress tensor (depicting internal volumetric stresses) and Fy is any

volumetric force(s) acting on the body. The Electric Currents module solves:

E=-VV
J=0E
where E is the electric field, V is the electric potential, fis the current density, and ¢ is the

charge density. The Heat Transfer in Solids module solves:

V- (=kVT)=Q

where T is temperature, k is thermal conductivity, and Q is a heat source. The heat source
used in this thesis is Joule heating, available with the Electromagnetic Heating multiphysics

module, where Q is:

Q=J-E
The main mode of heat flow is conduction, contained within the simulated devices, whereas
radiative and convective are less likely to occur. This is because the devices are simulated
in open air with no nearby thermal conductors or masses, although some negligible heat
may be lost to the air via convection. Also used in this thesis is the Thermal Expansion

multiphysics coupling, whose governing equation is:

e=ua(T —Tp)

where ¢ is the strain, « is the coefficient of thermal expansion, and Tj is a reference temper-

ature.
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DC Electric Field Sensor

The following chapter describes the development of a printed electronics DC electric
field sensor. To begin with, a brief background on current DC electric field sensors from
the literature is highlighted. Then, the chosen sensing topology’s theory of operation
and design equations are derived and presented. Next, the lithographic comparison de-
sign is shown, as well as the development of the printed electronics design. Within the
printed electronics design, the silver ink used to fabricate the printed electronics sen-
sor is characterized by finding the dependence of line width/height on print parameters
such as print speed and dispense pressure. Young’s modulus of the ink for use in sim-
ulation is also found. The designs are then simulated, fabricated and tested, and the

chapter closes with a brief comparison to other MEMS DC electric field sensor designs.

3.1 | Background

DC electric field sensors are essential devices in the energy sector to assess risks of danger-
ous high voltage shocks to electrical and safety workers near high voltage direct current

and low-frequency AC sources. Additionally, they are used as test equipment to ensure
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Electric Field Strength (kV/m)

500 KV Y 1000 | 500 | 50 10 1

230 KV ﬁ 460 | 230 | 23 46 | 05
138 kV ‘l: 276 | 138 | 138 | 28 | 0.3
69 kv T 138 69 6.9 1.4 | 0.1

0.5m 1m 10m 50m 500m

Distance From Line

Figure 3.1: Electric field strengths as a function of distance from single transmission lines.

the fields produced by high voltage direct current (HVDC) transmission lines are within
government-regulated levels [35]. For example, Fig. 3.1 shows electric field strengths for
different HVDC sources, assuming a single-wire transmission line. For 60 Hz lines, the
recommended level is around 5 kV/m for the general population [36].

Measuring DC electric fields is quite difficult in comparison to AC fields, which can eas-
ily be measured with low-cost off-the-shelf inductive sensors. This is due to several factors,
such as skewed and/or drifting readings due to electrostatic induction of nearby conduc-
tors and dielectrics, charge accumulation and saturation, as well as atmospheric noise and
ion currents in the air. Traditionally, the measurement of DC electric fields is carried out
with electric field mills (Fig. 3.2). A grounded shutter periodically exposes and covers
a conducting plate from the incident field, accumulating charge and conducting it away
upon each cycle [37]. The time-varying induced charge is converted into a voltage and pro-
cessed into a DC output proportional to the field strength. While effective and robust to
many of the challenges faced with DC field measurement, they are large, cumbersome, and

inefficient to operate. Additionally, the power-hungry DC motor may wear out over time,
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requiring routine maintenance and battery replacements. The electric field mill from [38]

can measure electric fields down to 1.9 V/m.

1 l l:’l l
Shielding
“electrodes

o

- s u Sensing

electrodes

[

Motor

Figure 3.2: DC electric field mill. Reproduced from [37] under the terms of the Creative
Commons Attribution (CC BY) License.

To combat the shortcomings of the electric field mill, there have been an advent of
MEMS DC electric field sensors introduced in the last two decades [35]. These include
MEMS electric field mills and electrostatic force-deflected sensors, with various methods of
interrogation and readout.

The MEMS electric field mills work similarly to their macroscopic counterpart, cycli-
cally exposing and covering a sense electrode with a grounded electrode. The shutter can
be actuated either thermally using a thermal actuator mechanism [39] or electrostatically
using a comb-drive which actuates based on the electrostatic force [40] (Fig. 3.3). In the
thermal actuator design from [39], the shutter electrodes are connect to a bent-beam ther-
mal actuator. When current is passed through it experiences in-plane bending which con-

sequently moves the shutter to expose the sense electrodes to the field. This design can
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measure fields down to 42 V/m. For the electrostatic comb-drive electric field mill in [40], a
large potential is placed on the actuator comb electrodes and pulls the shutter comb down-
ward, exposing the sensing electrodes to the incident field. This device can measure fields
down to sub-kV/m.

The MEMS electrostatic force-deflected sensors work by having a spring-suspended
plate which feels an electrostatic force due to an incident electric field and deflects, and
then sensing this deflection in some manner. Common methods of interrogation include
optical and capacitive readout (Fig. 3.4!). In the optical case, such as the design from
[41], a torsional spring suspended electrode is biased with asymmetric AC voltage. The DC
voltage induced by the incident electric field modulates the amplitude of oscillation. A laser
is shone obliquely upon the sensor and the reflected light is measured by a photo-diode to
interrogate the oscillation amplitude and, thus, the electric field strength, measuring fields
down to 3 V/m. The capacitive readout is simpler, which treats the moving electrode and
a reference as a parallel plate capacitor, and a capacitance-to-digital converter is used to
interrogate the change in capacitance as the electrode deflects due to the incident field [42].
This design allows for electric field measurements as small as 400 V/m.

In this thesis, the chosen design is the capacitively-interrogated force-deflected sensor,
since the simple planar design facilitates the use of PE. Also, the MEMS design in [42]
fabricated via lithography offers a good baseline for comparison for the PE version explored

in this chapter.

Ya) reproduced from [41] under the terms of the Creative Commons Attribution (CC BY) License.
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(b) Electrostatic comb-drive MEMS electrical field mill. Reproduced from [40]
under the terms of the Creative Commons Attribution (CC BY) License.

Figure 3.3: MEMS electric field mills.
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(b) Force-deflected electric field sensor with capacitive readout (©IEEE 2013).

Tao Chen, "MEM electric field sensor using force deflection with capacitance interrogation,” 2013
IEEE Power & Energy Society General Meeting, Vancouver, BC, pp. 1-4, 2013.

Figure 3.4: MEMS force-deflected electric field sensors.
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3.2 | Theory and Design

3.2.1 | Theory of Operation

The capacitive force-deflected DC electric field sensor (Fig. 3.4 (b)) selected for this thesis
operates as follows. A grounded, spring suspended electrode with area A experiences an
electrostatic force due to the incident electric field E generated by a nearby voltage source

Vpc a distance h away:

(3.1)

where ¢ is the electrical permittivity of free space (8.85 x 10712 F/m). The spring-suspended
electrode has a spring constant k associated with it, and, when a force is applied, it deflects

a distance Ad as per Hooke’s law:

Fs = kAd (3.2)

After the spring-suspended electrode transiently deflects due to the introduction of the
incident field, it reaches a steady-state equilibrium where the electrostatic force is balanced

with the spring force:

kAd = %egAEZ (3.3)

The spring-suspended and reference electrodes form a parallel plate capacitor, with initial

capacitance C; given by:
Ci=— (3.4)
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Between the spring-suspended and reference electrodes, there exists a change in capaci-
tance AC upon deflection (ignoring fringing):
1 1

Combining this with Eq. 3.3 yields a change in capacitance for an incident electric field,

given an initial capacitance with no field present of C;:

C2
AC = o L
2+ G

(3.6)

Equation 3.6 describes the sensitivity curve of the sensor, as it describes how the output
AC changes with an input E. One can see that the curve is inherently non-linear, as AC

changes in proportion to E2.

3.2.2 | Design Parameters & Constraints

From Eq. 3.6, the most important parameters to consider are spring constant k and initial
capacitance C;. Since k depends on the physical dimensions and Young’s modulus, and
since C; depends on electrode area A and initial separation d, these also must be considered.
For PE to work, given that the Voltera NOVA is being used, the smallest features must be

>150 um, and thicknesses must be >15 ym.

3.2.2.1 | Springs

Rectangular springs for MEMS design generally follow the same relationship, given their

thickness ¢, length I, width w, and Young’s modulus Y:

kmyWGP
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Figure 3.5: MEMS spring geometries for fixed (left) and serpentine (right).

The candidate moving electrode spring geometries were either a fixed or a serpentine
flexure [43] (Fig. 3.5). This is because they are both relatively simple to print and laser-cut

as well as mimic the design of the lithographic counterpart.

3.2.3 | Lithographic MEMS Design

The MEMS design chosen for comparison is the design of Fig. 3.4 (b) from [42]. Fig. 3.6
shows the fabricated device and its top spring-suspeneded electrode, utilising a serpentine
flexure spring geometry. The electrode is 1.15 x 1.15 mm, spring width w is 20 ym, and
is fabricated on 5 ym single-crystal silicon with a thin film of 200 nm copper. The author
found the experimental spring constant k of the suspended electrode to be 0.136 N/m, and
used an initial separation d of both 27 ym and 2 ym. Table 3.1 summarises the design of the

lithographic MEMS sensor.
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Table 3.1: MEMS DC electric field sensor lithographic design.

Electrode Area A [m?] 1.32 x 107
Spring Constant k [N /m] 0.136
Initial Separation d [pm] 2,27
Spring Width w [pum] 20
Thickness t [pm] 5.2

Figure 3.6: MEMS DC electric field sensor top view (©IEEE 2013). Tao Chen, "MEM electric

field sensor using force deflection with capacitance interrogation," 2013 IEEE Power & Energy Society General

Meeting, Vancouver, BC, pp. 1-4, 2013.

3.2.4 | Printed Electronics Design

The design for the PE version of the DC electric field sensor took a similar form as the

lithographic counterpart, but needed to be scaled up to make PE allowable. The limiting

factor in the design, in context of the Voltera Conductor 3 ink’s 200 ym minimum line width,

was the width of the springs, since they were the smallest feature. In order to maximize AC

for a given E field and C;, the spring constant should be made as small as possible by Eq.

3.6. This means setting w to be 200 ym, which is 10x the lithographic version. Also, the
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thinnest readily available PI substrate was 25 pum film [44], and, in addition to a minimum
printed ink thickness of 15 ym, this brought the theoretical thickness to 40 ym.

To get a feel for roughly how big the electrode should be, a desired response was first
chosen somewhat arbitrarily. Assuming an initial distance of 100 ym and a spring constant
of roughly 0.5 N/m, an acceptable response would be 0.5 pF per 50 kV/m change in electric
field. Given these, an area of 0.00016 m? was determined from Eq. 3.6, corresponding to
approximately a 1 cm x 1 cm electrode. Note that the spring constant of 0.5 N/m was a
generous initial guess. Therefore, for simulation, a 1 cm square electrode was chosen.

Next, the spring geometry was chosen. More specifically, the length of the springs was
the only parameter left unknown. Again, to get a general feel for how long they should
be, given the arbitrary spring constant of 0.5 N/m, width 200 pm, thickness 40 ym, and
ignoring the Young’s modulus of the ink, the spring length was found to be about 1 cm for
a fixed flexure. Making the fixed spring into a serpentine spring only helps the sensor’s
response, as it effectively increases the length and thus reduces the spring constant.

Fig. 3.7 shows an initial mock-up of the fixed and serpentine spring-suspended elec-
trodes, ready for simulation. The devices in the figure were drawn using KiCad electronic
CAD and PCB layout software [45], as the Voltera NOVA requires gerber files in order to
print the design.

