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Abstract

In this thesis several advances are made to the emerging field of 3D printed mechanical sen-
sors. Techniques and processes were developed to enable the integration of highly conductive,
and capacitive and piezoresistive sensing features embedded within 3D printed elastomeric
materials. With these technologies we enabled the fabrication of fully 3D printed piezoresistive
and capacitive sensors for normal force, shear forces and angular bending sensing.

Integrating highly electrically conductive flexible silver films (<125 pQ cm), printed by Direct
Ink Writing (DIW), into a flexible thermoplastic polyurethane (TPU) printed by Fused Depo-
sition Modelling (FDM) for low-power mechanical sensors was not possible due to thermal
constraint. Using a cost-effective LED laser, we developed an in-situ laser sintering technique
and studied the influences of laser power and scanning speed on the electrical conductivity
of the printed silver films after sintering. In this fashion, we achieved sub 100 um thickness
line and plate features with resistivity values as lows as 58.2+7.7 uQ2 cm. This technique was
exploited to create fully 3D printed flexible capacitive normal pressure sensors (4.47+0.12
fF/N), conductors with low resistance (<2Q), and a piezoresistive bending sensor. In this way
we enabled the fabrication of fully 3D printed flexible electronic devices, with a significant
conductivity increase in comparison with FDM printed devices found in the state of the art.

As FDM is limited in what types of materials can be produced, due to printed materials needing
to be thermoplastic, we investigated the DIW printing of thermally stable silicone material
systems. A structurally self-supporting material system composed of Crystalline Nanocellulose
(CNCQ) reinforced silicone (CNC-PDMS) was realised that has ideal shear thinning behaviour
required for DIW printing. By integrating printed strain gauges into the CNC-PDMS, from
a piezoresistive carbon black (CB) silicone ink (CB-PDMS), piezoresistive normal force sen-
sors were DIW printed with a normal force sensitivity of 14.9+0.4Q/kPa (0.22+0.07%/kPa),
and a linear response up to a normal load of 1000 kPa. Dynamic normal force sensing was
shown to be possible for these pressures up to a frequency of at least 2 Hz. Exploiting the
digital nature of 3D printing, a shear force sensor was printed with two strain gauges with
directional compliancy that resulted in differential sensor able to sense shear forces and their
direction up to 15 N. By integrating several of the normal and shear force sensors into a fully 3D
printed wearable device, we demonstrated the capture of normal plantar pressures and shear
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forces of a foot during a range of day-to-day and sports activities. This technology enables the
fabrication of fully 3D printable personalised wearables due to the digital nature of 3D printing.

For creating sensor with 3D topology, we developed a DIW printable UV curable silicone ink.
By stacking multiple layers of this material, a novel capacitive bending sensor design was con-
ceptualised with inclined slopes. These angular faces allow for a sensor with an asymmetric
sensing behaviour. To fully 3D print this sensor, a fumed silica reinforced UV curable silicone
ink was developed to be able to print stacks that could be cured in-situ using a UV LED. By
stacking the layers strategically, angular faces were generated with an angle up to 41.2+2.3°
on which conductive silver plates were printed. Through this method, the bending sensor
was realised with slanted plates which increased in capacitance when bend towards each
other and decreased when bending away from each other, making the direction of bending
distinguishable. With a sensitivity of 2.50+0.04 fF/° (0.11+£0.00 %FE/°), the sensor was able to
accurately track dynamic movements including the bending of a limb. Using this developed
sensing mechanism, and printing approach, we demonstrated the fabrication of a novel hu-
man motion monitoring sensor.

The results presented in this PhD thesis could be seen as a stepping stone towards the devel-
opment of fully 3D printed personalised wearables with integrated sensing. By exploiting the
digital nature of 3D printing it was shown that novel and custom tailorable devices can be
enabled.

Key words:
3D printing, Direct Ink Writing (DIW), elastomeric mechanical sensors, piezoresistive sensing,

capacitive sensing, laser sintering, wearable sensors, human motion monitoring



Résumé

Dans cette these, plusieurs avancées sont réalisées dans le domaine émergent des capteurs
mécaniques imprimés en 3D. Des techniques et des processus ont été développés pour per-
mettre 'intégration de matériaux hautement conducteurs, incluant des propriétés capacitives
et piézorésistives intégrées dans des élastomeres imprimés en 3D. Grace a ces technologies,
nous avons pu fabriquer des capteurs piézorésistifs et capacitifs entierement imprimés en
3D, pour la détection de la force normale, des forces de cisaillement et de la flexion angulaire.
Lintégration de films d’argent flexibles de haute conductivité électriques (<125 pQ cm), impri-
més par Direct Ink Writing (DIW), incorporé un polyuréthane thermoplastique (PUT) flexible
imprimé par Fused Deposition Modeling (FDM) afin de créer des capteurs mécaniques de
faible puissance qui jusqu’alors n’étaient pas réalisable en raison des contraintes thermiques.
En utilisant un laser LED, économique, nous avons développé une technique de frittage laser
in-situ et étudié les influences de la puissance du laser et de sa vitesse de balayage sur la
conductivité électrique des films d’argent imprimés apres frittage. De cette maniére, nous
avons obtenu des lignes et des plaques d'une épaisseur inférieure a 100 pm avec des valeurs
de résistivité aussi basses que 58,2+7,7 uQ cm. Cette technique a été exploitée pour créer des
capteurs de pression normale capacitifs flexibles entierement imprimés en 3D (4.47+0.12
fF/N), des conducteurs a faible résistance (<2Q2) et un capteur de flexion piézorésistif. De
cette facon, nous avons permis la fabrication de dispositifs électroniques flexibles entiére-
ment imprimés en 3D, avec une augmentation significative de la conductivité par rapport aux
dispositifs imprimés par FDM que 'on trouve dans I'état de I'art.

Limpression FDM étant limitée par le fait que les matériaux imprimés doivent étre thermo-
plastiques, nous avons étudié 'impression DIW de composites en silicone thermiquement
stables. Nous avons réalisé un systeme de matériau structurellement autoportant composé
de silicone renforcé par de la nanocellulose cristalline (NCC) (NCC-PDMS) qui présente la
propreté idéale de rhéofluidification requis pour I'impression DIW. En intégrant des jauges
de contrainte imprimées dans le NCC-PDMS, a partir d'une encre silicone piézorésistive au
Carbon Black (CB) (CB-PDMS), des capteurs de force normale piézorésistifs ont été imprimés
par DIW avec une sensibilité a la force normale de 14.9+0.4Q/kPa (0.22+0.07%/kPa), et une
réponse linéaire jusqu’a une charge normale de 1000 kPa. La détection dynamique de la force
normale s’est avérée possible pour ces pressions jusqu’a une fréquence d’au moins 2 Hz. En
exploitant la nature numérique de I'impression 3D, un capteur de force de cisaillement a été
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imprimé avec deux jauges de contrainte ayant une conformité directionnelle qui a abouti a
un capteur différentiel capable de détecter les forces de cisaillement et leur direction jusqu’a
15 N. En intégrant plusieurs des capteurs de force normale et de cisaillement dans un dispo-
sitif portable entierement imprimé en 3D, nous avons démontré I'acquisition de la pression
plantaire normale, et des forces de cisaillement d'un pied durant des activités quotidiennes et
sportives. Cette technologie permet la fabrication de vétements personnalisés entierement
imprimables en 3D grace a la nature numérique de 'impression 3D.

Pour créer un capteur a topologie 3D, nous avons mis au point une encre silicone réticulable
par UV et imprimable par DIW. En empilant plusieurs couches de ce matériau, nous avons
concu un nouveau capteur capacitif de flexion avec des pentes inclinées. Ces faces angulaires
permettent d’obtenir un capteur avec un comportement de détection asymétrique. Pour
imprimer entierement ce capteur en 3D, une encre silicone renforcée de silice pyrogénée et
durcissable aux UV a été mise au point afin de pouvoir imprimer des piles pouvant étre durcies
in-situ a I'aide d’'une LED UV. En empilant les couches de maniere stratégique, des faces
angulaires ont été générées avec un angle allant jusqu’a 41.2+2.3° sur lesquelles des plaques
d’argent conductrices ont été imprimées. Grace a cette méthode, le capteur de flexion a été
réalisé avec des plaques inclinées dont la capacité augmente lorsqu’elles se rapprochent les
unes des autres et diminue lorsqu’elles s’éloignent, ce qui permet de distinguer la direction de
la flexion. Avec une sensibilité de 2.50+0.04 fF/° (0.11+£0.00 %F/°), le capteur a pu suivre avec
précision des mouvements dynamiques, notamment la flexion d'un membre. En utilisant ce
mécanisme de détection et cette approche d’impression, nous avons démontré la fabrication
d’'un nouveau capteur de suivi des mouvements humains.

Les résultats présentés dans cette these peuvent étre considérés comme un premier pas vers
le développement de dispositifs portables personnalisés entierement imprimés en 3D et dotés
de capteurs intégrés. En exploitant la nature numérique de I'impression 3D, il a été démontré
que des systémes nouveaux et personnalisés peuvent étre créés.

Mots clés :

Impression 3D, Direct Ink Writing (DIW), capteurs mécaniques élastomeres, capteurs piézo-
résistifs, capteurs capacitifs, frittage laser, capteurs portables, surveillance des mouvements
humains.
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Introduction

1.1 Background and motivation

The ultimate smart wearable system is a device, with all functional parts seamlessly integrated,
which provides a personalised approach towards monitoring health metrics. One way to
achieve this is through fabrication by additive manufacturing, a methodology more commonly
known as, 3D printing. By 3D printing the devices they are build bottom up in a layer by
layer fashion, which allows for the seamless integration of different materials per layer[1].
Furthermore, by exploiting the digital nature in which 3D printers build objects from a 3D
model, it becomes easy to make on the fly adjustments which allows for rapid customisation|2],
[3]. This last part is especially of interest for the fabrication of custom tailored medical devices
and sportswear|[4], [5]. These types of devices often have to be made on specification, and are
thus very laborious to create. By integrating flexible electronic elements directly into a printed
body through 3D printing, smart features such as motion and biometric data collection can
easily be introduced into a completely custom tailored wearable[6]—[8].

The process of Digital Manufacturing, in which a 3D model is converted into instructions
for 3D printing infrastructure, offers a solution here as it allows for adaptability and easy
customisation(3], [9]. By creating a 3D model using Computer Aided Design (CAD) programs,
a digital design is easily converted into instructions using specialised software.

In comparison to devices constructed in a planar fashion, by either conventional or printing
techniques, 3D printing allows for complex three dimensional features to be fabricated more
flexibly and easily than by conventional processes[10]. Structures with three dimensional
geometry and integrated electronics allow for a significant increase in the feature density[10],
[11]. Smart systems with discrete electrical components and integrated sensors have been
developed, but which were only partially 3D printed[12], are limited to rigid polymers[13], or
created in combination with conventional microfabrication techniques[14].
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Processes to create soft, complex, and wearable 3D printed objects are, however, still not
fully explored. The main problem remains that many 3D printing machines are limited in
the types of material that can be printed and that they are often not suited for multimaterial
printing. The ideal 3D printing platform would have the capabilities to print multiple types of
materials, and be able to integrate complex electrical components, within a single platform.
While advances are being made, as additive manufacturing is a hot research topic[15], [16],
this type of fabrication is still in its infancy and much research is still required. As such, fully
3D printed wearable devices with complex sensors suitable for human motion tracking have
not been developed. Figure 1.1 illustrates how digital manufacturing process is structured in
order to produce fully printed wearable smart systems for capturing health metrics such as
gait monitoring.