In addition to the spring-suspended electrode, the device also required a reference elec-
trode. This was designed to be a simple 1 x 1 cm square with contact pad and connecting
trace (Fig. 3.8) to be printed on 83 x 109 mm FR4 rigid circuit board material, measuring 1.6
mm thick. The spring-suspended electrode would then sit atop the reference electrode and
FR4, and to hold it in place, another similar piece of FR4 would be required to sandwich it.
This was simply a piece of FR4 with a 24.85 x 24.85 mm "window’ cut out of it (Fig. 3.9).

Fig. 3.10 shows a mock-up of the sensor’s test setup for the case of the serpentine spring
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Figure 3.7: Fixed (left) and serpentine (right) spring-suspended electrode designs.

Figure 3.8: Reference electrode design in KiCad.

electrode, along with a side-on view of the stack-up complete with 100 zm PI spacer to set
Ci. The next step was to find some important and previously unknown parameters of the

ink, such as Young’s modulus, printed line height, and printed line width.
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Figure 3.9: Top board required to hold spring-suspended electrode in place.

Springs

— R R o T

Spring electrode PI substrate

Pl spacer
+ Bottom FR4

Reference electrode

Figure 3.10: Mock-up of printed electric field sensor test setup (top) and stack-up (bottom).
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3.2.4.1 | Young's Modulus of Ink

To find the Young’s modulus of the cured silver ink for simulation, a 3.2 mm x 10.2 mm
cantilever was made by printing silver ink on 50 ym thick PI and cured for 20 minutes at
120 °C. To bring the ink thickness to about the same thickness as the PI (so that the Young’s
modulus of the ink has a measurable effect), the design was printed 3 times over itself,
yielding a thickness of 41.2 ym, as measured by a KLA P7 Profiler [46]. The same cantilever
design was made in COMSOL software using the Solid Mechanics module.

A metal plate was placed a distance d below the cantilever. The cantilever was elec-
trically grounded, and the metal plate biased to a voltage V' of 600 VDC with a Stanford
Research Systems PS310 HVDC power supply [47]; everything was placed beneath a Leica
DM6-M microscope [48]. The electrostatic force present between the fixed cantilever and

the metal plate below causes the cantilever to bend downwards towards the plate [49]:

F= ;eOL;XVZ (37)
where €g = 8.85 x 10712 F/m is the permittivity of free space, L is the length of the can-
tilever and W is the width. This force was found to be 1.8 x 10~° N, given an initial separa-
tion d of 2.094 mm as measured with the Leica microscope. The same force was applied as

a Boundary Load in COMSOL on the cantilever model. Under uniform load, the edge of a

cantilever beam deflects by 4 [50]:

_FI3

= i (3.8)

where Y is the Young’s modulus and I is the moment of inertia. This deflection was found
experimentally to be 5 ym using the Leica microscope, and the Young’s modulus value of

the ink in simulation was swept until the cantilever model also deflected 5 ym. This yielded
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a value of 1.781 GPa, assuming a fixed Poisson’s ratio of 0.37 [51] (that of pure silver) and a
Young’s modulus value for PI of 3.1 GPa. Fig. 3.11 shows a schematic of the test setup, the

printed and released device, and the associated COMSOL model.
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(@) Uniformly-loaded electrostatically actuated can- (b) Printed cantilever with metal

tilever. plate below.
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(c) Cantilever COMSOL model (deflection in ym, side
view).

Figure 3.11: Printed cantilever test structure for determining Young’s modulus of Conduc-
tor 3 ink.
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3.2.4.2 | Printed Line Width and Height

The printed line width depends mainly on 3 printing parameters: nozzle size, print speed,
and dispense pressure. Thus, an experiment was designed and carried out to investigate
that dependence. In order to do so, an array of 1 cm long lines were printed at different
pressures and speeds, as shown in Fig. 3.12. The pattern in Fig. 3.12 was then printed
on 125 ym thick PI with a 225 ym nozzle and a print height of 60 ym, varying dispense
pressure and print height but keeping all else constant as per Table 2.3. The ink was cured
at 120 °C for 20 minutes.

Next, the printed ink array was cut into its constituent elements and labeled. Then,
each ink trace was analyzed using a KLA P7 Profiler to determine its printed line width
and height. Fig. 3.13 shows the raw data collected with the profiler, presented to more
intuitively match the actual printed array.

From the plots, it can be seen that line height depends linearly on both print speed and
dispense pressure, ranging from 4.7 ym to 29.9 ym. Line width, on the other hand, has less
dependence on print speed and is mostly a function of dispense pressure, ranging from 159

to 445 ym in the tests.
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Figure 3.12: Printed line array for dependence of line width and height on print pressure
and speed.
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Figure 3.13: Line width and height raw values.
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3.3 | Simulation

With some useful parameters and behavior of the cured Voltera Conductor 3 ink known, the
next step was to simulate the devices in COMSOL. This was done by converting the gerber
file of each design - fixed and serpentine springs - and converting them into DXF files.
Then, the DXF file was imported into COMSOL as a 2D layer which was then extruded
in the z-direction to the specified total thickness. Subsequently, the 3D body was split in
x-y plane in order to simulate the silver ink on top of the polyimide. Table 3.2 shows the

simulation parameters.

Table 3.2: Printed DC electric field sensor simulation parameters.

Parameter \ Fixed \ Serpentine
Electrode Side Length 1cm 1cm
Spring Length 1cm 1.48 cm (eff.)
Spring Width 0.2 mm 0.2 mm
Applied Boundary Force | 1 x 107°kN | 1 x 107>k N
Mesh Size Normal Normal

Next, a Boundary Load condition was placed on the top surface of the ink, and a
Fixed Constraint condition placed at the ends of each of the four springs. A normal-sized,
physics-controlled mesh was then generated. A time-independent study was then exe-
cuted for each design. Then, a displacement pre-defined plot was selected to show the
force-induced deflection of the electrode. Fig. 3.14 shows each of the deflections.

The fixed spring deflected 51.03 ym and the serpentine spring 102.34 ym, resulting in
spring constants of 0.196 N/m and 0.098 N/m, respectively, by Eq. 3.2. The aim was to
keep the spring constant small while the electrode area large in order to obtain a greater
change in capacitance for a given electric field, and the serpentine spring offered a 50%

reduction in spring constant compared to the fixed spring electrode while keeping the area
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constant.

For an initial electrode separation of 100 #m, and thus an initial capacitance C; of 8.85
x 10712, the response curve of AC vs. E was normalized and plotted for each design and
is shown in Fig. 3.15. It can be seen that the response of the serpentine spring electrode
is roughly 35% higher than that of the fixed for the same field. Also, both designs avoid
saturation in the region of 0-250 kV/m, and their response is mostly linear in the region

>50 kV/m.
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(b) Serpentine spring.

Figure 3.14: Simulated deflections of each spring design.
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3.3. Simulation
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Figure 3.15: Simulated normalized response of fixed and serpentine spring electrodes.
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3.4 | Fabrication

The two designs of Fig. 3.7 were uploaded to Voltera’s proprietary browser-based software
for interfacing with the NOVA printer. Firstly, the 25 ym PI was cut into a 10 X 5 cm rect-
angular piece and placed on the vacummed printing stage. Next, the substrate was aligned
and probed by the NOVA’s smart probe, which creates a map of the z-height to compensate
for relatively large undulations in the surface topography of the substrate. NOVA uses a
downward-facing camera and overlays the gerber file in the live feed to allow the user to
align the print on the substrate accurately. Both the probe and dispense head first calibrate
themselves by touching a small thumbscrew touch sensor button next to the calibration
plate. This compensates for lash in the stepper motors as well as zeros the coordinates for

the gantry head.

Table 3.3: Printed DC electric field sensor print parameters.

Dispense Pressure | 750 (arb. units)
Nozzle Size 150 ym
Print Speed 650 mm/min
Print Height 60 ym

Cure Temperature 120 °C

Cure Time 20 min

After probing and aligning the substrate, the ink cartridge was loaded into the NOVA’s
smart dispenser, followed by the 150 ym nozzle. A nozzle size of 150 ym was chosen as
they were readily available and sold by Voltera and were below the desired 200 ym printed
line width, considering the width aspect ratio of the nozzle. The print height was set to
60 ym. The thumb screw at the top of the dispenser, which manually controls the plunger
mechanism, was then turned until the ink just begins to come out the nozzle, then backed-

off about a 1/4-turn. This primes the nozzle with ink and pushes out any air in the system.
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Then, the dispenser is mounted on NOVA'’s gantry. Upon connection, the smart dispenser
begins heating the ink to 35 °C. This is a preset value that allows the ink to flow at its
specified viscosity (15 Pa s for Voltera Conductor 3). Since the ink is stored in a refrigerator,
it may take a while for the ink to warm up. Therefore, the dispenser has a built-in heater
element to expedite this process. Once the ink was heated, the dispense head then needed
to be calibrated. This involves repeatedly printing 3 parallel lines, approximately 2 cm in

length, on NOVA's calibration plate (Fig. 3.16) until the print quality is satisfactory.

Figure 3.16: NOVA dispense calibration plate (left, circled in red); calibration pattern on
plate (right).

Once calibrated, the design from the gerber file was printed; since the dispenser is
primed and calibrated, this step usually only needs to be performed once for most de-
sign topologies. Initially, a dispense pressure of 600 was chosen, however, in the serpentine
spring section some breaks in the ink formed due to the nozzle moving too quickly through
the jagged pattern, with the ink not coming out fast enough. This was partially solved by at
first decreasing the print speed from 650 to 400 mm/min, but this resulted in spreading of
the ink; too much ink coming out of the nozzle relative to its motion through the serpentine
pattern. Then, it was decided that perhaps the best option was to keep the print speed at
650 mm/min, but instead slightly increase the dispense pressure until no breaks formed,

and this occurred at a pressure of 750. In between failed prints, the ink easily wiped off
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the PI substrate with IPA and tissue paper. After the dispense procedure concluded, the
substrate was placed in a box oven at 120 °C for 20 minutes for curing. More prints were
made by simply swapping out the finished print for a fresh substrate. Fig. 3.17 shows the
process flow.

Some issues encountered in printing on the NOVA are outlined below, along with their

solutions:

m Problem: The substrate moving slightly when the probe quickly touched down and
took off again to take a measurement. Cause: This was because the size of the sub-
strate relative to the expanse of the vacuumed printing stage was too small, and so it
could not generate sufficient suction to hold it in place. Solution: This was solved by

placing scrap pieces of PI around the target substrate on the printing stage.

m Problem: Line breaks after repeated printing. Cause: This was due to the nozzle
losing its prime due to small air pockets in the ink cartridge, long after the initial
priming. Solution: This was solved by removing and re-priming the cartridge; one

could also increase dispense pressure by 100-500 arb. units, depending on severity.

® Problem: Gantry head stepper motors stall or skip repeatedly. Cause: This was be-
cause the motors can become misaligned over time and use. Solution: This was
solved by taking the top plate off which reveals the steppers, loosening their mount-

ing screws, re-aligning them to be centered, then tightening them back down.

m Problem: Dispense head or probe failed to calibrate. Cause: This was found to be
due to the thumbscrew touch sensor button being loose. Solution: The thumbscrew

touch sensor was tightened down to finger-tight.
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m Problem: Ink getting past the plunger inside the cartridge-dispenser assembly. Cause:
This was due to the o-ring on the plunger losing its seal by being either coated in dried
ink and becoming rigid, or becoming disfigured after many uses and losing its seat.