The main focus of this thesis is on the development of 3D printed soft sensors using mechanical
transduction principles which are suitable for human motion monitoring activities. These
types of sensors are the ideal choice for motion monitoring wearables as they have either
very low power consumption[17] or can be made autonomous by being self-powered through
triboelectricity[18]. By integrating multiple sensors with other electric components into soft
3D printed bodies a way towards completely 3D printed wearable devices can be opened.

Structural layer printing

1011111110 Integrated sensor
1010110110100011

1001110011 0001011101

1101010011 0011000101

1101110 1110101

10111 11110 :
10101 10110 Deformation
10001 11001

11001 10001

01110 11101 — ¥
01001 10011

000101 110111

011101011 011111110

10101101101 00011100111
00110001011101110101

00110011000101

Printing instructions

Smart Device

Functional layer printing

Figure 1.1 — Digital Manufacturing: by means of a set of 3D printing instructions integrated
sensors can be constructed from a combination of structural and functional materials. These
can be further integrated into a smart device that can be used to read out health metrics.

1.2 Thesis objectives and contributions

As stated in the previous section, 3D printed smart devices have a lot of potential for wearable
motion monitoring applications. However, at this time there has been little research presented
on truly 3D printed devices. In order to move towards autonomous and low-power 3D printed
devices, the research in this is thesis focused on their development and testing.

In brief, the main objective of this thesis is to establish printing and processing methodologies
to 3D print polymer based materials, use these to design and fabricate completely 3D printed
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multimaterial mechanical sensors and evaluate their performance.

A further goal was to realise these processes such that fully 3D printed sensors could be
produced in a single tool. To realise this goal, several sub-objectives have been explored. The
sub-objectives are provided in a summarised fashion along with the contributions that have
been made which are presented in this thesis. These are divided in a material processing and
a sensor development category.

Material and process development for the integration of sensing features into 3D printed
materials

¢ Embedding highly conductive and piezoresistive sensing features into 3D printed struc-
tural materials to allow for rapid fabrication of 3D printed sensors with three dimen-
sional geometry

I developed a method to locally laser sinter a DIW printed silver flexible ink to sinter the ink
without damaging thermosensitive substrates (HDT = 60°C). By avoiding external processing
in high temperature environments (oven or hotplate) the structural integrity of the substrate is
retained while the ink is instantly heated above 100 °C, evaporating the solvent and solidifying
the ink. Optimum printing and sintering conditions were determined to enable the fabrication
of features with conductivity values between 50-125 pQ2 cm. This enabled the stacking of
multiple 3D printed conductive and structural layers using a hybrid combination of DIW
printed paste and FDM printed TPU. Using this process I fabricated fully 3D printed flexible
conductors which had less than 2 Q of resistance and could be strained up to 6% without
significant resistance change. Furthermore, I produced a linearly performing capacitive sensor
with a sensitivity of 4.47 fF/N and capability to follow dynamic signals up to 4 Hz. We further
demonstrated the ability to cure a piezoresistive silicone ink for the fabrication of a bending
sensor with the ability to dynamically measure bending angles up to 90° with little noise.
We further optimised this material to give it the shear thinning properties required for DIW
printing. By reinforcing it with fumed silica and studying the influence of the solvent and
carbon black (CB) loading, we arrived at a pentanol based ink with 4 wt% CB loading that
could be thermally cured and used for piezoresistive sensors.

¢ Create a printable silicone based material systems and methodology for the printing of
complex three-dimensional geometries with highly conductive features

Thermoset and UV curable DIW printable silicone inks were developed by reinforcing them
with fumed silica and crystalline nanocellulose (CNC) to achieve the required shear thinning
behaviour. Using silicone reinforced with varying levels of CNC we enabled stable multilayer

3
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prints to allow for the embedding of conductive silver traces and piezoresistive features.
For the UV curable silicon ink reinforced with fumed silica, the influence on the printed
dimensions of multi-line features I investigated by means of a Design of Experiments (DoE)
approach. Printing parameters including, speed, pressure, spacing, and printing tip distance
were evaluated to achieve consistent dimensions. Using settings to be able to consistently
print sub 100-um layers, I developed a methodology to stack multiple layers with 3D structured
geometry that could be cured in one shot by UV exposure directly after printing. This allowed
me to DIW print features with slanted edges of up to 45°, and by printing conductive silver
paste on top of these the fabrication of angled conductive features was enabled.

Development of fully 3D printed mechanical sensing devices

* Design, print, and characterise fully 3D printed soft piezoresistive normal and shear
force sensors and compare them to those produced by conventional techniques

We designed, 3D printed, and characterised soft sensors in a collaborative effort from the
developed CNC-silicone materials system which allows for three dimensional self supporting
structures. Piezoresistive gauges, printed from our CB reinforced inks, showed the capability
to measure both high and low impact normal forces with a linear response and a sensitivity
of 14.9+0.4 Q/kPa. With a gauge factor of 34.0+0.1, we achieved a response of the same
magnitude as silicone based sensors created using conventional fabrication processes for soft
materials. Using digital manufacturing to 3D print a compliant three-dimensionally structured
strain gauge we created shear sensors capable of registering shear forces up to 15 N including
the direction of the force.

* Model, design, and fabricate truly 3D printed soft sensors with three-dimensionally
structured and non-planar features

I proposed a capacitive bending sensor design that which, due to its non-planar geometry,
resulted in a bending sensor which can indicate the direction of bending from the change in
capacitance. I derived an analytical model for this sensor which allows its behaviour to be
simulated and which was verified by means of a Finite Element Model (FEM). The models
were verified by physical copies created using FDM printed moulding casts, allowing for the
fabrication of 3D structures which hard to attain through layer by layer processing. This design
allowed for a capacitance change (AC/Cp) of 9.3 + 1.8% when its body was bend either 30°
positive or negatively. By transferring this novel transduction mechanism to my developed 3D
printing process a thin design was realised with a sensitivity of 7.55 fF/°cm?. In this fashion I
demonstrate a completely 3D printed soft mechanical sensor with a novel sensing mechanism
and three-dimensional structuring.
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* Integrate 3D printed sensors into a monolithic and personalisable wearable for the
recording of human gait

We integrated several of our developed piezoresistive sensors into a insole demonstrator
and use it to record data which was processed to demonstrate distinct normal and shear
forces during a variety of activities, such as walking and going up and down the stairs. With
this developed technology we enable the 3D printing of smart footwear, with integrated gait
sensing, that can be easily personalised.

Mechanical sensor
development

Develop
sensors with
3D topology

3D printed soft

force sensors

Figure 1.2 — Scope of the thesis topics explored and the resulting advances made.

1.3 Thesis outline

The work presented in this thesis concerns the development, design, and fabrication of 3D
printed mechanical sensors which are suitable for human motion monitoring. Part of this
work was performed within the frame of a project called D-Sense, funded by the Strategic
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Focus Area Advanced Manufacturing (SFA-AM), which was performed in collaboration with
the Complex Materials and the Cellulose and Wood Materials Laboratories at ETHZ and EMPA,
respectively. The fabricated sensing devices included capacitive sensors made out of FDM and
DIW materials, cellulose-silicone composite based piezoresistive normal and shear sensors
produced by DIW printing, and an entirely DIW printed novel capacitive bending sensor.

As per the contributions outlined in the previous section, the structure of the thesis is as
follows

Chapter 2 discusses the State of the Art (SotA) of 3D printing techniques that can be used to
print soft devices. An overview of the working principles, strengths and limitations is given
per techniques. An overview of 3D printed mechanical sensors which can be used for motion
monitoring including their performance. Lastly, an overview is provided of the remaining
challenges uncovered by my investigation and an approach is presented as how I planned to
address these.

Chapter 3 presents the investigation into local sintering of silver pastes for embedding highly
conductive features within thermosensitive FDM printed material without external process-
ing. A study is presented to investigate the influences of laser power and scanning speed
to determine optimal sintering conditions. The technique is extended for the curing of a
carbon black silicone composites. Using the sintering method, three devices were fabricated
including a capacitive pressure sensor, a flexible electrical conductor, and a piezoresistive
bending sensor. To compare these to fully FDM printed devices, complementary piezoresistive
strain and capacitive pressure sensors were developed by FDM printing only. This last work
was performed by a master student under my supervision.

Chapter 4 presents the work performed on the development of piezoresistive and capacitive
sensors out of DIW printable shear thinning crystalline nanocellulose (CNC) and fumed silica
(FS) reinforced silicones. Several sensors were designed in order to evaluate the most suitable
sensing mechanisms for human gait motions. Inks based on preexisting Carbon Black (CB)
silicone composites were developed in cooperation with ETHZ, in order to create a DIW
printable soft conductive material for piezoresistive sensing. Using the developed fabrication
process, piezoresistive normal and shear force sensors were produced from the 3D printable
silicone inks. The normal sensors were evaluated in terms of static, hysteresis, and dynamic
response using human mimicking load cases. Results were used to improve the sensor designs
and a comparison was made to the capacitive sensors to evaluate their performance and
limitations. The shear sensors were evaluated in terms of their sensitivity, and a compliant
strain gauge design was introduced that shows the capability to detect the direction of shear
forces. Both piezoresistive normal and shear sensors were integrated into a fully 3D printed
shoe insole demonstrator to be tested by human test subjects.
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Chapter 5 presents the development of a DIW printable UV curable silicone ink to create 3D
structured features for the development of a novel capacitive sensor for monitoring angular
motions. A design parameter study of a capacitive bending sensor design was performed
analytically and by Finite Element Modelling (FEM), and validated by a casting process using
FDM printed moulds. To enable the 3D printing of such a sensor, a UV curable silicone ink
suited for multilayer printing was developed and characterised. Using an extensive Design of
Experiments (DoE) analysis, the influences of the printing parameters during DIW printing
were determined. Processes and strategies were realised to be able to DIW print sub 100
um layers and stack these into 3D structures with angular features. By printing silver ink
on top of these features, conductive non-planar capacitive plates were realised. A fully DIW
printed capacitive bending sensor was produced by exploiting this technique which, through
its design, showed directionality with respect to the direction of bending.

Chapter 6 discusses the results of gait motions captured through a fully 3D printed insole
demonstrator. The design considerations and insole layout are discussed in this chapter, as
well as the influences of sensor encapsulation. An electronic sensor readout system, developed
for this demonstrator specifically, was used to capture gait data from several real-life motion
scenarios presented in this chapter.

Chapter 7 is conclusion of this thesis and provides a summary of the work and an outlook on
what potential new research this thesis enables.

1.4 Impact of this Thesis

In this thesis several aspects for the fabrication of 3D printed elastomeric mechanical sensors
designed for human motion monitoring are advanced. Printing and processing methods for
soft and flexible structural and conductive materials are introduced or improved upon from
the state of the art. Furthermore, novel sensor designs are introduced and evaluated on their
performance.

An in-situ curing process was developed to integrate highly conductive films into thermosen-
sitive materials towards manufacturing sensors within a single 3D printing platform. This
hybrid printing technique was exploited to create flexible electronic demonstrators.

Formulations for self-supporting thermoset and UV curable silicone inks suitable for 3D
printing were realised or improved upon including those with piezoresisitive properties. These
materials can be used to produce unique 3D structured geometries that are difficult to obtain
using conventional microfabrication techniques. By exploiting these capabilities, fully DIW
printed normal and shear force sensors were fabricated that are suitable for recording both
impact and shear forces during dynamic activities. Due to their digital manufacturing nature,
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they can easily be integrated into a personalisable insole for the evaluation of human gait.

Furthermore, 3D structuring was exploited to create a sensor with a novel asymmetric capaci-
tive transduction mechanism. This sensor was able to measure bending in two directions due
to the asymmetric sensing behaviour enabled by the 3D structuring.
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State of the art in 3D printing
research of wearables for motion
monitoring

3D printing is often used as a catch all term for additive fabrication processes in which objects
are constructed that are not limited to planar geometries. A number of different 3D printing
techniques exist, each with their advantages and disadvantages linked to either the available
materials or their processing. In this chapter an overview is given of the state of the art of
3D printed electromechanical sensors and integrated devices which can be used for human
motion monitoring.

First 3D printing techniques are discussed which are suitable for printing of soft materials.
In this section Fused Deposition Modelling (FDM), Direct Ink Writing (DIW), and Photopoly-
merisation (SLA/DLP) techniques are discussed. The techniques are explored in terms of their
operating principle and what materials they are capable of printing. Advantages, limitations
and drawbacks of the printable materials are discussed separately per method to provide an
overview of the capabilities of the 3D printing techniques. Of especial interest is the printing
of conductive materials, as these are a central requirement for the fabrication of sensors, and
their makeup is inherently different per printing techniques.

Following this, an overview is provided of electromechanical sensors which are either enabled
by means of 3D printing or, ideally, are completely 3D printed. Sensors are categorised and
presented by the types of motion they can detect, the transduction principles used, and their
characteristics and performance. Furthermore, an overview is provided of one of the main
issues for soft 3D printed systems for motion monitoring. Among these are the stretchability
and conformability of 3D printed systems.

Finally the challenges are highlighted that were encountered during the literature survey on
the fabrication of soft electromechanical sensors for human wear. To conclude this chapter,
the open scientific challenges are discussed and the research approaches which have been
explored in this thesis are addressed.
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2.1 Overview of 3D printing techniques

For soft wearables it is important that the used materials are flexible, stretchable, and con-
formable such that they can be comfortably worn for extended periods of time[19]. Therefore,
this chapter focuses on techniques which are able to 3D print soft polymers or polymer pre-
cursors. Techniques which are suitable for printing these kinds of materials are often limited
to either resins, inks, or thermoplastics. Furthermore, in order to introduce smart features
into 3D printed wearables, materials are required which are either inherently conductive or
become so after processing[20]-[22], and which need to be compatible with the structural
material that they are meant to be integrated within. Using multiple materials within a 3D
printing process is commonly referred to as multimaterial printing[23]. Schematic overviews
of the techniques discussed in this chapter are shown in Figure 2.1.

Fused Deposition Direct Ink
M odeFI)Iing Writing Stereolithography Digital Light Printing
(FDM) (DIW) (SLA) (DLP)
D_raw'
Extrusion Pressure direction p
head source
Syringe
barrel
Heated Ink
nozzle
Part
Nozzle
Build
Build stage Build stage —— stage

Tilting Mirror

Figure 2.1 — An overview of the most common 3D printing techniques for the printing of soft
materials. Adapted from [1]

2.1.1 Fused Deposition Modelling

One of the most popular polymer based 3D printing technique is Fused Deposition Modelling
(FDM) mostly due to its low cost, which makes it very accessible[2]. Due to ease of access
and the flexibility in printing any object from a 3D file it has proven especially popular within
creative communities in schools and on the internet. All FDM printers rely on the translation
of a 3D model into printing instructions that the machine can understand through a program-
ming language called G-code. The conversion of a 3D model to G-code is called slicing and is
performed by programs called slicers.

In FDM printing a semi-flexible thermoplastic filament is fed to an extrusion head by a set
of gears where it is heated up far above the material glass transition temperature. While the
exact temperature is tuned to the material, temperatures above 200°C are common. Once fully
heated, the filament is extruded through a heated nozzle and deposited on a heated bed to
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prevent the effects of thermal shock[24]. Individual lines are printed to form a single individu-
ally patterned layers which are stacked on top of each other to form the final monolithic 3D
geometry. Most materials have self-supporting properties but in order to create overhangs
and freestanding structures a secondary support structure is usually printed.

Most FDM printable materials are rigid and printers are generally not build to handle flexible
filaments. As such, these rigid material have limited applicability for wearables designed
around being able to move along with the body. Even so, these materials could still see use
within strategically designed rigid wearables for parts of the body that see little movement[25].

Even so, an advantage of FDM printing is that it is easy to print designs with a negative poison
ratio (Figure 2.2 a) to be able to introduce the ability for FDM materials to deform more without
the material itself having to be very stretchable[26]. Alternatively, flexible materials can also
be added in strategic locations of a rigid FDM printed body created from a rigid material to
introduce more flexibility[27].

A second limitation for device fabrication by FDM is that most materials are structural only.
Several conductive Polylactic Acid (PLA) and Thermoplastic Polyurethane (TPU) filaments do
exist. The filaments have been loaded with conductive sub-micron carbon particles and only
exhibit low conductivity, often with multiple kilo-ohms of resistance. As they are generally
quite stiff, they are unsuitable for creating stretchable conductors and, as such, they have
mainly been used to create strain and capacitive sensors[28], [29]. However, due to way FDM
structures are build, conductive features can be easily embedded inside of a FDM printed
structural material (Figure 2.2 b).

While flexible conductive filaments are more suitable for wearables they are not without
their issues, as jamming of the filament in the nozzle is common. A workaround is to create
filaments on demand by extruding pellets through a heated nozzle[30]. However, as this
requires specialised equipment, creating carbon analogue reinforced flexible filaments has
been preferred by researchers.

They key strength of FDM printing remains that it is a powerful option for multimaterial
printing as materials are "glued" together by their shared thermoplasticity[31], even if com-
pounding them with conductive particles makes this adhesion weaker. This can be partially
circumvented by using multiple filaments created from the same base polymer. By using
conductive and non-conductive filaments, multi-material flexible stacks have been printed
which were exploited for capacitive and [32] and strain[33]-[35] sensing.

A last key challenge towards producing FDM printed electronics is that FDM printed materials
are difficult to combine with other 3D printing techniques due to the high surface roughness
of FDM printed parts. The main difficulty lies in printing features with smaller geometries

11
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Figure 2.2 — An overview of materials and devices printed using Fused Deposition Modelling
(FDM). a) Fully FDM printed multimaterial stack with TPU dielectric and conductive TPU
material[26]. b) Incorporation of a carbon-black TPU based filament inside of a FDM printed
TPU body[28].

on top of FDM printed surfaces. To tackle this, methods have been explored to reduce the
roughness trough chemical polishing with acetone vapour[36], or by surface remelting[37],
[38]. Further planarisation techniques such as milling, plasma etching, hot pressing, or spray
coating[39], [40] have also been investigated. The latter can also be used to introduce thin
functional layers.

2.1.2 Direct Ink Writing

A more flexible 3D printing technique towards depositing a large range of materials is called
Direct Ink Writing (DIW). In this technique inks and pastes are pushed through a small orifice,
often called the nozzle, by means of one of several types of extrusion mechanism. The extrusion
can take place either through a hydraulic or pneumatic pressure difference, or by means of
a screwing mechanism([1]. The material is deposited on top of either a previously printed
material or a substrate by means of a conical tip or a needle, often referred to as the dispensing
tip. By choice of this tip, the printing parameters, printing distance or material composition,
and the dimensions of the printed material can be finely controlled. The complexity of what
can be printed is further controlled by the degrees of freedom of the printer. Using a 5 axis
printer, complex features such as the fully 3D printed soft heart valve shown in Figure 2.3 a
can be produced[41].

Unlike FDM printing, in which only thermoplastics can be printed, a much larger range of
materials can be be printed using DIW. Polymer precursors have been developed to DIW
print different types of polymers including silicones[42], [43], acrylates[44], polyurethanes[45],
vinyls[46], hydrogels[47], [48], or a composite of these[49], [50]. Depending on the ink formu-
lation, the processed materials can be also be tailored to allow for specific material properties.

12
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However, one key requirement for DIW printable inks is that they need to be shear thinning[51].
This behaviour leads materials to only deform under a shear stress, allowing the material to
retain its shape for some time after deposition. Ideal DIW materials should have a quick
recovery phase where they return to a solid form soon after deposition[52], which is commonly
referred to as viscoelastic behaviour. To achieve this, the materials need an elastic or storage
modulus (G') which The is larger than its loss modulus (G') when not sheared (G > G'). The
material will then start to flow at a sufficiently high shear stress where G and G cross over
which is known as the yield point[53]. The relation between the two is the loss factor and is
expressed as

"

G
tand = —, 2.1)
G

where values of § = 0° and 6 = 90° equate ideally elastic and viscous behaviours, respec-
tively([54].

As such, rheological modification by means of additives is a standard step in DIW ink develop-
ment and can be used to finely tune the material behaviour. Inks are commonly reinforced
using silica or other metal oxides to achieve the necessary viscoelastic behaviour[51], [55].
However, reinforcement by renewable materials is also possible, with natural fibers such as
nanocellulose[56]. Furthermore, due to shearing action during printing, reinforcing particles
with a high length-to-diameter ratio (aspect ratio) such as nanocellulose will be aligned and
introduce anisotropic material properties[57]. However, precise tuning is not always necessary.
A way to circumvent excessive materials engineering is to solidify the inks as rapidly as possible
after deposition such as by UV[46] or laser[58].

To create complex, soft, and completely 3D printed wearables a combination of both structural
and conductive materials are needed. Silicone is the material of choice for soft structural
components as it is stable, non-toxic, and biocompatible[59]. Furthermore, its stiffness can
easily be tuned to make it more or less stretchable[42]. Silicone inks have already been
demonstrated for the use in free-standing structures 3D printed structures by fine-tuning their
material composition[60]. An additional benefit of this material is that both bulk silicone and
its surface can be chemically modified[61] and even reinforced with conductive particles to
create DIW printable inks that can be used to print stretchable electronics (Figure 2.3 b)[43],
[62]. Off the shelve DIW printable silicones, which contain all necessary components and
which can easily be tuned rheologically, are rare but are slowly becoming more available[63].