Solution: The o-ring was cleaned in IPA; alternatively, it could be replaced.
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3.4. Fabrication
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Figure 3.17: Printing process on Voltera NOVA.
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The resulting print of both devices, fixed and serpentine, is shown in Fig. 3.19. The trace
extending outward to the left is the contact pad for grounding the spring suspended elec-
trode, as seen in Fig. 3.4 (b). The quality of the print was characterized by 3D profilometry,
using a KLA P7 Profiler. Three consecutive 2D scans were stitched together in Mountains8
Apex imaging software [52] to create a 3D profile of one of the printed ink traces. The result
of this is shown in Fig. 3.18. The printed traces ended up having an average height of 21
pum and width of 325 ym. These values did not agree with the experimental data in Fig.
3.13; however, those plots do not serve as a definitive guide or look-up table, but instead
illustrate how printed line width and height is relatively affected by dispense pressure and
print speed.

3D view of the surface - Line by line leveled

pm

20

Figure 3.18: 3D scan of printed trace.
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(b) Serpentine spring post-print.

Figure 3.19: Post-print for fixed (left) and serpentine (right) spring-suspended electrodes.

After inspection of the prints, it was ready to release the electrode and springs. This
was done by laser cutting with a Oxford Series-A laser, which is a 355 nm, 32 mW laser

pulsing at 400 Hz. The design in KiCad was outlined to create the cut path for the laser,
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which was then imported into AlphaCam software [53] to generate G-code for the stepper
motors which direct the laser. The generated G-code file is then imported into Oxford’s
laser micro-machining software. With cut speed set to 1 mm/s and laser power set to 5%
(1.6 mW), approximately 30 cut passes were required to cut through the 25 ym thick PI
substrate. Fig. 3.20 shows the released fixed-spring electrode. It was evident that, on the
springs, some ink traces de-laminated from the substrate. Only two of the four springs de-
laminated for the fixed spring, and one for the serpentine spring, so no open circuits were
accidentally created. However, it was clear that surface prep should have been performed
on the PI substrate, especially for devices with small deformable structures such as springs,

to aid in adhesion.

Figure 3.20: Fixed spring-suspended electrode post laser cutting.

The reference electrode design of Fig. 3.8 was loaded into NOVA software and printed

on 1.6 mm thick FR4 rigid circuit board material. This followed virtually the same pro-
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cess as Fig. 3.17, except for the mounting procedure; rigid materials are mounted to the
NOVA printing area with thumb screws instead of the vacuum stage. All print settings
were exactly the same as with the electrodes on PI otherwise, using Voltera Condcutor 3

again.

3.5 | Testing and Results

3.5.1 | General Test Setup

The test setup of Fig. 3.10 was built in the lab, shown in Fig. 3.22. Both types of electrodes
were placed between the two pieces of FR4, and a 100 ym piece of PI was placed between
the spring-suspended and reference electrodes. Conductive copper tape was used to make
contact with the pad on the spring-suspended electrode substrate for grounding, which
then made contact at a SMB connector. The reference electrode was also connected to an
SMB connector. This allowed the use of shielded cabling, which offered reduced noise and
parasitic capacitance due.

The two wires, signal and ground, were connected to an Analog Devices AD7747 capacitance-
to-digital converter chip [54]. The chip can measure up to 17 pF in a single-ended config-
uration, with a theoretical resolution of 20 aF. It works by exciting the capacitor with an
AC voltage and measuring the response to infer capacitance. The chip was interfaced with
an STM32F401RE microcontroller [55], for which a firmware driver for the AD7747 chip
was written in low-level C++ [56]. At first, just the chip on a breadboard was used, but the
breadboard and associated wiring presented too much parasitic capacitance to the chip,
at some points saturating it. Therefore, the EVAL-AD7747 board was used, a PCB manu-

factured by Analog Devices that has on-board SMB connectors (Fig. 3.21). The shielding is
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connected to the SHLD pin of the AD7747, which sends a signal identical to the capacitance
excitation signal, effectively isolating the signal wire and preventing it from capactively
coupling to any nearby conductors (i.e. wires in the circuit). The AD7747 was config-
ured with a 124 ms ADC conversion time, lending a bandwidth of approximately 4 Hz via
Nyquist sampling theorem. The EVAL-AD7747 communicated over I’C communication
with the microcontroller. The microcontroller then communicated with a serial terminal
on a laptop via UART over a USB cable for data collection, processing, and analysis. The

sample rate of the AD7747 was set to 45 Hz. Fig. 3.23 shows a schematic of the test setup.

Figure 3.21: Analog Devices EVAL-AD7747
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Figure 3.22: Lab test setup (serpentine spring electrode shown).
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Figure 3.23: Schematic of test setup.
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3.5.2 | Serpentine vs. Fixed Spring Tests

In order to see how the two designs compare, each was loaded into the test setup rigging
and a metal plate was placed atop the top FR4 board (Fig. 3.24) and biased to 600 V with
respect to the grounded spring-suspended electrode, using a HVDC power supply. Since
the metal plate was 1.6 mm away from the electrode, this meant that the field strength was

around 312 kV/m. Fig. 3.25 shows the two responses for toggling the 312 kV/m field.

Figure 3.24: Test setup with HVDC biased metal plate.

The serpentine spring electrode had better sensitivity, with a AC of about 0.37 pF when
the field was turned on, compared to 0.27 pF for the fixed spring. This was an increase in
sensitivity by about 37% which agreed with simulation. Also, the serpentine spring had

superior signal-to-noise ratio (SNR), given by:
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SNR(dB) = 20log,, ——

Onoise

where ¥ is the time-average of the signal and 0;,y;s, is the standard deviation of the noise.
The serpentine spring possessed a SNR of 69.77 dB, whereas the fixed spring had 58.49 dB.
Therefore, moving forward, only the serpentine spring was used for further study. The

results were published in [57].
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(b) Serpentine spring result.

Figure 3.25: Comparison of fixed vs. serpentine spring electrodes for toggling a 312 kV/m
DC electric field.
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3.5.3 | Serpentine Spring Test Results

To characterize the sensitivity and resolution of the printed MEMS device for comparison
to the lithographic device in Fig. 3.4 (b), the metal plate was swept from 0-400 V in steps of
25 V. Each step was held for approximately 5 seconds, resulting in a sweep of electric field
strength from 0-250 kV/m in steps of 15.6 kV/m. The received data, sampled at 45 Hz, was
down-sampled to 5 Hz using a moving average to clean the signal. The resulting data over

time is shown in Fig. 3.26, whereas the associated AC vs. E curve is shown in Fig. 3.27.
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Figure 3.26: Capacitance vs. time for sweeping DC electric field.
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Figure 3.27: AC vs. electric field.

Based on the standard deviation of the noise at 156 kV/m, the noise-limited resolution
of the sensor was 4.7 kV/m, and 11.1 kV/m without signal averaging. This was defined as

3 standard deviations:

Resolution = 30,,;se

The sensitivity in the linear region of Fig. 3.27 (100-250 kV/m) was 2.67 x10~* pF/kVm™!,
based on the slope between adjacent data points in the near-midpoint of this region, around
171 kV/m.

The lithographic MEMS device [42] of Fig. 3.6 had a resolution of 16.2 kV/m and a
sensitivity of 6.17 x 107> pF/kVm~!. Therefore, the PE device had a better resolution with

and without signal averaging, but a worse sensitivity. The superior resolution could be
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attributed to the large area of the sense electrode, but the large structure and correspond-
ingly stiffer spring constant makes the device less sensitive to changes in the electric field.
Other lithographic MEMS DC electric field sensors and their resolutions are shown in Table
3.4. Note that most of these devices achieve their impressive resolution through complex
signal modulation and filtering process, whereas the PE sensor in this chapter gives a raw
output. The key takeaway from this chapter is that PE is certainly promising for MEMS

development, yielding similar, if not better, results than lithography.

Table 3.4: MEMS DC electric field sensors and their resolutions.

Work \ Resolution
T. Chen et al. [42] 16.2kV/m
B. Hill et al. [58] 46V/m

S. Liyanage et al. [41] 3V/m
G. Wijeweera et al. [59] 42V/m
This work 4.7kV/m
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Lorentz Actuator

This chapter outlines the development of a printed electronics Lorentz actuator. The
chapter begins with an introduction to Lorentz actuators and gives some examples from
the current literature. Then, the theory and background behind their operation is given,
along with some relevant design equations and the design of the lithographic device
chosen for comparison. The design of the printed electronics device is developed and
some ink parameters are determined, such as resistivity, adhesion, and coefficient of
thermal expansion. A device that is 4.8 x the scale of the lithographic counterpart is
designed and simulated, as well as one that is 1.5 <. The two devices are then fabricated,

tested, and compared to each other and the lithographic device.

4.1 | Background

MEMS Lorentz actuators are devices that convert electrical energy into mechanical motion
through the interaction of electric currents and a magnetic field [60]. They do so via the
Lorentz force, the force felt by a current-carrying conductor in an external magnetic field,

balanced by a spring restoring force. The actuator is usually a current-carrying conductor,
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such as a wire or a coil, supported by springs near a permanent magnet. The result is an
actuator whose deflection depends linearly on the supply current. The Lorentz actuator
has several advantages to other actuation methods. For example, thermal actuators utilise
Joule heating to obtain a deflection, but consume a large amount of power. Electrostatic
actuators burn little to no power, but rely on large supply voltages and have a non-linear
response. Lorentz actuators, on the other hand, have relatively low supply voltages, linear
and fast response, little to no hysteresis effects, and can have large strokes depending on
design choices. Applications of MEMS Lorentz actuators include optical switches, variable
optical attenuators, microscanners, adaptive optics, and more [60].

The design of Lorentz actuators are fairly simple, and it is generally desirable to max-
imize deflection for a given applied voltage. This can be achieved by refining the spring
geometry and orientation of current flow with respect to the magnetic field direction. Ex-
amples of common spring geometries used are leaf springs [61], curved springs [62], ser-
pentine springs [63], and folded beam or meandering springs [64, 65].

Some example Lorentz actuators from the literature are shown in Fig. 4.1. The authors
in [63] realized a micro-actuator from a coil supported by serpentine springs to control a
lens (Fig. 4.1 (a)). [62] designed and fabricated a dual-axis in-plane Lorentz actuator with
curved beam support springs (Fig. 4.1 (b)). B. Park et al. [64] created a deformable mirror
for wavefront control in adaptive optics from an array of Lorentz actuators. Each Lorentz
actuator consists of a current-carrying crossbar and folded beam spring suspension [66]
(Fig. 4.1 (c)).

The MEMS Lorentz actuator chosen for treatment of PE in this thesis is that of Fig. 4.1 (c)
[66]. This is due to its relatively simple and 2D planar design which best suits PE. Also, its
shape and design is easily scalable to meet the resolution of the Voltera NOVA electronics

printer. In this chapter, emphasis will be placed on the design, fabrication, and testing of
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Figure 4.1: MEMS Lorentz actuators.
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a MEMS Lorentz actuator utilising PE, and the actual application of the actuator, be it for

adaptive optics, optical switches, etc., is not within the scope of this thesis.

4.2 | Theory and Design

4.2.1 | Theory of Operation

The Lorentz actuator of Fig. 4.1 (c) operates via the Lorentz force:

FL=1ixB (4.1)

where [ is the length of the crossbar (in blue), i is the current, and B is the magnetic flux
density. The magnitude of the force depends on the length of the bar, the current, the

magnetic flux density, and the angle between them 0:

F; = ilBsinf 4.2)

If it assumed that i and B remain perpendicular to one another (6 = 90°), then this simplifies

to:

F, =ilB (4.3)

There also exists a spring restoring force given by Hooke’s law (Eq. 3.2) which balances the

Lorentz force at equilibrium:

kAz = ilB (4.4)
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where Az is the out-of-plane deflection of the crossbar and k is the combined spring constant
of the folded beam springs. Eq. 4.4 can be re-arranged to solve for a deflection:
ilB

Az = . (4.5)

for specified i, /, B, and k values. Eq. 4.5 will guide the design of the scaled up PE Lorentz
actuator. In particular, the spring constant is the most important consideration, and the next
section will detail the analytical approach to determining the spring constant for a folded

beam serpentine spring.

4.2.1.1 | Folded Beam Spring Constant

To derive the spring constant expression for a folded beam spring, we will first invoke
Castigliano’s second theorem, which states that the deflection of a beam ¢ is the partial

derivative of strain energy stored in the beam U with respect to the applied force F [67]:

_au

°=3F

(4.6)

From beam theory, the torsional strain energy Ur and bending strain energy Up sum to-

gether to give U [67]:

U=ug+ Ur
M2
TZ
UT — TC;] dx

where M is the bending moment, T is the torsional moment, Y is the Young’s modulus, G
is the shear modulus, I is moment of inertia, and | is the torsional constant. The integral is

done over the length of the beam. There are two beam types at play in the spring design,
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the veritcal span beams that experience bending force, and the horizontal connecting beams
that experience torsional force and bending force (Fig. 4.2). One segment consists of two
horizontal and two veritcal beams, and a complete spring may have N segments. The total

strain energy in an entire spring is then:

u= N(zuB,vert + 2uB,horiz + 2uT,horiz) (4-8)

For a beam of length L, the bending moment M and torsional moment T are [67]:

M(x)=Fx x€]0,L]

(4.9)
T=FL
Substituting these into the equations for Up and Uy gives:
Lv (Fx)? F2L%
Usoert = /0 v = ey
F2L3
uB,horiz = 6Y;I (410)
L (FL\/)Z F?12 Ly
= dx = 14
uT,horlz / 2GJ x 2GJ

where Ly and Ly are defined according to Fig. 4.2. Substituting these into Eq. 4.8 yields:

NF? NF?L2 Ly
- (13 +13 Y vEH
u 3Y] ( V+ H) + G]

We can then differentiate this with respect to force F to find the deflection ¢ (Eq. 4.6):

(4.11)

ou
"o (4.12)
_ 2NF (L3 +13) + 2NFL} Ly '
T3yr vV H GJ

From Hooke’s law, we know that spring constant k is force divided by deflection:
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(4.13)

1/ 2 2020\
e L3 L3 |4
N<3YI( v L)+ = )

Eq. 4.13 can then be used to find the spring constant of a folded beam, given properties such
as the moment of inertia I, torsional constant J, Young’s modulus Y, shear modulus G, and
lengths Ly and Ly, as well as a specified number of spring segments N. From [66, 67], the

formulae for shear modulus, torsional constant, and moment of inertia for a beam are:

Y
¢ =207
o
=3 (4.14)
w3 192+ & 1 nTw
J 3 (1 us wn:§5m (n5 an ( 2t )))

where thickness t and width w are defined in Fig. 4.2, and v is Poisson’s ratio.
A MATLAB script was written to compute k for varying values of t, w, Ly, Ly, N, and

material properties Y and v. The summation within | was taken to 101 rather than co.

4.2.2 | Lithographic MEMS Design

The design of Fig. 4.1 (c) [66] has the features outlined in Table 4.1 and defined in Fig. 4.3.
The figure shows both a zoomed-in section of the spring and the full device, with labels for
+/- voltage supply, current, magnetic flux density, and Lorentz force (the ® symbol means
"vector out-of-page’). The lithographic design uses single-crystal silicon for the structure
and a Ti/Al/Ti coating for the conductor; this will be discussed more in the Fabrication

section of this chapter.
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Figure 4.2: One segment of a folded beam spring.

Table 4.1: Design parameters of lithographic MEMS Lorentz actuator.

Ly | 700 ym
Ly | 50 ym
t 5.5 ym
w 29 ym
N 2
Lc | 2.08 mm
wc | 200 ym
te 25 ym

4.2.3 | Printed Electronics Design

The design for the PE Lorentz actuator took heavy inspiration from the lithographic MEMS
device of [66]. However, the device had to be scaled up to meet the resolution requirements
for the Voltera NOVA printer (>150 ym). This involved setting the smallest parameter of

Fig. 4.3 to 150 um, and then scaling everything somewhat proportionally from there. This
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Figure 4.3: Lithographic MEMS Lorentz actuator design.

was w, the width of the springs, so w = 150 ym. From Table 4.1, the scale factors were L¢ =
71.7w, Ly =24.1w, Ly = 1.7w, wc = 6.9w, and t = 0.16w, which resulted in L =1.0cm, Ly =
255 ym, Ly = 3.6 mm, wc = 1.0 mm, and f = 24 ym. It was then decided that the device could
be printed on 25 ym PI, with t = t¢, so as to closely mimic the scaled thickness as possible.
The silver ink, too, would add thickness as well, but 25 ym was the thinnest available PI.
In the end, the overall scale factor was 4.80x. From Eq. 4.13, this gave a theoretical spring
constant of 0.045 N/m for each spring considering that the thickness was due to PI and the
ink (approximately 40 ym), and N = 2. Since the two springs on either side are in parallel,

their spring constants add, yielding a total spring constant of 0.09 N/m. The lithographic
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device had a spring constant of 0.14 N/m by similar analysis.

Next, the task was to couple the mechanical and electromagnetic behavior of the device,
using Eq. 4.5. From [66] (case C), the author used a 0.48 T field for testing and obtained a
maximum deflection of 50 ym at 15 mA of current. Therefore, with k = 0.09 N/m, B = 0.48
T, 1 =Lc =1.0cm, and Az = 50 um, the required current was i = 1 mA for the PE device.
To obtain this current, the resistance of the ink pattern had to be known. Therefore, an
experiment was carried out to determine the resistivity of Voltera Conductor 3 silver ink,

as well as how it varies with curing time.

4.2.3.1 | Resistivity of Ink

For the Lorentz actuator, in order to determine how much applied voltage was necessary
for a specified current, the resistance of the conduction path (springs, crossbar, etc.) was
required. Thus, the resistivity p of Voltera Conductor 3 ink had to be characterized. Fur-
thermore, the dependence of resistivity of the ink as a function of cure time was explored.
Four ink squares, measuring 1.5 x 1.5 cm, were printed on 125 ym thick, un-treated PI
with the same printing parameters as previous section. First, the thickness t of each square
was determined using a KLA P7 Profiler. Then, a Veeco FPP5000 [68] four point probe was

used to find the resistance R of each sample using the V /I function, related to the resistivity

by:

p = 4.532Rt

where the 4.532 coefficient is a correction factor characteristic of the FPP5000. The four
point probe differs from a normal resistance measurement in the fact that it eliminates the

effect of contact resistance (Fig. 4.4). In a conventional ohmmeter, two probes both supply
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current to the sample and measure the voltage simultaneously, thus yielding the resistance

of the sample via Ohm’s law:

R=Y
i
However, the measured voltage is the combined voltages across the contact resistances and
the resistance of the sample. In a four point probe, the current supply and voltmeter are
separate. The voltmeter only measures the voltage drop across the sample and not the
sample in series with the contact resistances. This method yields a more accurate resistance
reading than a conventional ohmmeter.

The results obtained from the four-point probe are collected in Table 4.2. For reference,
the Voltera Conductor 3 datasheet specifies 1.27 x10~7 0-m [26]. Fig. 4.5 shows a plot of

resistivity of the ink vs. cure time. As the ink spends more time in the oven, more and more

solvents evaporate and the ink NPs sinter further, reducing resistivity.

Table 4.2: Four point probe measurements for Voltera Conductor 3.

Cure Time (min.) ‘ Thickness (ym) ‘ Resistance (10-° Q) ‘ Resistivity (107 Q-m)

15 15.5 2.14 1.50
20 12.6 1.88 1.07
25 13.6 1.60 0.98
30 13.3 1.52 0.91

Clearly, curing for a longer time results in better resistivity (lower voltage for same
current, thus lower power consumption). However, curing for extended periods of time
was thought to have adverse affects on adhesion of the ink to the PI substrate. Therefore,
an experiment was carried out to look at how cure time affects adhesion, with and without

surface preparation, and how surface preparation affects printed line width and height.
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Four Point Probe

Conventional Ohmmeter

Figure 4.4: Four point probe vs. conventional ohmmeter.
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16 x107 Resistivity vs. Cure Time

Resistivity (£2-m)

Cure Time (min.)

Figure 4.5: Resistivity of Voltera Conductor 3 vs. cure time.
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4.2.3.2 | Polyimide Surface Adhesion and Preparation

From the previous chapter, it was evident that on small springs made of ink and PI, the
ink can delaminate from the PI and cause open circuits. To mitigate this, it was thought
that roughening the surface by some means would help increase the surface energy of the
substrate and thus enhance adhesion. For example, the authors in [69] used UV plasma
to etch PI to increase adhesion of thin copper films. An easier and more cost-effective
method, as mentioned by [70], is to roughen the surface with sandpaper. Although not
as controlled as plasma etching or sandblasting, it can greatly increase surface energy and
promote adhesion, similar to results obtained by plasma etching. Of course, it depends on
the grit of the sandpaper; according to the literature, it seemed that 800-1200 grit sandpaper
was the most commonly used [71, 72].

First, an experiment was carried out to investigate ink-PI adhesion with respect to sur-
face pre-treatment and cure time. A piece of 125 ym thick PI had half of its area roughened
with 800 grit sandpaper. 7 x 7 mm squares were printed on both un-treated and pre-treated
PI, and cured for 15, 20, 25, and 30 minutes at 120 °C. Dispense pressure was 800 and print
height was 60 ym, with a 225 ym nozzle. Fig. 4.6 shows the print outline.

The test for adhesion utilised ASTM D3559 method B [73]. This involved cutting each
sqaure into an evenly spaced 6 x 6 cross-hatch pattern, placing 3M Scotch tape firmly over
top, then quickly and consistently peeling the tape back over itself. Then, under a Leica
DM6-M microscope, the remaining cross-hatch pattern is analysed and adhesion is graded
according to Fig. 4.7. The results are collected in Table 4.3.

From the adhesion grading results, it was clear that 20 minutes was the best cure time
for adhesion, as it progressively got worse in either direction. Also, un-treated PI per-

formed better than treated in the grading. However, where un-treated PI failed in the cross-
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Top View
Figure 4.6: Print outline for surface preparation experiment.

Table 4.3: ASTM D3359-B cross-hatch adhesion test results for Voltera Conductor 3 on poly-
imide.

Cure Time \ Un-treated \ Treated

15 min. 3B 3B
20 min. 5B 4B
25 min. 4B 2B
30 min. 2B 3B

hatch test, almost whole squares were removed cleanly, whereas with treated PI only edges
of squares flaked off. So, there is a tradeoff between the two; treated PI's edges may flake
but it still may uphold the integrity of the circuit, whereas with un-treated PI, if delami-
nation occurs, it may result in an open circuit. In short, it depends on the application; if a
large expanse of ink is to be printed, such as an electrode, then un-treated may be favored,
whereas for narrow interconnects and traces, treated may be preferred.

Next, the effect of surface preparation on printed ink line profile, height, and width was

examined. Again, a 125 ym thick piece of PI had half of its area roughened with 800 grit
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II CLASSIFICATION OF ADHESION TEST RESULTS I
PERCENT SURFACE OF CROSS-CUT AREA FROM WHICH
CLASSIFICATION ARERA FLAKING HAS OCCURRED FOR SIX PARALLEL CUTS
REMOVED AND ADHESION RANGE BY PERCENT
0%
SB None
4B Less Than
5%
3B 5-15%
I
2B 15- 35% —
I (1
|
1B 35-65% —

111

0B

Greater Than
65%

Figure 4.7: ASTM D3359-B standard for adhesion tape testing. Reproduced from [74] under
the terms of the Creative Commons Attribution (CC BY) License.

sandpaper. Then, two 2 cm lines were printed; one on the pre-treated PI, and one on the

un-treated. Dispense pressure was 800 and print height was 60 ym, with a 225 ym nozzle.