However, complex multimaterial devices can only be created if both conductive and structural
DIW printable materials are readily available. Often these materials are specifically synthesised
based on the requirements and are not universally deployable. While much focus has been
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put on creating structural inks, a key challenge in creating entirely printed systems remains
the development of highly stretchable composites with low electrical resistance[43]. Materials
systems have, so far, been developed with high stretchability but low electrical conductivity, or
vice versa.

The most popular materials for creating conductive features are carbon based due to car-
bon being relatively inexpensive and having many analogues with different properties(64].
Amongst these are carbon black, graphene, and carbon nanotubes[65]-[67]. Each type of par-
ticles results in different material behaviour depending on the loading and aspect ratio of the
reinforcing material within composite materials[68]. While conductive, their resistance values
are relatively high comparatively to metals[69], making them a poor choice for conductors.
Highly stretchable carbon based electronics have been previously demonstrated for strain
sensing without using printing techniques[70]. However, so far no DIW printable inks with
similar performance have been developed. A lot of research has gone into the development of
carbon based DIW printable ink suitable for the printing of static structures[71]. While some
might exhibit some stretchability, carbon compounding introduces stiffness and, depending
on the polymer matrix, the resulting composites can break easily under low amounts of strain
(<2%) [72]. The most effective usage for DIW printable carbon based inks remains the printing
of stretchable strain sensors[73] or contact pads[74].

Alternatively, silver has been a popular material for conductive DIW ink development as it
has many advantages. Among these are its higher conductivity compared to other metals,
insensitivity to moisture, and corrosion resistance([69]. Silver comes in many shapes and inks
have been formulated with either silver nanoparticles, flakes, nanowires, or combinations
of these[69], [75]. These inks are commonly designed for other printing techniques, such
as screen printing, but if the viscosity is sufficiently high they can also be DIW printed[76].
Figure 2.3 c shows an example of a silver feature being printed by DIW using an ink for screen
printing.

Figure 2.3 — An overview of devices and electronics printed using Direct Ink Writing (DIW). a)
DIW printed heart valve printed through a 5-axis printer[41]. b) 3D printing of silicones and
their integration into a simple glove[43]. ¢) DIW printing of a silver feature[76].
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The main drawbacks of using silver based inks, however, are the high material cost, difficulty
in synthesis, and the possibility for it to oxidize[20], [69]. Due to the latter, some form of
protection is required to prevent a reduction in conductivity over time. Furthermore, silver is
quite stiff in nature which means that it also easily cracks under deformation, which limits
to what extent silver based inks can be applied in stretchable electronics. While this can also
be exploited to some degree by strategic cracking[77], the best solution to achieve highly
conductive stretchable films by DIW printing is by compounding it into a polymer matrix.
Even so, high amounts of silver are needed to achieve percolation and the maximum material
strain is significantly lowered by compounding[78].

In order to create stable DIW printable inks, they require the addition of binders and cross-
linking agents which are non-conductive and affect the material properties of any conductive
ink further[55]. Final ink formulation thus become a well controlled mixture of varying and
balanced components. However, material compatibility problems do not only originate from
within the ink formulation itself. Joining multiple DIW inks with mismatching materials prop-
erties into a printed device can result in a lack of adhesion which can lead to mechanical
failure[79]. To address this issue, chemical modification to link multiple DIW printable materi-
als that are normally not compatible, such as elastomers and hydrogels, have been explored
but only in limited scope[80].

One method to circumvent these issues and achieve stretchable conductive devices by DIW is
by the printing of liquid metals, such as Eutectic Gallium-Indium (EGaln)[81], [82]. Materials
such as these remain liquid and can easily deform without cracking or breaking. EGaln,
especially, can be easily encapsulated using silicone and will remain stable after deposition
as an oxide skin forms immediately in contact with air[81], [83]. While EGaln is normally
quite safe, it has been shown to be able to causes damage to human cells when mechanically
agitated[84], making it a sub-optimal choice for wearables.

In brief, the choice of DIW printable inks is currently very limited, especially for conductive
inks. A wide range of screen printing inks exist which can often also be used for DIW print-
ing, as both printing methods require inks to be shear thinning and have a yield point[85].
Unfortunately, other than a few exceptions, many screen printing inks do not exhibit ideal
DIW printing behaviours and are generally not developed for printing flexible and stretchable
features.

2.1.3 Photopolymerisation Techniques

Vat photo-polymerisation, also sometimes known as resin 3D printing, is a popular technique
for the creation of complex 3D printed structures. In this technique a vat is filled with a
photocureable polymer precursor and selectively exposed in order to initiate local curing.
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The remaining liquid is kept uncured by tuning the activation energy, or the energy required
to start photo-polymerisation, to be above a certain level[86]. This means that the liquids
have to be specifically developed for this technique. However, in this way the liquid supports
the already printed structure and complex geometries can be generated that are not easy to
produce using other layer by layer techniques.

The two most popular of these techniques are Stereolithography (SLA) and Digital Light Print-
ing (DLP)[1]. In both techniques printed objects are cured per layer by photonic activation,
before the stage is moved up to introduce new liquid for the next layer. In this way the 3D
printed object is being "pulled" out of the liquid vat. Both techniques utilise a similar fabrica-
tion strategy, and as such, the main difference lies in how the photonic activation takes place.
In SLA the resin is cured by a scanning laser that locally cures the exposed area. In contrast,
DLP uses a projector to project a pixelated map onto the precursor to cure any exposed pixels
while leaving the rest of the resin uncured.

Using this technique, a variety of materials can be printed, including silicones[59]. However,
one key challenge for the fabrication of wearables is the printing of conductive composites
using resin 3D printing. Rigid conductive composites (Figure 2.4 a) have been printed which
could be used as compliant mechanisms[87], [88]. DLP printable polymer can be made
conductive with Carbon Nanotubes (CNT), but have so far only been demonstrated with
loadings below 0.1 wt% and only in rigid acrylate[89]. Soft 3D printed electronics have been
demonstrated by DLP printing conductive hydrogels[90] or coating the finished object using
a solution of silver nanoparticles (Figure 2.4 b)[91], resulting in devices with short lifetimes.
Moreover, wearables are not easy to fabricate using this approach because multimaterial
printing is made difficult due to restrictions imposed by the printing technique itself[23].

a) b) |
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Figure 2.4 — Examples of conductive objects printed by means of resin 3D printing. a) 3D
printed conductive compliant spring structure[87]. b) 3D printed soft and conductive bucky-
ball[91].

To circumvent this, a solution is offered by a technique called polyjetting. In this technique
micron sized droplets of UV curable polymers are dispensed by an inkjet printhead and
immediately cured by an attached UV lamp. In this way, very thin layers of multiple UV
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cureable polymers can be dispensed to achieve multimaterial features[92]. However, the
liquids that can be printed in processes such as these require very low viscosity values (< 40
cP)[93].

Even though these techniques are not ideal for 3D printing wearables, the advances in vat
photo-polymerisation techniques are still very promising. Tomographic additive manufactur-
ing is an upcoming technique in which 2D slices of a 3D object are projected onto a rotating
liquid vat, resulting in a 3D copy of the object within seconds with a high resolution[94]. At this
time, the number of materials that can be used in this process is still limited and multimaterial
printing has not been explored.

2.1.4 Summary of 3D printing techniques

The previous sections gave an overview of the strengths, weaknesses, and advances made for
the most popular printing techniques which can be used to fabricate soft wearables.

At this time, no single printing technique is currently suitable to produce a smart wearable by it-
self. The best strategy is to combine multiple techniques, also known as hybrid 3D printing[10],
[11], to create highly integrated and multi-functional 3D printed objects. However, this can
be challenging as materials and printing techniques are often not inter-compatible without
serious modification. Combinations of certain materials are prevented by either their inter-
incompatibility or by the inability to process them together and use them in devices. More
often than not, materials are not compatible with one another in terms of thermoplasticity,
viscoelasticity, topography, and adhesion[95].

However, new printing techniques are continuously being developed to be able to print novel
material formulations. One example of such a novel technique is high viscosity drop on
demand jetting[96], which is a printing technique that can print inks which are too viscous for
standard inkjet printing. In this case study they showed the ability to print conductive silicones
for functional sensors. Furthermore, an additional benefit of developing new techniques is
that they could enable smaller resolutions and more precise printing.

2.2 3D printed sensors for mechanical motion sensing

The foremost requirement for realising smart wearables for motion monitoring is that they
come with sensors, which are required to capture any data. To avoid having to introduce
a large number of discrete components such as microcontrollers and batteries, the sensors
should ideally be as simple as possible. Therefore the ideal sensors are low-powered or even
self-powering. As such, a lot of research has already been done on these types of sensors which
were not completely 3D printed[97], [98].
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In this section an overview is provided of what mechanical sensing mechanisms are suitable to
achieve these sensors. This is followed by a number of examples of fully 3D printed mechanical
sensors. Lastly, a short overview of some of the challenges towards 3D printing soft and flexible
smart wearables is provided.

2.2.1 Mechanical sensing

Mechanical sensing differs from other sensing mechanisms in that a mechanical deformation
results in a change of signal. While many detection mechanisms exist, for wearable applica-
tions electromechanical sensors are especially of interest due to their high sensitivity and low
power consumption[99].

In the case of electromechanical sensors, their implementation can be divided into two
categories. Those which require external power sources and those which are self-powered.
Within the first category of sensing mechanisms piezoresistive and capacitive sensors are
considered, while in the latter category are piezoelectric and triboelectric sensors[100], [101].

Piezoresistive sensors especially have proven very popular over the years. Especially since
they are often cost effective to manufacture, require simple electronics to readout, and are
insensitive to environmental noise. Their working principle relies on the change of electrical
resistance (R) expressed in Ohm (Q) at a constant externally supplied voltage (V). Depending
on the sensors design, when a sensing element deforms this either increases or decreases the
resistance. These behaviours are called positive and negative piezoresistivity, respectively[102].
The working principles of several sensors are shown in Figure 2.5 . The performance of piezore-
sistive strain sensors is generally expressed using what is called the gauge factor (GF), which
gives an indication of the change in resistance of the sensor at a certain elastic deformation.
The gauge factor is defined as

_AR1

GF=—-,
RQE

(2.2)

with ¢ being the engineering strain, and Ry and AR being the resistance at rest and after
deformation, respectively. For an ideal sensor this relation is linear.

Capacitive sensors, on the other hand, make use of changes in electric fields. A capacitor
stores electrical energy in its electric field, between two or more conductive features separated
by a dielectric medium, with its density depending on the applied voltage supplied by a power
source. The closer the plates are the stronger the electric field becomes for a given voltage,
and the higher the energy density becomes. For these sensors their measurement capacity are
indicated by the capacitance (C), expressed with the unit Farad (F). The capacitance, however,
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is the ratio of electric charge (Q) stored in the conductor with respect to the used voltage
difference (V).

Piezoelectric sensors are of interest because they are the most geometrically simple self-
powered sensors. They function by turning a mechanical deformation into a charge difference
due to the material properties itself. As such, the signal is often expressed in the charge (I)
that can be generated. Unfortunately few soft piezoelectric polymers are available with the
most extensively studied amongst them being Polyvinylidene Difluoride (PVDF)[103]. Inks
and precursors to 3D print these types of polymers are not readily available which limits their
applicability to soft wearables at this time.

Currently, triboelectric sensors are the more promising self-powered sensors. They function by
having two dielectric materials attached to conductors, or a dielectric material and a conductor,
that build up triboelectric charges when they interact. The charge accumulation is caused by
the materials having different charge affinities (or electron affinities) that lead to a difference
in charge densities on the surfaces. When the materials separate or approach one another a
potential difference is generated that drives a charge, which can be either harvested as energy
or used as a signal[101]. This function can either be performed by touch and separation
(vertical contact mode) or by "rubbing" of the materials (lateral sliding mode).

Schematic representations of all the treated sensing mechanisms are discussed in Figure 2.5.

Triboelectric

Piezoresistive Capacitive Piezoelectric (vertical mode)
AFIN ARIQ frral fCIA R TSIOER |
. _ 2 ax
Compression #”‘ Compression F Compression 3 Tox .
</ Compression  Airgap —
// T e /
Piezoresistor Dieelectiic Plezoeluctric feclectric
\ ContactPad \ Contacts
\ \
Bending “ Bending \/w
= @ Compressed
Piezoresistor Strain Piezoelectric film
Strain = ey Strain = Release
\\ s} -
— A bx
Contact Pad \\ B

Contact Pad

Figure 2.5 — An overview of the most common transduction mechanisms used for electrome-
chanical sensors. Piezoresistive compression, bending, and strain sensing. Capacitive com-
pression and strain sensing. Piezoelectric compression, bending, and strain sensing. Opera-
tion of a triboelectric sensor in vertical mode.

2.2.2 3D printed mechanical sensors and devices

As explored in the previous sections, due to the difficulties in material synthesis, processing,
material incompatibility, and device fabrication few truly 3D printed sensors have been pro-
duced. Many researcher still prefer to use 3D printing in combination with more established
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techniques[104].

In this section an overview is given of 3D printed sensors which either make extensive use
of printing or exploit 3D printing techniques to achieve novel fabrication workflows, sens-
ing mechanisms, or geometries and patterns. A focus is placed on sensors which could be
integrated into a wearable and made suitable for monitoring human motions. Within this
category of motions the detection of normal pressures, shear forces, and angular deformations
are considered. For these sensors it is important that they are sufficiently sensitive to avoid
noisy data capture. Furthermore, they should have low hysteresis to avoid errors in dynamics
measurements, have a repeatable response, and should be able to measure forces of intensities
expected in human motions. Depending on the part of the body, this can range from a few
pascal up to hundreds of kilopascal[17]. A table of all reviewed sensors and their performance
is shown in Section 2.2.2 at the end of this subsection.

Piezoresistive strain sensors

As FDM printing was one of the first 3D printing techniques on the market, and is still one
of the least expensive ones, many research groups have focused on creating custom FDM
filaments to use them to produce piezoresistive strain sensors. By compositing TPU with
carbon compounds, flexible and conductive filaments were created and used to FDM print
low-cost strain sensors with varying performance[105]. Sensors with up to 100% stretchability,
achieved by shape engineering, were reported but at the cost of low sensitivity (GF=0.16)[35].
Vice versa sensors with low stretchability (<2%) but gauge factors up to 1340 for strains up
to 0.5% have been reported[106]. Christ et al. showed that the GF can be easily tuned by
compounding the TPU material with different loads of multiwall carbon nanotubes (MW-
CNT). Higher MW-CNT loads increase sensor performance, resulting in an increase of the
GF from 8.6 at 5 wt% MW-CNT loading to 18.2 at 3 wt% MW-CNT loading, but at the cost of
reduced stretchability due to the material stiffening.

While often strain sensors with traditional designs have been printed, Kim et al.[29] showed
that a novel multi-axial strain could easily be produced by FDM printing as shown in Figure 2.6
a. To achieve this device, they exploited the capability of FDM printing to fabricate normal
strain elements along multiple axis. The strain gauges had a sensitivity of 0.55 kQ/N and a
gauge factor of 2.29. While this is a reasonable performance, only alowload of upto 2.11 N
was applied.

Even if FDM printed sensors are often used for normal force and strain detection they are not
limited to this function. A 3D fingertip sensor developed by Wolterink et al.[107], [108] showed
the capability of measuring both normal forces up to 10 N and shear forces up to 5 N under
several different angles by differential measurement. This sensor, as shown in Figure 2.6 b,
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was found to have a gauge factor of less than 15 and a stretchability of 35%.

Very few fully DIW printed strain sensors exist. Instead, much research has gone towards using
DIW printing to flexibly and rapidly print the functional parts while fabricating the rest using
conventional techniques, such as by casting the silicone body on top of a 3D printed strain
gauge[109], [110]. One such approach towards sensor fabrication was explored by Muth et
al.[73] where conductive carbon grease was printed inside of a silicone medium that was cured
after printing. In this way they fabricated simple tensile strain sensors for a simple glove with
a gauge factor of 3.2-4.4. However, the sensor performance was strongly influenced by the
strain rate.

While generally DIW printed layers have smooth surfaces, by playing with the line to line
spacing rougher surfaces can be generated which can add functionality. Yuan et al.[111]
demonstrated a device with piezoresisitive strain sensors integrated underneath a structured
DIW printed cell well. Heart cells were grown inside of valleys formed between spaced DIW
printed lines and their contraction recorded using the embedded strain sensors. This CB-TPU
based sensor had a gauge factor of 2.42-2.6 and a reasonable hysteresis of 15%, which was
sufficient to reliably measure tensile stresses of up to 15 kPa caused by cell contraction.

DIW printing can also be used to produce sensors with three dimensional overhang by printing
a sacrificial structure from water soluble ink. Guo et al.[78] used this approach to produce the
fully DIW printed silicone tactile sensor shown in Figure 2.6 c. Dragon Skin 10 RTV silicone
was reinforced with silver flakes to create a sinter free ink that was used to print the functional
parts of the piezoresistive tactile sensor. The sensor had a high sensitivity of 19.3%/kPa
which resulted in a gauge factor of 180, and was sufficiently sensitive to measure the absolute
difference in heart rate of a person before and after exercises. However, the response of the
sensor was highly actuation dependent as the hysteresis could reach up to 82% at an actuation
speed of 1 Hz and pressure of 200 kPa.

Peng et al.[112] demonstrated a hybrid DIW and DLP printing approach to produce a fully
3D printed piezoresistive strain sensor for low tensile strains (<2%). The device, with a high
sensitivity (GF = 251), is shown in Figure 2.6 d. Dynamic cycling was only performed for strains
below 1% giving no indication of the long-term stability of the device.

Since grippers are a hot topic within the field of soft robotics, many researcher have tried
to exploit the benefits of 3D printing in their fabrication. Three dimensionally structured
grippers have been completely 3D printed with integrated strain sensors, by means of a PolyJet
printing, to measure the bending of the fingers of these devices[113]. The integrated sensors
were printed from commercially available TangoBlackPlus FLX980 which possessed a gauge
factor of around 40, hysteresis of 28%, and a maximum strain of 0.2%. This shows that sensors
can be easily integrated into a device, but further material optimisation is required to create
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reliable sensors. The printed material was only reinforced by <0.1 wt% carbon black and is not
necessarily designed for sensor fabrication.

Piezoresistive pressure sensors

Truby et al.[12] expanded on the work of Muth et al. by 3D printing shear thinning ionogels
inside of a silicone medium to fabricate the functional parts of an air pressure powered actuator
with DIW printed 3D features to allow for inflation and gripper contact pressures sensing,
besides curvature strain sensing. These sensors were printed from an EMIM-ES ionogel with a
linear sensitivity of 11.7%/kPa up to a maximum load of 152 kPa and with negligible hysteresis.
As the body was created from standard cast silicone (EcoFlex 00-10), they showed that the
functional material is by far the most influential on sensor performance. By combining three of
these printed "fingers" together they fabricated a gripper which could identify several motions
and objects (Figure 2.6 e).

True 3D structuring is hard to achieve outside of 3D printing, but through DIW printing this
can be easily achieved as was demonstrated by Wang et al.[114]. In their work they created
a fully DIW printed piezoresistive normal pressure sensor with a PDMS substrate, Ag-TPU
electrodes, and CB-TPU piezoresistive element that has a geometry which is insensitive to
small deformation strains such as those caused by bending. The piezoresistive element
was printed with a hollow architecture, and further material porosity was introduced using
sacrificial salt to achieve a slight 2.5% signal increase. The normal pressures response was
exponentially declining and could be measured in different regimes leading to sensitivity
values of 5.54 %/kPa below 10 kPa and which dropped down to 0.0048 %/kPa above 100 kPa of
pressure.

In the work of Emon et al.[115] a multimaterial capacitive touch device was printed by DIW.
The device was fabricated with a photopolymer substrate, CNT composited polymer electrodes
and an ionic liquid pressure sensitive dielectric. All materials were reinforced with fumed
silica to make them printable and the stack was cured in one shot by a combination of UV
and thermal curing. This resulted in a fully printed stack with four "taxels" which could be
individually operated to make a simple touchpad as shown in Figure 2.6 f.

Capacitive Normal Pressure Sensors

One advantage of capacitive normal pressure sensors is that they do not need to be entirely
flexible nor elastic. FDM printed capacitive sensors have been developed with a printed
flexible TPU dielectric and rigid electrode plates printed from carbon compounded Polylactic
acid (PLA). Sensors printed using this approach have been demonstrated with sensitivity
values of 9.1 fF/N[27], and 15.9 fF/N (0.71%/N)[116]. A similar device printed from TPU
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filaments only showed a lower sensitivity of 0.187%/N[32]. However, none of these devices
were shown to be suitable for force detection above 35 N.

Using FDM, more freeform devices can be created. Loh et al.[26] designed a multi-layer flexible
capacitive "net" to create a capacitive sensor with a sensitivity of 0.63%/N. Using the auxetic
design, the sensor could be stretched up to 20% without the deformation having any effect
on the sensor performance. By adding air gaps in the design, the sensitivity was increased
significantly up to 5.21%/N.

So far, DIW printing has not been fully exploited to create capacitive sensors, as mostly
only parts of sensors have been DIW printed. Examples of these include DIW printed silver
nanowire ink electrodes[117] and PDMS dielectric layers[118]. One example being a fully
printed capacitive sensor combining a DIW printed dielectric with inkjet printed silver elec-
trodes[119]. At this time, Valentine et al.[120] produced one of the few only fully DIW printed
capacitive normal pressure sensor. This sensor was created from custom TPU inks, one for
the structural parts and another TPU ink compounded with silver flakes for the conductive
features. By creating a DIW printed capacitive stack using these materials they produced a
sensor with a linear sensitivity of 0.0853%/MPa and a maximum sensing pressure of 3 MPa for
plantar pressure sensing.