Then, the two traces were cured at 120 °C and examined on a KLA P7 profiler. A 2000 x
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90 um 3D scan was conducted, with results shown in Fig. 4.8. Also, the two traces were
examined on a Leica DM6-M microscope (5x objective lens) and images captured, shown

in Fig. 4.9.

(b) Pre-treated 3D scan.

Figure 4.8: Pre-treated vs. un-treated 3D scans.

It was seen that pre-treating results in a narrower and higher line, whereas un-treated
is wider and lower. Printed line height was increased by 16% for pre-treated compared to
un-treated (from 21.2 to 24.6 ym), and printed line width was reduced by 20% (from 360
to 287 um). This was because, with a lower surface energy, the un-treated PI allowed the
ink to spread out more across its surface, whereas the rougher pre-treated PI resisted ink
spreading.

From the previous two experiments, it was clear that a tradeoff exists between cure

time, resistivity, and adhesion (Fig. 4.10). So, a 20 minute cure time at 120 °C is best mov-
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ing forward to achieve good adhesion, with or without surface preparation, and acceptable
resistivity. Continuing on, the resistance R of the PE Lorentz actuator can be found by sum-
ming the individual series resistances of the folded beam springs and the crossbar using;:
R=p), i (4.15)
— wit
where [; and w; are the lengths and widths of the i-th resistive segment, ¢ is thickness, and
p is the resistivity (1.07 x10~7 Q - m for 20 minute cure time). This gives a total resistance
of 1.57 (). For 1 mA of current, this requires an applied voltage of 1.57 mV by Ohm’s law,
consuming roughly 2.5 yW of power at maximum stroke.

A consequence of running current through the actuator is Joule heating. This makes
the device behave doubly as a thermal actuator as well as a Lorentz actuator, since their
respective deflections Azj and Az both depend on the current. Ideally, Az; << Az, since
Az; is non-linear with respect to current. To see how Az; changes with actuation current,
a COMSOL simulation was carried out. But first, the coefficient of thermal expansion of
the ink had to be known for the simulation to be accurate, so an experiment was done to
determine it, similar to how Young’s modulus was found in the previous chapter. Then, in
the Simulation section, the effect of Joule heating on the Lorentz actuator will be explored,

as well as the device’s overall performance.
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(a) Un-treated microscope image.

(b) Pre-treated rgigroscope image.

Figure 4.9: Pre-treated vs. un-treated microscope images.
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Figure 4.10: Adhesion vs. conductivity tradeoff.
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4.2.3.3 | Coefficient of Thermal Expansion

Coefficient of thermal expansion was determined by utilising a digital twin in COMSOL
software to narrow in on the value based on real-world experiment. A simple U-shaped
bi-morph thermal actuator [74] was printed on 125 ym PET flexible substrate with same
print settings as Table 3.3. Using the KLA P7 profiler, ink thickness was found to be 13.6
pum. The trace had a resistance of 0.9 () as measured by an Agilent 34401A muiltimeter
[75]. The actuator was then released using the Oxford laser cutter. Applying a voltage
of 0.7 V yielded a current of 710 mA, which caused the actuator to deflect by 120 ym as
measured by the Leica microscope. The same device was modeled in COMSOL using the
Solid Mechanics, Heat Transfer in Solids, and Electric Currents modules, in addition to
multiphysics couplings Electromagnetic Heating and Thermal Expansion. The two ends
were fixed and had a terminal applied at each one; a current terminal with 710 mA on the
left and a ground (0 V) voltage terminal on the right. A Temperature boundary condition
was placed on the bottom PET layer, set to 293.15 K. The coefficient of thermal expansion
of the ink was then swept until the model also deflected 120 ym, at which point a value of
40 x107% 1/K was found. This assumed a fixed coefficient of thermal expansion for PET
of 59.4 x107° 1/K [76], as well as the same thermal conductivity as silver (429 W/m-K)
for the ink. Fig. 4.11 shows a schematic of the bi-morph thermal actuator, the printed and

laser-cut device, and the COMSOL model.
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Figure 4.11: Bi-Morph thermal actuator for finding coefficient of thermal expansion.

4.2.4 | Scaled Down Device Design

For the applications that use Lorentz actuators, size is a big factor. At 4.8x the size of the
lithographic design, the proposed dimensions of the PE device can make it unwieldy. Atan
attempt to scale the PE device down to around the same size as the lithographic actuator in
[66], it was thought that instead of explicitly printing the springs and crossbar, they could

be cut out of a printed ink plane. In both cases, a laser mill is required to release the actuator,
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so there would be little to no change in the fabrication workflow.

However, scaling the device down, while keeping the thickness of the ink and sub-
strate constant, would have an adverse affect on spring constant and device performance.
Therefore, a simulation was carried out in COMSOL using the Solid Mechanics module to
examine the effect of spring constant vs. scale. The scale factor was swept, starting from
the lithographic dimensions and ending at the proposed PE dimensions; 1 to 4.8. The scal-
ing was performed isotropically in the planar x-y dimensions, but the thickness was held
constant at ¢;,; + tp;. Along the way, the Lorentz force was applied to the device and the
deflection measured to yield the spring constant for a given scale factor, with 30 mA current
and a 0.48 T field. Note that the force is related to the scale factor since it depends on the
length of the crossbar, Lc. Fig. 4.12 shows the plot of spring constant vs. scale factor. From
this, a scale factor of 1.5 was chosen for the scaled down PE device, showing an increase
in stiffness of about 10 x from the scaled-up version, but being around 70% smaller in size.
Table 4.4 shows the design parameters of the scaled down device, as well as the 4.8 x scale

device.

Table 4.4: Design parameters of PE MEMS Lorentz actuators.

Parameter | 4.8x | 1.5x
Ly 33mm | 1.1 mm
Ly 645 ym | 200 ym
t 40 ym | 40 ym
w 150 ym | 75 ym
N 2 2
Lc 99 mm | 3.12 mm
wc I1mm | 315 um
te 40 ym | 40 ym
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Figure 4.12: Spring constant vs. scale factor of device, thickness held constant.

4.3 | Simulation

This section highlights the simulations carried out in COMSOL software for the PE Lorentz
actuator. First, the design in Fig. 4.13 was made in KiCad software. The resulting gerber
file was converted to DXF format, which was then imported as a geometry into COMSOL.
The 2D geometry was extruded to t;,x + tpr = 40 ym, where t;,;x = 15uym and tp; = 25 pym.
Then, the 3D device was sliced in the x-y plane at z = ¢p; to split the device into two layers:
substrate and ink. Next, the top ink surface was split into crossbar and spring boundaries.

Then, materials were assigned to each layer. Fig. 4.14 shows the device in COMSOL.
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Figure 4.13: PE Lorentz actuator in KiCad.

Figure 4.14: PE Lorentz actuator component in COMSOL.
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4.3.1 | Lorentz Force

The first simulation that was carried out was to look at how the deflection of the PE Lorentz
actuator varies with actuation current. For this, only the Solid Mechanics module was used
in COMSOL software. The ends of the springs were given a Fixed Constraint, and the top
surface of the crossbar was given a Boundary Load condition with a total force of F =
iLcBk. A normal-sized physics-controlled mesh was constructed, and then a Parametric
Sweep study was applied and computed, sweeping the current i from 1 to 30 mA in steps
of 0.2 mA. The field B was set to 0.48 T.

Fig. 4.15 shows the deflected device at 2.6 mA of current, where a 50 ym deflection oc-
curs, which is off from the theorized 1 mA of actuation current. This could be due to the fact
that Eq. 4.13 does not take into account the dynamics of the crossbar, which would increase
the spring constant. Fig. 4.16 shows the response of maximum deflection vs. actuation

current, which is perfectly linear with a sensitivity of 19.7 ym/mA.

1(9)=0.0026 A Volume: Displacement magnitude (mm)

Figure 4.15: Simulated Lorentz force in COMSOL.
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Figure 4.16: Simulated deflection due to Lorentz force in COMSOL.

4.3.2 | Joule Heating

The next simulation to be done was to see if the effect of Joule heating due to conduction
could be neglected or not. The same model of Fig. 4.14 was used, with similar modules
used as for finding coefficient of thermal expansion before. The current was then swept
from 1 mA to 30 mA in steps of 5 mA (step size was increased from the Lorentz force sim-
ulation since the Joule heating simulation is significantly more computationally intensive).
Fig. 4.17 shows plots for deflection due to Joule heating and temperature change. For
currents in the range 0-30 mA, it appeared that deflections for Joule heating were roughly
0.013% that of the Lorentz force. Also, the temperature variation at 30 mA was only 0.03 K

more than at 0 mA; therefore, the effect of Joule heating was neglected moving forward.
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Figure 4.17: Joule heating effects for the PE Lorentz actuator.

4.3.3 | Scaled Down Device

The scaled down device (1.5x the lithographic dimensions, thickness same for PE) was
simulated with the Lorentz force in an identical manner in COMSOL to the scaled-up PE
device, sweeping the current from 0 to 30 mA. Fig. 4.18 (a) shows the deflection vs. actu-
ation current curve for the scaled down device, which is again linear in its response with
a sensitivity of 1.8 ym/mA. However, looking at Fig. 4.18 (b), it is clear that the scaled
down device requires about 10x the amount of current to achieve the same deflection as
the scaled-up actuator. Also, using the Electric Currents module in COMSOL, the resis-
tance of the scaled down actuator was found to be 1.95 Q). For a 50 ym stroke, 28 mA of
current is required, resulting in 1.5 mW of power consumption; roughly 600x that of the

scaled up device.
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Figure 4.18: Scaled down device deflection vs. actuation current.

Since this device burned much more power than the scaled up version, the effect of
Joule heating was explored briefly in COMSOL, similar to the previous section. Fig. 4.19
shows the results. Joule heating did not significantly influence the deflection, with a mag-
nitude 2% that of the Lorentz-induced deflection. Also, temperature increased only 0.5 K
over the range of actuation current. These results indicate that Joule heating may not be
detrimental to the intended operation of the device, but the effect may be noticeable in

real-world experiments.
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Figure 4.19: Effects of Joule heating on scaled down device.

4.4 | Fabrication

4.4.1 | Scaled Up Actuator

The method of fabrication for the scaled up PE Lorentz actuator was similar in execution
and workflow as for the DC electric field sensor in the previous chapter. 25 ym PI was
pre-treated with 800 grit sandpaper to improve adhesion. It was found that only sanding
one side caused the PI to roll up due to uneven stress caused by asymmetrically removing
material, so both sides were pre-treated to eliminate this effect. The design of Fig. 4.20 was
printed with a 150 ym nozzle, 600 dispense pressure, 650 mm/min print speed, and 60 ym

print height.
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Figure 4.20: Scaled up Lorentz actuator design in KiCad.

The print was cured at 120 °C for 20 minutes. Then, the device was released via the Ox-
ford laser cutter. Initially, the laser cut path followed the edges of the ink traces. However,
in the corners of the spring bends, the ink spread unevenly (Fig. 4.21), almost causing an
open circuit. Therefore, the cut path was relieved from the spring corners by a line width

(200 pm) to compensate for this.

4.4.2 | Scaled Down Actuator

The scaled down Lorentz actuator was printed with identical substrate, print settings, and
curing as previous section. The design of Fig. 4.22 (a) was printed, and the cut paths in Fig.
4.22 (b) were cut with the Oxford laser cutter; same cutting parameters as previous chapter.

Fig. 4.23 (a) shows both actuators, side-by-side, after printing and curing. Fig. 4.23 (b)

and (c) show the scaled up and scaled down devices post laser cutting, respectively.
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Figure 4.21: Springs without relief in laser cut path in bend corners.
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(a) Whole design.

(b) Laser cut paths.

Figure 4.22: Scaled down device design in KiCad.
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4.4. Fabrication

(a) Post-print.

(b) Post-cutting, scaled up.

R el ERY =" A

(c) Post-cutting, scaled down.

Figure 4.23: Printing and cuttigg results for Lorentz actuators.
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4.5 | Testing and Results

4.5.1 | General Test Setup

The following test setup was used for both Lorentz actuators. The top piece of FR4 used to
sandwich the DC electric field sensor of the previous chapter (Fig. 3.10) with the window
cut-out was utilised. Each Lorentz actuator was taped down carefully and evenly atop the
window, and a hard disk drive magnet was placed 1.6 mm below the device, underneath
the FR4. Wires were soldered to copper tape with conductive adhesive, which were then
attached to each printed contact pad for connection to a DC power supply. The entire
apparatus was then placed beneath a Leica DM6-M microscope, as shown in Fig. 4.24.
An Agilent E3640A [77] DC power supply was connected across the device and a series

current-limiting resistor, and the resulting deflection was measured with the microscope.

Figure 4.24: Lorentz actuator test setup.
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4.5.2 | Scaled Up Actuator

The 4.8 x scale Lorentz actuator was paired with a 560 () series resistor, and the current was
swept from 0 to 30 mA. Since the device was found to have a total resistance of 1.4 (), this
corresponded to a voltage sweep of 0 to 16.6 V. An AlphaLab Model GM2 gaussmeter was
used to measure the field at the crossbar as 0.54 £ 0.1 T, perpendicular to the crossbar in the
plane. The test results are shown in Fig. 4.25. The simulation results are scaled by a factor
of 0.54/0.48 = 1.125, since they were found with a theoretical field of 0.48 T. The results
closely matched simulation, further instilling confidence in the ink/PI COMSOL model.
Also, the response was quite linear, justifying the neglection of Joule heating effects. The

spring constant was calculated to be 0.23 N/m.

. Deflection vs. Actuation Current (Experiment - 4.8X)
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Figure 4.25: 4.8 x Lorentz actuator test results.
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4.5.3 | Scaled Down Actuator

The 1.5x scale Lorentz actuator was found to have a resistance of 6.4 (), and it was placed
in series with a 56 () resistor. The current was swept from 0 to 30 mA in steps of 5 mA,
corresponding to a voltage sweep from 0 to 1.9 V. The field at the crossbar was found to be
0.12 T; this differs from the 0.54 T field found in the previous section since the field present
around the hard drive magnet was very localized. Fig. 4.26 shows the results, with the
simulation once again scaled to the correct field strength. The response roughly follows the
simulation until around 20 mA, where Joule heating effects begin to seep in. The spring

constant was found to be 0.53 N/m.

25
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Figure 4.26: 1.5x Lorentz actuator test results.
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4.5.4 | Comparison to Lithographic Device

The lithographic device [66] had a maximum deflection of 50 ym at 15 mA of actuation
current, with a linear response and a sensitivity of 3.33 ym/mA. By contrast, the 4.8 x
device had a linear sensitivity of 23.1 um/mA, with the tradeoff of being much larger. The
1.5x device, on the other hand, had a sensitivity of 1.42 yum/mA, while being on the same
order of size as the lithographic device; the worse sensitivity attributable to the relatively
larger spring constant. As for Joule heating effects, the lithographic device had a roughly 20
Kincrease in temperature for 10 mA of current, where as the PE devices had an increase of
0.05 K (1.5x) and 0.005 K (4.8 x) for the same current. In terms of power consumption, the
lithographic device consumed 14.7 mW of power at full stroke; the PE on the other hand
consumed 5.8 mW (1.5x) and 1.3 mW (4.8 x), consuming less power. Table 4.5 summarises

the tradeoffs.

Table 4.5: Comparison of lithographic to PE Lorentz actuators.

| Litho. | 1.5x | 4.8%

Crossbar Length (mm) | 2.08 | 3.12 | 9.90
Sensitivity (ym/mA) 333 | 142 | 231
Power Cons. (mW) 14.7 5.8 1.3

AT @ 10 mA (K) 10 0.05 | 0.005
Spring Constant (N/m) | 0.14 | 0.53 | 0.23

Apart from performance, the PE required less processing steps and time to fabricate
than the lithographic device. The fabrication steps required to manufacture the lithographic
MEMS Lorentz actuator were as follows: SiO, deposition, KOH etch for cavity formation,
KOH etch for crossbar formation, sputtering of Ti/ Al/Ti, and finally actuator release. Each
of these steps are both time- and resource-intensive, and may not guarantee functionality

as the error accumulates at each processing step. On the other hand, both PE actuators
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proposed in this chapter were simply printed on the same substrate in a time-frame of
10 minutes, then subsequently cured for only 20 minutes. The laser cutting to release the
PE actuators was the largest bottleneck, requiring roughly 30 minutes of cutting for each
device.

Some key findings of this chapter are as follows. First, that ink resistivity decreases with
cure time, as does adhesion to PI. Next, that Ag ink/PI PE yielded similar or much better
results than lithography when the x-y scale factor was 4-5x, and performance decreased
with scaling as the spring constant grows. Lastly, for applications that don’t necessarily
require miniaturization below a roughly 100 ym minimum feature size, this method of
fabricating MEMS devices could be a very attractive alternative to lithography in terms of

cost and time savings.
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Lorentz Actuator Relay

This chapter will explore the application of the printed electronics Lorentz actuator as
a MEMS relay switch. Firstly, some background on relays is highlighted, followed by
MEMS relays and their different operation modes. Then, the theory behind MEMS re-
lays, in terms of contact types and switching response, is briefly shown, followed by the
design and fabrication trials and iterations. Lastly, the device is tested and performance

is compared to commercially available electromechanical and solid-state relays.

5.1 | Background

Relays are vital components of electrical systems, holding a central spot in the worlds of
control systems, industrial automation, automotive, utility, and home appliances, to name
a few [78]. They offer a robust and straightforward way to switch on or off AC or DC
loads. Electromechanical relays often found in industrial and consumer electronics use an
electromagnet to actuate a moving contact, which strikes and holds against a fixed contact
to complete some circuit (Fig. 5.1 (a) [79]). Since they have no intermediate state between

fully-on or fully-off, where power may be burned and let go as heat as is the case with
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the MOSFET, they dissipate very little heat. And, being that the input and output sides
are usually physically separate systems or entities, they offer excellent isolation. Some
drawbacks may include switching noise (both electrical and auditory), mechanical wear,
and low switching speed compared to the MOSFET [78]. Solid state relays (Fig. 5.1 (b)
[79]), on the other hand, utilise an optocoupler to switch loads. They are less noisy than
electromechanical relays, and offer faster response times and longer lifetime, but suffer
from heat generation as power is dissipated in the semiconductor. In designs sensitive to
electromagnetic interference, and to meet compatibility standards, solid-state relays may
be preferred to electromechanical.

MEMS relays typically work in much the same manner as their macro-sized counter-
parts, most commonly employing either electrostatic, piezoelectric, thermoelectric, or elec-
tromagnetic phenomena for actuating the contacts [80]. Electrostatic actuation involves
using a cantilever or spring assembly to suspend one of the contacts over the other, under
which lies a biased electrode. When a voltage is applied to the electrode, the top contact
moves down to meet the fixed contact and completes the circuit. The required voltage is
known as the pull-in voltage, a characteristic voltage of the dynamical system which causes
the two electrodes to snap together. One of the main benefits of electrostatic actuation is
near-zero power consumption; however, their main drawback is long-term reliability and
wear-out, which scales exponentially with actuation voltage [81]. Piezoelectric actuation
works by employing a piezoelectric material oriented to move contacts together or apart
when a positive or negative polarity actuation voltage is applied to it, taking advantage
of the converse piezoelectric effect. These devices are very fast and can overcome stiction,
whereby the two contacts get stuck together. However, they suffer from fatigue, as the thin
films of piezoelectric material wear out over many actuation cycles. Thermoelectric actu-

ators use the principle of Joule heating and thermal expansion to move contacts together,
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Figure 5.1: Common non-MEMS relay types.
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typically in a bi-morph configuration (see Sec. 4.2.3.3). They are quite fast and can have
high contact force (and therefore low contact resistance), but suffer from high power con-
sumption for actuation. Mechanically bistable and latching topologies have been explored
to mitigate the power requirements of thermoelectric actuation [82]. Lastly, electromag-
netic actuation involves harnessing the Lorentz force to move two contacts together. Their
designs require balancing the trade-offs of power consumption required for actuation with
switching speed, physical size, processing technology, and contact force. They can also be
more complex to manufacture, as they require the presence of a permanent magnet to sup-
ply the magnetic field flux. Some examples of each of the common MEMS relay types from
the literature are shown in Fig. 5.2 [80, 83, 84, 85].

Due to the successful working of the Lorentz actuator (4.8 scale) from the previous
chapter, it was thought that this design could be adapted into an electromagnetic relay.
Its large range of motion means that, at small distances, it could produce an appreciable
contact force and switching speed. The remainder of this chapter therefore discusses de-
signing and fabricating a PE electromagnetic mechanical relay based on that actuator, and
any theory or details concerned with the actuator itself will not be discussed in detail as it

has already been covered in this thesis.
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5.1. Background
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Figure 5.2: Common MEMS relay types.
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5.2 | Theory, Design, and Fabrication

5.2.1 | Theory of Operation

The following section deals with the theory behind relay contacts and switching, as well
as some of the dynamics associated with switching. Although both lateral and vertical
switches exist, this thesis will only concern itself with vertically-switched MEMS relays.
They are more suitable to PE practices and have some advantages over lateral switches,

including switching speed and contact resistance [86].

5.2.1.1 | Contacts

MEMS relays typically employ either reed [87], bridge [84], or cantilever [88] based contacts

for vertical switching (Fig. 5.3).

Reed IN — l out

IN l
Cantilever I ouT
el

i%l

Bridge IN R — ouT

Figure 5.3: Relay contact types.

The shape of the contact is very important, as it dictates the effective contact resistance
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Rc, given by [88]:
P
R~ = 5.1
c Zl’eff ( )
where p is the resistivity. For elastic deformation, r.s is written as:
3Fcé
=2 52
Teff iE,; (5.2)

where Fc is contact force, ¢ is radius of curvature of the contact, and E, £f s the effective
Young’s modulus. So, R¢ is inversely proportional to F'/3, and inversely proportional
to 61/3. Therefore, increasing both contact force and radius of curvature of the contact(s)
improves (lowers) contact resistance. Contact force can be improved through mechanism
design, whereas ¢ is a property of the contact shape and size. It is not entirely the force
itself, but rather the pressure (force per unit area) which controls the resistance. A larger

force over a smaller area leads to an even larger effective pressure.

5.2.1.2 | Switching

Vertical switching in MEMS relays is typically done with either cantilever or spring-suspended
actuators. The actuator used in this chapter is the Lorentz actuator introduced previously,
which is a spring-suspended actuator whose spring constant k can be approximated by
4.13. The behavior of the actuator due to a step input of force Fy can be described by the

differential equation [89]:
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F(t) _ dx(t) dx(t)

\b 2
TS + 20wy It + wjx(t)
F, ift>0
F(t) =
0, ift<0 (5.3)
x(0) =0
dx
E|t=0 =0

where m is the mass and ¢ is the damping ratio. After solving and applying initial condi-

tions:

51 — 52

s12 = —fwo £ woy/(? —1

Assuming that \/{? —1 ~ { — zlff then s; — —‘5’—2 and s; — —2lwy. This means that the

st Sot
(5.4)

solution becomes:

F
O = ra-a

(1 402 4% R e—zﬁwof) (5.5)
When ¢ > 1 the system is over-damped, when { = 1 the system is critically damped, and
when 0 < ¢ < 1 the system is under-damped. For under-damped, the switch oscillates at
wp. The maximum possible response time, then, would be approximately 27t/ wy, as this is
roughly the slowest it can move given a step input:

21
tres < —

wo
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5.2.2 | Design and Fabrication Trials

The following section outlines first the design constraints for the performance of the relay,
then goes into the various design and fabrication trials that were endured. There were
two types of relays that were designed and fabricated, a bridge-type and a cantilever-type.
Reed-type was not explored.