Self powered sensors

To make sensors completely autonomous they ideally would be self-powered. Popular ap-
proaches to create self-powered sensors have been using either piezoelectric or triboelectric
mechanism. However, many of the examples found in literature are not intrinsically made to
be sensors, but are actually designed as energy harvesters, for which the power generation per
surface area is reported.

Currently only a handful of printed piezoelectric and triboelectric devices have been demon-
strated. The team of Zhou et al.[16] create a fully DIW printed normal pressure sensor by
embedding Barium Titanate (BaTiO3) particles inside of P(VDF-TrFe) to make a DIW printable
piezoelectric layer with silver flake reinforced P(VDF-TrFe) being used to print the electrodes.
In this fashion a highly stretchable sensor was constructed that could detect normal forces up
to 60 N. Furthermore, the device could also be used as a plantar pressure energy harvester
during human gait with a power generation of up to 1.4 yW?/cm. The same team used a
hybrid DLP and DIW printing approach to create a nanogenerator, with a DLP printed BaTiO3
reinforced piezoelectric acrylate layer and DIW printed silver electrodes. Using this hybrid
printing approach a harvester with a much lower power generation of only 57 nW?/cm was
realised.

Triboelectric bending and normal sensors have been fabricated by printing their parts by
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PolyJet and assembling them manually. Using this approach a touch sensor has been con-
structed[121] with a root mean square voltage of 164.2 V. PolyJetting was also used to print a
curvature sensor for a robotic finger[122]. A fully FDM printed triboelectric nanogenerator
was developed by Qiao et al.[123] with three dimensional structures in order to increase its
surface area, leading to maximum power density of 25.7uW?/cm.

Zheng et al.[124] demonstrated that a soft silicone ink composited with Polytetrafluoroethylene
(PTFE), has increased triboelectric properties. They used this composite to DIW print a
triboelectric layer for a simple vertical contact sensor. A more complex soft triboelectric sensor
was demonstrated by Chen et al.[125] which was DIW printed from UV curable resins. The
device, however, was not entirely 3D printed as a conductive hydrogel was prepared and cured
inside one of the 3D printed parts to create the counter electrode. Even so, the resulting device,
shown in Figure 2.6 g, had a maximum voltage of 62 V and when used as energy harvester
a power density of 10.98 W/cm3. The device was soft and deformable, and could easily be
integrated into a wearable as self powered sensor.
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Figure 2.6 — Several examples of 3D printed mechanical sensors. a) FDM printed piezoresistive
multiaxial strain sensor[29]. b) FDM printed fingertip sensor with normal and shear force
sensing[108]. ¢) Freestanding DIW printed tactile sensor[78]. d) Hybrid DLP and DIW printed
electronics and sensors[112]. e) Partially DIW printed pneumatic actuator with 3D structuring
and motion recognition[12]. f) Fully DIW printed soft piezoresistive taxel[115]. g) Triboelectric
nanogenerator (TENG) created partially by a DIW printing process[125].
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2.2.3 Full system printing and discrete component integration

As discussed in the previous section, a number of standalone sensors have been fabricated
using 3D printing. However, to extend the 3D printing from single sensors to more complex
wearable systems, integration and embedding of sensors and discrete component, such as
batteries and microcontrollers, is required. So far, few wearable system have been entirely 3D
printed. The work of Lin et al.[126] showed that hybrid printing could be used to fabricate
a stretchable wireless electrocardiogram (ECG) measurement system. This device consisted
of multiple DIW printed layers of silicone and conductive elements. Solid discrete electrical
components were added by means of Pick and Place (PnP), which is an industrial technique
that is used in the electronics industry for the placement of Surface Mounted Devices (SMD)
onto Printed Circuit Boards (PCB). Although this device had no printed sensors, it demon-
strated that rigid components could be integrated well within stretchable materials. In order to
integrate the discrete electronics, they have to be placed during an interruption of the printing
of the body either manually or by PnP[127], [128].

The PnP technique can be extended towards FDM based electronics. However, to realise this
conductive functional layers or traces are required to link different electronic components
together into a monolithic system. To integrate such conductive traces, the FDM printed
bodies need to be combined with other electrically conductive materials such as metal based
inks and pastes. Unfortunately, this makes them are hard to combine with FDM materials,
since printable metal pastes require processing temperatures which can deform or damage
the thermosensitive FDM printed material[13], [129]. This makes it not possible to use con-
ventional curing methods such as curing the pastes in an oven. Alternatively, high throughput
processing techniques such as laser sintering[127] or photonic sintering[130] have been ex-
plored to circumvent exposure of the FDM material to high temperatures for an extended
duration.

A simpler strategy to avoid high temperature processing, when using FDM printed materials,
is to intentionally leave behind voids or gaps and refill them with liquid metal to achieve con-
ductors[25], sensing features[131], or even antennae[132]. Alternative methods to introduce
these, such as feeding metal wiring directly into the liquid thermoplastic to create embedded
cage like metal structures have also been explored to produce simple 3D printed capacitive
sensors with discrete components[133], [134]

In contrast, DIW printed structural materials do not generally suffer from these thermal restric-
tions. Valentine et al.[120] demonstrated the integration of fully DIW printed piezoresistive
strain and capacitive pressure sensors with discrete electronic components added by pick
and place. This approach was used to fully additively manufacture a strain sensor, including
microcontroller, and an insole demonstrator for the detection of plantar pressure as shown in
Figure 2.6 g.
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Figure 2.7 — Examples of fully printed devices with integrated components. a) FDM printed
system with liquid metal sensors and discrete components[25]. b) Fully DIW printed sensors
and systems with discrete components added by pick and place[120].

2.2.4 Achieving stretchable systems

As touched upon in the previous sections, creating fully 3D printed stretchable devices that
provide smart functionality is a big challenge. A device that is required to be mounted on the
body will undergo certain deformations that it will need to be able to tolerate. For example,
skin around the joints of the leg can stretch by as much as 55% strain during walking[135].
Therefore, if to be able to design a device that can capture motion data from this body part both
the structural and functional materials need to be able to withstand these strains. Especially
if fatigue is to be prevented. Here the problem often lies in the fact that these materials are
entirely different, they also have different material behaviours and properties. Viscoelasticity,
hysteresis and material failure can all be the result of a material mismatch between two or
multiple materials[95]. One example would be the integration of metal electrodes in a polymer
body. As the former is much more rigid, it will not deform as easily as the soft material
which can lead to cracking of the metal. Therefore, strategies need to be employed to add
stretchability beyond the capabilities of the normal material.

As discussed in previous sections, compounding functional elements such as carbon ana-
logues([55] or metals[136] into a 3D printable polymer matrix is a popular approach to create
highly stretchable materials (>100% strain) while retaining good conductivity. However, this ap-
proach requires significant materials engineering by means of adding binders and crosslinkers
which can negatively impact the material behaviour([55]. As such, an alternative and popular
approach in the domain of stretchable electronics has been the fabrication of compliant
features through designing deformable geometries.

Using deformable geometries to add stretchability into devices is done by adding features to the
device such that they experience lower strains. This can be done by either adding compliance
to the body or patterning the conductive features. Both methods rely on reducing the strain
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in the rigid parts caused by deformation of the surrounding material. A popular patterning
approach to reduce strain on the metallic parts is by introducing serpentine features[137],
[138], an example of which is shown in Figure 2.8 a. By designing conductive traces such
that they "unfold" when strained linearly the material strain is significantly reduced. In this
way metallic conductors can even deform in three dimensions. With the ease that digital
manufacturing allows for making complex patterns, 3D printing is an attractive option to
create conductive serpentine tracks[139].

An alternative strategy is to add strategic cuts, also called kirigami, in the body of the device[16],
[140] as shown in Figure 2.8 b. Cuts are made to the body which that results in the gaps when
the material is deformed linearly. The resulting deformation which can either be in-plane or
out-of-plane results in a strain release. With the increased compliancy the material is able to
stretch much more than the strain-stress relation of the material would normally allow for.
Patterned materials can of course be easily fabricated using 3D printing[141].

Lastly, kirigami can also be combined with serpentine tracks to allow for extremely stretchable
devices [142]. However, both kirigami and serpentine structures take up a lot of space which
reduces how compact and feature dense devices can be made. Furthermore, complex devices
often require multiple materials with different behaviours which can lead to significant ma-
terials integration challenges. This is especially true when the materials have mismatching
strain rates. The differences can easily lead to fatigue of the devices and for them to become
worn down[95] making sustained or long-term use not possible. So far no entirely 3D printed
devices have been demonstrated making use of this approach.

m Stretch m
M Stretch m

Figure 2.8 — Two general methods for adding additional stretchability to a device. Through
means of a) serpentine patterning[138] or by b) adding strategic cuts (kirigami)[16]
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2.3 Summary and conclusions

In this chapter the current state of the art regarding 3D printing of devices has been addressed.
The discussion was centered around the available techniques to 3D print mechanical sensors
and integrated systems. Addressed were the materials that can be printed, what types of
printing techniques exist, what strengths and shortcomings each printing technique has, and
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what has already been demonstrated on both fabrication and device level. Furthermore, an
overview of the types of sensing mechanisms has been given with respect to mechanical
sensing. Lastly, a number of examples of 3D printed mechanical sensors and devices with
integrated sensors was given to show in what direction research has been taking place. What
follows is a brief summary of what has been achieved and what are the remaining challenges
in the field.

2.3.1 Status on 3D printed electromechanical sensors

While proven to be a popular research methods among many researchers, a lot of research
on 3D printing of wearable electronic devices and sensors is still missing. No 3D printing
technique has been developed that could be easily adopted for mass electronics manufactur-
ing. However, 3D printing can already realistically be used for the fabrication of customisable
and personalised wearable electronics in combination with digital manufacturing. The latter
technique allows for rapid adjustments to be made to a design and tailor devices on a single
person basis. Furthermore, the ability to rapidly change the design and 3D print them allows
for the flexible production of devices for research and prototyping.

Currently, material systems often have to be developed specifically towards the device being
designed even if gradually more universal materials are becoming available. Of course, this
also depends on the target application. Some soft materials suited for 3D printing are already
readily available. However, materials which are easily tunable, deformable, conductive, and
wearable still require more research. Furthermore, as many devices require multiple materials,
with some parts being structural and others functional, all necessary materials need to be
compatible and integratable. Due to this missing link in the materials department, a lot
of research has gone towards the development of universal material systems. As such, less
research has been done on the actual fabrication of sensors and electronic devices through
3D printing. Therefore, the processing steps to achieve 3D printed electronics are not well
established. Moreover, few tools to create entirely 3D printed electronics are available. Only
few 3D printers are available in which all processing steps can be performed, with many
researchers resorting to customising existing bioprinters.

Even so, several research groups did tackle the development of 3D printed sensors directly,
either by exploiting a single technique or a combination of multiple techniques, the latter
which is commonly referred to as hybrid printing. Most of the research has focused on the
fabrication of FDM printed piezoresistive strain sensors including those which are multi-
axial. These sensors are unfortunately very limited in their stretchability. Therefore, other
techniques such as DIW are far more suited for the 3D printing of wearable sensors with a
motion monitoring application in mind.