The design of the PE Lorentz actuator relay began with a few constraints, based on
commerically available relays (Songle SRD-05VDC-DL-C mechanical relay [90], LittleFuse
CPC1017N solid-state relay [91]):

m Switching Time t,,; < 10 ms
m Power Consumption P < 100 mW
m Contact Resistance Rc < 7.1 Q)

m Max DC Load Current 0.1 A < I,y <10 A

5.2.2.1 | Bridge Contact Type

The first design that was drawn up used two parallel Lorentz actuators suspended over a
bridge contact. The bridge contacts and traces for the relay load circuit were printed on
FR4 using the Voltera NOVA, with same print settings and curing time/temperature as
previously outlined in this thesis. At an attempt to decrease contact resistance, the traces
were printed and cured first, and then the contacts were made by depositing a small dollop
of ink, approximately 150 ym in height. The actuator was printed on 25 ym PI in two steps:
tirst, the top Lorentz actuators were printed and cured until ink was dry (5 minutes), then
the substrate was flipped over and the bottom contact was printed. Fig. 5.4 (a) shows the

simulation model in COMSOL with one spring loop on the actuators and resulting print.
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Using the Solid Mechanics module and similar simulation settings as other devices in this
thesis, the deflections for one and two spring loops was 150 ym and 104 ym, with resonant
frequencies of 35 Hz and 43 Hz, respectively. The one-loop design was opted for due to its
slightly higher resonance.

After releasing the actuator in the laser cutter, it was laid atop the FR4 printed circuit
with the contacts aligned with the bottom contact of the actuator. 200 um thick glass slides
were used as spacers between the contacts and the actuator. However, the gap distance
was measured to be 100 ym with the Leica DM-6 M microscope, which was thought to
be due to deformation/stress in the springs. The PI was secured with a piece FR4 with
a small window cut out of it, similar to how the DC electric field sensor was tested (Fig.
5.4 (b). With a bench-top multimeter in CONT mode connected between the relay contact
traces, and a 0.14 T field present across the actuators, the actuation current in the actuators
was increased. The device hardly deflected, moving only 10-20 ym even with >100 mA of
actuation current in each actuator. Upon closer inspection, it appeared that the actuator
contact was only hitting one of the fixed contacts, and tilted transversely about it as the

device actuated. It was clear that two issues were present:

® Problem: The device was hardly moving at all, even with appreciable amounts of
actuation current. Cause: The two opposing Lorentz actuators both acted like can-
tilevers, but because they were attached to each other, they pulled on each other and
re-directed some of the Lorentz force into the x-y plane. Proposed Solution: Abandon

the dual-Lorentz actuator design in favour of a single actuator.

m Problem: The device sat too high above the contacts, creating unnessecary space that
the actuator had to travel just to make contact. Cause: As the ink cures, its volume

decreases due to solvent evaporating, which introduces a compressive stress on that
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Lorentz Actuators

(a) COMSOL model and print.
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(b) Side view of test setup.

Figure 5.4: Bridge-type dual-Lorentz actuator relay.
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Figure 5.5: Effect of stress imbalance during curing.

side of the PI and deforms the print. On the small springs, this effect is magnified,
and pulls up on the structure (Fig. 5.5). Proposed Solution: Print the same design on

both sides to reduce stress, or use the stress as an advantage to decrease gap space.

To address the first issue, the Lorentz actuator design of the previous chapter was aug-
mented to include a protruding reed (Fig. 5.6). As for the second issue, the design was
printed only on one side, but flipped over when tested so that the structure was slightly
bent downward as an effort to reduce gap space. COMSOL showed that this design had a
resonant frequency of 35 Hz. Again, the design was aligned over the contacts and tested
similarly. The structure moved much more than the dual-actuator design, with roughly 200
pum of movement for 100 mA of actuation current and 0.14 T field. However, the device was
hitting only one of the contacts even still. It appeared that the problem laid in the fact that
the fixed contacts were inconsistent heights, and it would be challenging to get them to be
equal height. It was then thought that this design could be altered into a cantilever-type

contact relay, rather than a bridge-type.
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n

Figure 5.6: Single Lorentz actuator COMSOL model for bridge-type relay.

5.2.2.2 | Cantilever Contact Type

The design of Fig. 5.6 was not changed significantly at first. Instead of ink on only one
side, the design was printed on both sides identically. This offered two benefits: 1) the
stress imbalance would be resolved, and 2) the underside of the springs could be used
as a conduction path for the relay load current. COMSOL showed that this affected the
deflection by reducing it to roughly half that of an identical one-sided print, and that it
had a resonance of 35 Hz. Only one fixed relay contact was used now, printed similarly on
FR4 along with a small dollop of ink, measuring 140 ym in height. Also, the un-cut print
was attached to rigid poster board material with double-sided tape before cutting, so that
handling the delicate device post-cut would not present any risks of damaging the fragile
springs. The entire device could then be laid upon the FR4 circuit and secured more firmly
than previously with the FR4 window. Upon testing, however, another issue arose: the ink

on the top (Lorentz actuator) side of the actuator was electrically connected to the bottom
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(relay contact) side. This was because, when laser cutting through ink-PI-ink, the two ink
layers actually fused together in some places due to the heat of the laser and the relative
thinness of the PI substrate. However, the cantilever-type contact in general did work, and
the device was able to make full contact. So, the design was changed slightly to include a
‘tail” on the underside, which provided a conduction path for the relay’s load that was not
directly below the Lorentz actuator’s springs (Fig. 5.7). An extra spring loop was added,
also, in case that the tail increased the effective spring constant by too much. This reduced
the resonance to 27 Hz in COMSOL. Care was taken, also, during laser cutting, to ensure
that the laser was only ever cutting through ink-PI. Fig. 5.8 shows a 3D rendering of the
device top and bottom to better illustrate the ink patterns. Now that a working device was
achieved, it was time to take data and characterise the relay’s performance, which is shown

in the next section.

5.3 | Testing and Results

Fig. 5.9 shows the test setup for the working Lorentz actuator relay. The field present, due to
a permanent magnet placed below the FR4, was 0.22 &+ 0.1 T. The actuator was tested at 100
mA of actuation current, requiring 0.36 V across the device (36 mW power consumption).
Firstly, response and settling time was found. This was done using 2 channels on an
oscilloscope, one connected to the gate (Lorentz actuation current signal) of the relay, and
the other to the drain, with a voltage source connected to the source. The step response
for turn-on and turn-off was taken, and examined in MATLAB. Fig. 5.10 shows the results
for response and settling time, with the zoomed-in portions showing it more clearly. The
response time was found to be 0.5 ms, whereas the settling time was 1.6 ms. The noise

present in the plots is thought to be due to discretization noise of the oscilloscope, with
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Figure 5.7: COMSOL model (top) and KiCad file (bottom, blue = bottom-side, red = top-
side).

some 60 Hz mains voltage noise present when the relay is off.

Next, the contact resistance was found by creating a rudimentary current source through
the closed relay and measuring the voltage across the contacts. This involved simply a 1
k() resistor in series with the relay. Assuming that the contact resistance was on the order
of 1 ), then the error was around 0.1%. Applying 1 V to the source of the relay, a 7.65 mV
voltage was measured across the contacts, meaning that the contact resistance was 7.65 ()

per Ohm’s law. Fig. 5.11 shows a schematic of the test.
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Figure 5.8: 3D view of top and bottom of PE relay.
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Figure 5.9: Relay test setup. I is actuation current for Lorentz actuator, Ip is load current
for relay.
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Figure 5.11: Schematic of test setup for contact resistance.

The resonant frequency was found by pulsing the actuation current at different fre-
quencies and observing the output of the drain on an oscilloscope. In theory, at frequencies
above and below resonance, the relay makes imperfect contact and the output can bounce.
However, at resonance, the deflection is amplified significantly, and the device makes ex-
cellent, strong contact with minimal bouncing. Fig. 5.12 shows the different frequencies
that the actuator was driven at, and it is clear that around 35 Hz, the bouncing effect is
not present, and so this is where resonance lies. Note that the present of bouncing means
that the spring structure is slightly underdamped, rather than the ideal situation of being
overdamped.

The maximum DC load current of they relay was found by simply placing a DC power
supply across the contacts, similar to Fig. 5.11 but with no external series resistor. The
current was swept at a rate of 10 mA per second until the device failed, which occurred at

210 mA. Failure was concentrated at the serpentine tail, where Joule heating and thermal
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Figure 5.12: Resonance data from oscilloscope traces (blue = gate, yellow = drain).
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expansion appeared to have caused the ink to separate slightly from the PI, causing an open
circuit.

Lastly, reliability was tested. A small circuit consisting of an Arduino with SD card
attachment was used to drive the actuator through a MOSFET, and then use on-board ADC
to observe the signal at the drain and record either a successful or failed contact event on
the SD card. The relay was turned on/off with 100 mA actuation current, on for one second
and off for one second, and let run for approximately 64 hours (230,000 cycles), during
which it did not fail.

Table 5.1 shows a comparison between this PE relay and the commercially available re-
lays mentioned earlier (Fig. 5.13). The PE relay outperforms the mechanical relay in power
consumption and switching time, but its contact resistance is an order of magnitude higher.
It is comparable to the solid-state relay in contact resistance, outperforms it in switching
time, but does not do as well in consumed power. The PE relay allows for more DC current

flowing across its contacts than the solid-state device, but far less than the mechanical one.

Table 5.1: Comparison of PE relay to commercial relays.

[ SRD-05VDC-SL-C | CPC1017N | This Work

Switching Time (ms) 10 1.2 0.5
Contact Resistance (()) 0.1 7.1 7.65
Power Consumption (mW) 450 0.5 36
Maximum DC Load Current (A) 10 0.1 0.21

This chapter has shown the development of a printed Lorentz actuator relay. Key take-
aways are: one-sided ink-PI designs can have stress imbalance, and that this effect is min-
imized when printing on both sides; cutting through ink-PI-ink layers may cause the two
ink layers to connect with each other; and, the PE electromagnetic relay offers comparable

performance to commercially available relays, highlighting the viability of these methods
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Figure 5.13: Commercially available relays; electromechanical (left) and solid-state (right).

for fabricating electromechanical devices.
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Conclusion

This thesis demonstrated the feasibility and performance of printed electronics (PE) for
the fabrication of MEMS-scale transducers using a direct-write extrusion method. Three
devices were designed, fabricated, and tested: a DC electric field sensor, a Lorentz actua-
tor, and a Lorentz actuator-based relay. Key conclusions and findings from each chapter
are summarized here.

In Chapter 3, a force-deflected DC electric field sensor with capacitive interrogation
was designed, printed, and tested. The sensor utilized a serpentine spring-supported elec-
trode to enhance sensitivity while maintaining mechanical compliance. Compared to a
lithographically fabricated MEMS counterpart, the printed version demonstrated a noise-
limited resolution of 4.7 kV/m with signal averaging, out-performing the MEMS device
(16.2 kV/m). But, the PE device was not as sensitive, attributable to its larger size and
spring constant. In addition, the dependence of printed line width and height on dispense
pressure and speed was found for a 150 ym nozzle configuration, showing that both width
and height increase as pressure increases and speed decreases. Also, the Young’s modulus
value of Voltera Conductor 3 silver ink was found to be 1.781 GPa, found through compar-

ing a real-life cantilever test structure with COMSOL digital twin simulation.
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Chapter 6. Conclusion

In Chapter 4, two Lorentz actuators based on a lithographic MEMS design—a 4.8 X and
1.5x scale—were fabricated via extrusion printing and compared to both each other and
the parent MEMS design from which they were derived. The 4.8 scale showed a linear
response with sensitivity 23.1 ym/mA, closely matching simulation, and experienced neg-
ligible Joule heating effects. Its power consumption at maximum deflection was 1.3 mW.
The 1.5x scale device showed some adverse Joule heating effects above 20 mA actuation
current, power consumption of 5.8 mW, and a lesser sensitivity of 1.42 ym/mA due to its
larger spring constant. On the other hand, the MEMS design showed a power consump-
tion of 10 mW and sensitivity of 3.33 yum/mA, as well as enhanced Joule heating effects. In
addition to the Lorentz actuator, the coefficient of thermal expansion for Voltera Conductor
3 ink was found to be 40 x107°¢ 1/K, as well as the dependence of ink resisitivty and adhe-
sion to polyimide on cure time. It was found that as cure time increases, adhesion degrades
but resistivity improves. At roughly 20 minutes cure time at 120 °C, adhesion is best, and
resistivity is 1.07 x10~7 Q-m.