30



State of the art in 3D printing research of wearables for motion monitoring Chapter 2

2.3.2 Open challenges and research approach on 3D printed sensors

Current examples of 3D printed sensors include those with piezoresistive, capacitive, piezo-
electric, and triboelectric mechanisms to measure tensile strain, normal pressure, shear forces,
and bending deformations with mixed results. One key lack of development especially has
been that geometries such as truly 3D features have been rarely produced. 3D printing makes
fabricating these kinds of features much easier compared to conventional microfabrication
methods. As such, 3D printing could be exploited to enable the fabrication of sensors with
novel sensing mechanisms and enable new uses for electromechanical sensors. However, to
realise this vision, the following challenges remain

¢ Conductive 3D printable soft materials need to be developed for the 3D printing of
sensing layers for wearables with low hysteresis and high performance, while being less
restricted in how they can be integrated.

* Processes are missing to integrate materials from different 3D printing techniques with
one another, limiting what kind of materials can be combined and what kind of devices
can be constructed.

¢ Many electromechanical sensors found in literature have only been partially 3D printed,
with fabrication of other elements not considered. Printing the entire sensor could im-
prove the sensor fabrication throughput and allow for more complex three-dimensional
features.

¢ Few sensors have been completely 3D printed and most are only designed to measure
normal deformations. Novel sensors could be designed exclusively for 3D printing that
can capture shear forces, bending deformations or twisting motions.

¢ Most strain sensors in literature currently make use of conventional strain gauge patterns.
Using 3D printing new types of strain sensors could be developed that exploit three-
dimensional structuring.

To tackle the material issues we worked together with the Complex Materials Laboratory
at ETH Zurich and the Wood and Cellulose Laboratory at EMPA. In cooperation with their
researchers we developed and evaluated structural and conductive silicone materials that
could be integrated into a multi-sensor device to monitor human gait. We designed sensors
and developed the 3D printing approaches and processing steps to completely 3D print both
standalone sensors and integrated devices. A design is proposed for a three dimensionally-
structured piezoresistive sensor that can measure shear forces of the foot.

Furthermore, an investigation of the usage of laser sintering to integrate DIW printable metal
pastes into thermosensitive flexible FDM printed materials was performed. Using this ap-
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proach the embedding of highly conductive films of only several pQ2 cm into the FDM structural
material is enabled. This allowed for the creation of fully 3D printed sensors from materials

which are usually incompatible.

Lastly, a material system and methodology were developed to 3D print soft sensing structures
with three-dimensionality. This approach was exploited to create a novel capacitive sensor
type that was able to measure angular bending differences with significant sensitivity.
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Fused Deposition Modelling (FDM) is a cheap and accessible way to easily fabricate 3D
structures from a 3D model(2]. Flexible FDM filaments are available to create elastomeric
wearable sensors, however, as noted in Section 2.1.1, readily FDM printable highly conductive
materials are not available. This makes it difficult to completely 3D print elastomeric sensors
using this technique. Even though conductive filaments do exist, they are mostly rigid and
reinforced with carbon particles which make for poor conductors. Integrating functional layers
created from more conductive materials, such as metallic pastes or inks, would allow for highly
conductive 3D printed features. However, these types of materials require post-processing
treatments, often thermal, that can warp or even destroy the thermosensitive FDM printed
materials[143].

Methods have been proposed to solve this problem such as photonic [130], [144] or laser
sintering[145], which either rely on external and bulky equipment or used rigid and thermally
stable materials. Alternatively, by refilling strategically positioned empty spaces in the FDM
printed body with liquid metals[25], [146] with which highly conductive features can be created.
But due to need for refilling and interfacing these liquid features after fabrication, it limits their
use in an additive manufacturing process. An additive manufacturing suitable process is to
use laser sintering to sinter highly conductive pastes, which has so far only been demonstrated
for rigid FDM materials[127].

To solve this problem, multiple approaches were explored to embed conductive features
into a 3D printed Thermoplastic Polyurethane (TPU) material, called NinjaFlex, to create
flexible sensors. First we explored the FDM printing of a rigid carbon composited PLA into
the flexible material to create piezoresistive and capacitive sensors. Whilst functional sensors
were created, these layers did not prove to be sufficiently conductive for low-power electronics
nor were they able to withstand flexion without leading to damage of the conductive layers.
Therefore, we instead investigated if we could use laser sintering to embed DIW printed silver

33



Chapter 3 Fused Deposition Modelling and hybrid 3D printing of mechanical sensors

pastes into the thermosensitive FDM material using a cost effective LED laser to locally in-situ
sinter the ink directly after printing. With this approach we prevent the warping of the FDM
printed material, due to its low heat deflection temperature (HDT) of 60 °C which can lead
to the release of material stress. An initial rigid prototype was created from FDM printed
thermoplastic Acrylonitrile Butadiene Styrene (ABS) as a proof of concept of the proposed
method. We then investigated if this approach could be also be used in combination with
the NinjaFlex material. This investigation was performed by laser sintering DIW printed
polyurethane based silver inks on top of FDM NinjaFlex substrates.

Within the study, effects of the laser power and scanning speed were studied for the sintering
of silver single line and dogbone features. A wide range of parameters were tested to determine
the influences of the substrate material, laser power, and scanning speed. Through this study;,
suitable sintering parameters were found and used to further investigate the sintering of larger
DIW printed silver squares. For these structures we analysed the thermal behaviour during
sintering, and the annealed structure and conductivity after sintering. With the developed
methodology we enabled a cost-effective method to in-situ sinter DIW printed electrically
conductive silver features with a resistivity in the range of 50-125 uQ cm.

Using suitable sintering parameters, several flexible devices including a conductor and a
capacitive pressure sensor were produced to demonstrate the effectiveness of fabricating and
processing devices within a single machine. The sintering technique was also extended to cure
a carbon black-silicone composite and DIW print it on top of a NinjaFlex substrate to create a
piezoresistive bending sensor. Mechanical characterisation of these devices was performed to
evaluate their performance and compare them to devices produced entirely by FDM printing.

With the developed hybrid methodology we enable the fabrication of flexible elastomeric
sensors with highly conductive films embedded to enable low power mechanical sensors.

The research in this chapter is adapted from a conference proceeding? and an article published

in the IOP journal of Flexible and Printed Electronics®.

3.1 Fabrication of sensors using Fused Deposition Modelling

In this section the fabrication of proof of concept sensors printed using FDM and DIW is
presented. As the printed surface of the FDM printed material is quite rough, a small study
was also performed to see if a laser treatment could be used to planarise printed surfaces.

4In-Situ Laser Processing for 3D Printed Mechanical Transducers by Ryan van Dommelen, Olivier Chandran,
Sébastien Lani and Danick Briand presented at Transducers & Eurosensors XXXIII

b 1n-situ laser sintering for the fabrication of fully 3D printed electronics composed of elastomeric materials Ryan
van Dommelen, Rubaiyet Haque, Olivier Chandran, Sébastien Lani and Danick Briand - IOP Flexible and Printed
Electronics - Vol. 6 No. 4.
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3.1.1 Fully FDM printed sensors

A study was performed by a master student working on a semester project under my supervi-
sion to design and fabricate fully FDM printed sensors. For these sensors NinjaFlex was used
as a base material and a conductive Polylactic acid (PLA) filament with embedded carbon
particles (ProtoPasta) was used to print the conductive features. Two main transduction mech-
anisms were explored resulting in a number of piezoresistive (Figure 3.1 a) and capacitive
pressure sensor (Figure 3.1 b) designs.

A proceeding[147] was published for the 20th International Conference on Solid-State Sensors,
Actuators and Microsystems & Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS XXXIII)
held in 2019 in Betlin.

a)n ﬂb)

Figure 3.1 — The electronics and sensors produced using FDM multimaterial printing. a)
Printed conductor/piezoresistive transducer with fractures visible after bending. b) Simple
and multi-pad capacitive sensor designs.

Fabrication approach

The devices were printed using an Ultimaker S5 desktop printer. This printer comes equipped
with two printing heads, to allow for multimaterial print jobs, such that integrated devices can
be produced. The layers for the sensors were printed in a layer by layer approach where first
one structural layer was printed before the functional conductive layer was printed on top of
this. This process is shown schematically in Figure 3.2. Between the CAD model and the print
a +£10 um error was found by optical interferometry. However, as this error remains the same
for thicker prints the error percentage reduces when taller structures are printed.

Printed piezoresistive strain sensor

A simple 30 mm long linear conductor with two contact pads was designed to sit on top of
a NinjaFlex substrate with a width of 1.05 mm. A minimum of 4 layers of 60 um each of the
carbon black reinforced PLA (PLA-Cb) were required to have good adhesion to the substrate
and keep the error between print and CAD file to a minimum. The resistivity of the PLA-Cb was
found to be 16.17+£0.84 QO cm which yielded conductive features with a 200-400 um thickness
and 1.2 mm width between 10-20 kQ.
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Figure 3.2 — The layer by layer printing approach as performed in the Ultimaker S5.

At 4 layers (240 um) the initial resistance was 13.3+8.9 kQ which could be stretched linearly up
to 2%. The effectiveness of a strain gauge can be expressed in terms of the gauge factor. This
factor is derived for a linear-elastically deforming strain gauge as

R- Ry

GF = ,
R()E

(3.1

where R is the resistance at a certain strain (¢) and Ry is the resistance when the gauge
is undeformed. For the produced conductor a GF of 6 was found. However, as shown in
Figure 3.2 a, the PLA-cb breaks quite easily when bending or straining it significantly, which
limits its usage as a strain sensor.

The design could also be used as as simple thermistor which is able to sense temperatures up
to just below 40 °C with a non-linear response and a resolution of at best 1°C. The material
has a heat deflection temperature (HDT) of 60 °C, at which point it any residual stress in the
material will be able to permanently deform the material. Any thermistor created from this
material will be limited by this.

Printed capacitive pressure sensor

To avoid high strain forces, we instead investigated if the NinjaFlex-PLA-Cb material combi-
nation could be used to create flexible capacitive normal sensors. A capacitive sensor with a
1 cm? electrode overlap was designed consisting of a NinjaFlex substrate and dielectric, and
two functional layer serving as plates created from PLA-Cb. This sensor functions by having
normal compression squeeze the dielectric, which brings the two plates closer, leading to an
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increase in capacitance between them when a potential is applied. The formula that describes
the capacitance for such a sensor with linear elastic material is given by

kA

C= PTESE (3.2)

where k is the dielectric constant, A represents the surface area of the overlap of the plates, ¢
the thickness, and € the normal strain.

This sensor was tested on a custom made automated mechanical test bench with a Futek
LRM200 load cell connected to a Futek IPM650 controller to read out the applied force and con-
trolled using a LabView script. The capacitance-force behaviour of the sensor was determined
using an Agilent Technologies E4980 Precision LCR Meter.

During printing, PLA-cb and Ninjaflex intermixed due carbon particles sticking to the nozzle
which were reintroduced into the interface of the TPU resulting in higher dielectric values.
While this can be beneficial, as it increases the base capacitance, the dielectric constant
values became very spread out. As shown in Figure 3.3 a, dielectric permittivities lay between
10.0£1.2 and 7.4+0.3 for dielectric thicknesses of 200 and 1000 um, respectively. This prevents
the printing of devices with repeatable characteristics.