In Chapter 5, a relay based on the Lorentz actuator from Chapter 4 was designed, fab-
ricated, and tested. Initially, a bridge-type contact was employed, but this did not work
as the two fixed contacts could not be reliably fabricated using DIW to be the exact same
height and shape. Also, the problem of un-even stress on the substrate with ink on only one
side was addressed by printing the same design on both sides of the polyimide, effectively
cancelling out any stress. A cantilever-type design was then utilised, with a single fixed
contact. A small dollop of ink, roughly 150 ym in height, was used to achieve a pointed
end, which was meant to improve contact pressure and therefore contact resistance. The
design worked well, but the act of laser cutting the device fused the two opposite ink layers
together. The device was re-designed so that the laser cutter would only ever cut through

one layer of ink, not two, to avoid any shorting between two layers. The resulting design
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used a Lorentz actuator on one side for moving the relay, and the relay contact itself on
the other side, which contacted the fixed contact below. This design acheived a response
and settling time of 0.5 and 1.6 ms, respectively, and power consumption of 36 mW, outper-
forming a common electromechanical relay. Its contact resistance of 7.65 () was not nearly
as competitive, but comparable to a common solid-state relay. Reliability was tested and
the device did not fail after 230,000 actuation cycles.

Overall, this thesis has demonstrated the feasbility and viability of utilising extrusion
printing of silver ink for fabricating MEMS transducers. The devices presented in this the-
sis have comparable metrics to their lithographic or commercially available counterparts,
highlighting that extrusion printing is a valid method for fabricating and/or rapidly proto-
typing some MEMS designs. Some future work could include: exploring and characteriz-
ing other conductive or functional inks, as well as substrates other than polyimide; refining
printing techniques, such as exploring different nozzle geometries, to achieve sub-150 ym
resolution; ordering the PE designs in this thesis from a commercial PCB manufacturer
and comparing performance metrics; packaging the devices from this thesis to make them
robust to environmental disturbances, such as vibration, moisture/humidity, and temper-

ature.
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Printed Electronics Workflow

This appendix is meant to describe the step-by-step process for producing flexible/printable
MEMS devices using KiCad for design layout, Voltera NOVA for printing, and the Ox-
ford Series-A laser cutter for micromachining. This is also meant to act as a manual for

those wanting to re-create the devices found in this thesis, or make their own.

A.1 | Design Layout

Design layout for this thesis was carried out in KiCad. First, create a new project and nav-
igate to the PCB editor. Designs are created on a layer - in traditional PCB manufacturing,
these layers all serve a particular purpose in the stackup of the PCB. However, for this
workflow, any layer can be used. If multiple prints are present in the same design (for ex-
ample, multi-layered designs, multi-ink, or multi-substrate designs), then each inhabits a
unique layer of its own. Create your design using polygons, traces, etc. Fig. A.1 shows a
completed 1-layer design on the F.Cu layer.

Fiducials, or alignment markers, should be included for alignment later on, whether

that be with a laser micromachining tool or some other required alignment. Also, if a trace
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Figure A.1: Typical KiCad screen with design.

is prescribed as being 200 ym wide in a design, then the trace in KiCad should be made
as thin as Voltera’s software allows (typically 150 ym), then use the dispense pressure and
dispense speed to get the required printed line width.

Once the design is finished, it can be exported (Fig. A.2). This is done by selecting
File » Fabrication Outputs » Gerbers. Then, select the layers you would like to export, and
press Plot. The gerber files, to be loaded into Voltera’s software, will appear in the working
directory.

It is also sometimes necessary to export a DXF file which contains cut paths for the laser
cutter. First, the cut paths must be manually laid out, typically in the Edge Cuts layer. If
the design includes small delicate springs, it is advisable to cut these first then move on to
larger sections, thus having multiple DXF cut layers. Make sure to include fiducials in the
cut path that align with the print’s fiducial markers. Once the cut path is made (Fig. A.3),
follow the same steps in exporting the layer, except now select DXF as plot format (Fig.

A.4). Make sure to set units to mm, and un-check 'Plot graphic items using their contours’.
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A.1. Design Layout
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Figure A.3: KiCad design with cut path (grey).
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A.2. Voltera NOVA
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Figure A.4: Exporting DXF laser cut path in KiCad.

A.2 | Voltera NOVA

Once the gerber file has been generated for a design, it can be loaded into Voltera’s software.

To access the NOVA, make sure it is powered on and connected to the internet, then go to

myvoltera.io. After selecting the machine, you will be greeted with the home screen. Click

Dispense, then load the gerber file into the software and click Next. After this, you will need

to select the ink you are using, as well as the substrate. Each has their own profile which

you can either make from scratch or use from the default library. Next, mount the substrate.

If it is a flexible substrate, the vacuum will turn on. Then, you will have to align the print.

This is done in two steps. First, you click a reference or pivot point on the print geometry

that you would like to use for positioning. Then, the camera underneath the gantry head

will position itself over the substrate and overlay the print geometry so that you can move

it around and make sure it either fits on the substrate or aligns with other features already
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present (Fig. A.5). In addition, you can set the rotation of the print.

Once the print is aligned, the substrate is probed to map the z-height profile. First,
mount the probe on either of the mounting heads, and click Probe. The probe will first
move to the calibration button and center itself, then it will probe the calibration printing
plate, and lastly the substrate itself (Fig. A.6).

After probing, the dispenser can be assembled and mounted. Fig. A.7 shows the parts
of the dispenser. To assemble, turn and remove the black top section off the dispenser, and
undo the thumbscrew and open up the pressure sensor housing near the bottom. Insert
a clean pressure sensor, then insert an ink cartridge through the top and into the pressure
sensor. Re-latch and screw down the pressure sensor housing, then replace the black top
section of the dispenser. Screw in a nozzle at the bottom, and then turn the top thumbscrew
counter-clockwise to move the plunger down. Keep turning the plunger screw until ink just
starts to come out of the nozzle, then back off the screw clockwise about half a turn. The
dispenser is now assembled and primed. Mount it, and wait for the cartridge to heat up to
the specified preheat temperature.

Next, the dispenser must be calibrated before printing. It first moves to the calibration
button to center itself, then to the calibration plate to print a series of 3 lines. You can
interactively adjust dispense pressure as its printing, and, in between printing sequences,
you can enter the settings and adjust print speed and other factors. The goal is to get tight
lines with no breaks and minimal ink spreading, which usually takes a few calibration
sequences to achieve. Fig. A.8 shows this process.

After calibration, printing the loaded pattern can commence. Simply press Start, and
the dispense head will move to the substrate location defined the in the alignment step
and begin printing with the parameters from the calibration step. Again, dispense pressure

can be interactively adjusted. After repeated prints, the pressure may need to be backed
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Figure A.5: Aligning print.
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Centering = Probe Plate Probe Substrate

Figure A.6: NOVA probe sequence.

off slightly. If a print is unsatisfactory, simply wipe it away with IPA and try again. If
certain parts of the print need printing again, click on the specific traces in the software and
click Start again. Fig. A.9 shows the GUI and a live picture of the printing process. After
printing, click Finish to release the vacuum and carefully remove the print from the printing

stage. Place it in a box oven to cure.

A.3 | Laser Micromachining

After prining and curing the pattern, it may be necessary to laser cut and release some
features. To do so, start with turning on and signing into the Oxford Series-A laser interface
A.10. If the G-code for the laser cut path has not already been generated and placed in an
ANC file, then it is necessary to open AlphaCam software and render the G-code. There are
basically three steps in AlphaCam to generate the G-code. First, import the DXF file (File
» Input CAD), set the tolerance for line breaks to 0.0001, and move the design so that the
bottom left-most fiducial is at coordinates (0,0). Then, define the cut direction by selecting

the Cut Direction option in the top toolbar. Select CW as direction and Inside as side for
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Figure A.7: NOVA dispenser.
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Figure A.9: NOVA dispensing process.

closed geometries, then select All Geometries. Lastly, select Cut Path from the top toolbar, set
the Offset Number to 3, select the geometries you would like to cut, then hit OK. Then, export
the ANC file (File » Output NC). There will then be four prompts: Are there any percussion
holes? (No), Are there any trepanned holes? (No), Are there any cut paths being used? (Yes),
and Is there any etching required? (No). The ANC file containing the G-code will then be
generated and saved.

Once the G-code is generated and placed in a .ANC file, Cimita laser software can be
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Figure A.10: Oxford Series-A laser micromachining tool.

opened in Engineer mode. The home screen is shown in Fig. A.11. First, select Home
+ Enable Axes, then turn laser on (top right corner). Select Measure. After measurement
is taken, navigate to LASERPOWER.txt, copy the last line in the file, and paste it in the
DiagnosticHistory.ods spreadsheet. This is the sign-in/sign-out routine, and must be done
before and after cutting. Once the session has been recorded in this manner, one may click
on the X, Y, or Z icons to toggle their respective stepper motors on or off, which allows one

to load and unload samples manually on the cutting stage inside the unit. Load the sample
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A.3. Laser Micromachining
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Figure A.11: Oxford Series-A laser micromachining tool.

and secure it, then re-enable all axes.

To focus the camera/laser assembly on the surface to be cut, one may manually lower
the z-height using the +/- buttons next to the z-height indicator at the top of the screen,
or type G90 Zx in the immediate command line to bring the height to "x” mm. Focus the
camera/laser assembly on the cut surface.

Next, line the cross-hairs up with a lower-leftmost fiducial in the design, or the fiducial
that was placed at (0,0) in the AlphaCAM file; we will make this reference coordinate point
(0,0) for our G-code file. Go to Coordinate Systems » Edit [igs » DLJig » Edit. Enter the current
Xand Y coordinates under Absolute Position. Enter 0 degrees for rotation. Click OK, then
go to Coordinate Systems » Component Coordinates and select DLcoords. The top bar should
say DLcoords on DLJig.X1, and the Program Position should be at x =0 and y = 0.

Now, move to and center on the next fiducial to the right. What we are doing here is
trying to find the angle of rotation, since we cannot get the object cut perfectly aligned by

hand. So, with a calculator in degree mode, find arctan(y/x) with y and x from Program

141



Appendix A. Printed Electronics Workflow A.3. Laser Micromachining

Position; this is the angle of rotation. Navigate back to DLJig, and enter this number for the
rotation value. Go to Coordinate Systems » Component Coordinates and select DLcoords again.
The system is now aligned with our design.

Next, go to Program » Load, and load in the .ANC file. Select Compile, then Start. Select
NO for autofocus, confirm focus point, and say yes to already auto-aligned. Now, the next
tew prompts will ask for cut speed, number of cut passes, and laser power %. For silver ink
on PI ym, these values are 0.8 mm/s, 35, and 5%, respectively. For thicker PI than 25 pym,
more cut passes will be required.

Once the cutting is complete, unload the sample, close the shutter, perform a measure

and record it in the spreadsheet, turn laser off, close all programs, and turn the key to off.
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