Of course, a thinner dielectric leads to higher capacitance with the average capacitance value
being measured at 46.7+3.9 pF for a 200 um dielectric while for a 1000 um dielectric it was
6.53+0.3 pF. These base values have no real influence on the sensitivity as it is response is
independent of the thickness, but it does reduce the signal to noise ratio. This behaviour is
shown in Figure 3.3 b-c, where the force-capacitance responses for sensors with both dielectric
thicknesses are shown. With the theoretical capacitance behaving the same for both thickness
values, the deviations in response are due to variations in the dielectric permittivity and
fabrication errors.

Independent of the dielectric thickness, the average capacitive sensitivities (AC/Cy) were
found to be 0.096+0.003 %/N which was slightly above the theoretical prediction of 0.087 %/N.
This value is, however, low when compared to literature. In one paper a 0.1759 %/N FDM
printed TPU based sensor was demonstrated[32]. A further smaller design was also tested
with four separate plates to test touch detection including the direction of the force. This
design had a total capacitance below 1 pF and could not be effectively tested without the
fragile PLA-cb breaking.
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Figure 3.3 — Responses of the capacitive stacks produced by FDM printing. a) change of
dielectric permittivity with layer thickness. Relative capacitance-pressure responses for a
dielectric thickness of b) 200 um and ¢) 1000 pm

Constraints and limitations

While functional devices can easily be produced using FDM, and sensor designs rapidly
modified, they do come with some limitations. Devices suffer from reproducibility issues,
are limited to certain dimensions, and lack highly conductive flexible features. As such they
do not make the best candidates for low-power wearable soft devices. Therefore, we instead
focused on embedding highly conductive silver features into FDM printed structures by local
laser sintering to replace the fragile FDM printed conductive features.

3.1.2 Embedding silver conductive films into FDM structures

A simple proof of concept capacitive sensor was made from rigid materials to see if laser
sintering could be effectively used to sinter silver pastes. The design, fabrication, and response
of this sensor are shown in Figure 3.4.

The sensor was designed as shown in Figure 3.4 a, with a patterned infill to embed the silver
feature. After deposition and sintering of the silver feature, the same structure rotated by 90°
to be produced on top resulting in a simple capacitive sensor. The materials used to print this
sensor were a FDM ABS filament called nGen for the structural parts, and Creative Materials
117-23 Medical Grade silver paste for the DIW printing of the conductive plates. This material
combination was previously established by a master student working on making an embedded
sensor. To print this sensor an Aether1 Bioprinter (Aether, San Francisco, CA, USA) was used
equipped with a FDM head, a holder for several DIW cartridges, a M140 M-type Laser Diode
(Barnett Unlimited, 445 nm, 2 W) with a spotsize of 125 um, and a heated printbed. To print
the ink, 3 mL Luer-Lok syringes were mounted into one of the holders.
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The nGen base structure was printed with a extruder temperature of 220°C, build plate tem-
perature of 60 °C and print speed of 50 mm/s. The infill was designed and programmed to
be 3 layers high with a layer height defined in the gCode to be 150 um for a feature of 450
pm. The final infill depth was slightly reduced at a thickness of 378+1 um, measured using a
Veeco WYKO NT1100 Optical Profilometer. The silver was DIW printed into the infill pattern
using a 25 gauge (Metcal, 254 um inner diameter) needle dispensing tip, air pressure of 22 psi,
printing speed of 2.4 mm/s, and a programmed line-to-line spacing of 250 um. The ink was
immediately sintered by passing the laser at a scanning speed of 5 mm/s with a laser power of
0.7W (35% of the available 2W). Two passes were used as the first pass did not completely cure
the ink. Photographs of the DIW printing and sintering of the silver ink are shown in Figure 3.4
b-c.
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Figure 3.4 — Fabrication and testing of a rigid sensor prototype. a) CAD Design of the capacitive
sensor. b) Printing of the silver ink and c) laser sintering after deposition. d) Photograph of the
produced prototype and e) its response curve.

After printing, the silver layer had an average thickness of 285+43 pum. The average resistivity
was measured to be 6.49+3.52 uQ) cm, showing a large spread as the ink deposition was not
even in all locations. This uneven deposition is partially caused by the fact that the FDM surface
is quite rough since it was measured to have a square root mean roughness of 4.53+1.09 um
and average profile height of 36.9+1.1 um. The printing process was repeated to create a
second layer to finalise the capacitive sensor shown in Figure 3.4 d. Capacitance and force
data acquired was used to create the response curve shown in Figure 3.4 e.

A base capacitance of 2.42 pF was measured and by linearly fitting the response curve (R? =
0.95) an average sensitivity of 0.89 fF/N (0.0003 %/N) was found. While serving as a proof of
concept, the performance of this device is far removed from sensitivity values demonstrated
by FDM printed devices and literature. This mismatch can be partially attributed to the rigid
nature of the materials resulting in low strain values.

This work was presented for the 20th International Conference on Solid-State Sensors, Actua-
tors and Microsystems & Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS XXXIII) held
in 2019 in Berlin, and a proceeding[148] was published.
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3.1.3 Laser planarisation of FDM printed surfaces

During the fabrication of the capacitive touch sensor prototype, the fabricated FDM layers
were found to be very rough, which affects the deposition and minimum thickness of the silver
layer. Previous work has shown that a FDM surface can be remelted to smoothen the surface
by rapidly scanning it with an industrial 40 W CO2 laser([38]. We investigated if it would be
possible to do the same using a low power LED laser at slower speeds.

3D printed nGen samples were prepared with an UltiMaker 3 FDM printer as it provided better
quality prints than the Aether. The samples were then transferred to the Aether where 9 areas
of 1x1 cm? per sample were treated using laser powers of 0.1, 0.3, and 0.5 W, and speeds of 5,
10, and 20 mm/s. The influence of the direction of the planarisation was also tested. These
parameters and the resulting surfaces are shown visually in Figure 3.5.

Perpendicular smoothing Parallel smoothing
5.1% (0.1 W) 153% (0.3W) 25.5% (0.5 W)

5.1% (0.1W) 15.3 % (0.3 W)

25.5 % (0.5 W)

5 mm/s

10 mm/s

20 mm/s

Smoothing T Smoothing —p

Figure 3.5 — Optical images captured after laser planarisation for several tested conditions.

The images captured by optical microscopy clearly show that perpendicular smoothing yields
much smoother surfaces than parallel smoothing. However, the best way to quantitatively
verify this was by means of surface measurements. To evaluate this, optical interferometry
measurements were made of the planarised surface and Root Mean Square (RMS) roughness
(Rq) and average profile height (R;) were measured using Gwyddion.

By looking at the Ry values of both surfaces, shown in Figure 3.6 a-b it can be seen that
while the surface roughness improves for the samples treated with parallel smoothing. For
perpendicular smoothing the surface actually degrades as bubble-like structures appear on the
surface, possibly due to overheating. While these again reduce at higher powers, the resulting
surfaces are very uneven and wavy, resulting in a less planar surface. Overall, an increase in
speed results in smoother surfaces for parallel smoothing (Figure 3.6 c-d), but a minimum
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amount of laser power is required in order to effectively planarise.
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Figure 3.6 — Roughness of 3D printed nGen after laser planarisation. RMS roughness for a) per-
pendicular and b) parallel smoothing. Average profile height for ¢) perpendicular smoothing
and d) parallel smoothing.

The best results for both directions are obtained at 0.51 W power (25.5%) at a speed of 20
mm/s. When planarising in the perpendicular direction Ry increases to a value of 8.20+1.17
pm, which is an increase of 51.6% compared to the non-treated nGen (5.41+0.54 um). In the
parallel direction, however, at the same power and speed Ry decreases to 3.03+0.79 pm which
is a reduction of 44%. Similarly, the R; increased to 36.67+11.39 um (+55.9%) and decreased to
11.78+2.90 pm (-49.9%) for perpendicular and parallel planarisation, respectively.

The same test was carried out on a flexible FDM printed NinjaFlex (NinjaTek, Manheim, PA,
USA) sample. The NinjaFlex was printed using a Prusa i3 MK II FDM printer with an extrusion
temperature of 240 °C, a baseplate temperature of 40 °C and a writing speed of 25 mm/s, and
with the layer thickness set to 100 um. However, no significant changes to the structure were
able to be made. In fact, the NinjaFlex sample was already much smoother than its rigid
counterpart with a Rq value of 1.15+0.13 um and a R; value of 11.70+1.98 um after printing.

These material properties thus also made it a more attractive material as a sintering target,
since it is less sensitive. In order to create fully flexible devices, we instead focused on develop-
ing a laser sintering process for curing silver ink on the NinjaFlex substrate.
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3.2 In-situ laser sintering of DIW printed conductive and flexible
structures

Due to the unavailability of highly conductive FDM printable filaments, alternative materials
are required to introduce highly conductive features. As demonstrate in section 3.1, localised
in-situ laser sintering offers a solution for embedding rigid silver paste printed in a rigid FDM
structure. While these structures can make for simple sensors, more complex wearables and
flexible devices require the use of flexible or even soft materials. In this section the integration
of a highly conductive and flexible ink, by means of a laser sintering technique, into a flexible
FDM printed material is discussed. Experiments are performed to understand the influence of
substrate, printing speed, laser power, laser speed, and bed temperature in order to optimise
the printing and sintering protocols.

To achieve the flexible silver features, a polyurethane (PU) based silver ink (AG520EI, Chimet
S.p.A.) intended for screen printing was used as received for the laser sintering experiments.
The recommended annealing condition of this ink was given as 130 °C for 30 minutes in an
oven, which should result in a resistivity of 50.8 pQ cm as per the datasheet. A secondary
diluted form of the original ink was made by adding 8 wt% thinner (0204IT, Chimet S.p.A.),
to more consistently produce features with a sub 100 um thickness which allow for easier
integration into devices. This thinner is designed to dilute the PU based silver ink, and thus
will react with any PU-based substrate as well. Line, dogbone and square features were
printed from these inks on several substrates in order to determine which of the laser sintering
parameters was most important.

3.2.1 DIW Printing and sintering of silver ink

In order to establish suitable DIW printing parameters for the laser sintering experiments, an
initial analysis of DIW printed silver lines was performed. Both standard and diluted silver
inks were printed using the Aetherl Bioprinter using 3 ml Luer-lok syringes with 25 gauge
precision needles (Metcal, 254 pm inner diameter) for dispensing the inks by air pressure.
These inks were printed on top of glass wafers cleaned with isopropanol and annealed at the
recommended temperature of 130 °C. Sets of 9 silver lines of 20 mm in length were printed at
a pressure increasing by 0.55 bar (8 psi) per line up to a final value of 4.96 bar (72 psi). Three
different writing speeds (1.6 mm/s, 3.2 mm/s and 6.4 mm/s) were tested for a total of 27 lines
per ink. After curing, their dimensions were measured by means of optical interferometry to
find a relation between the pressure and speed. Their printing quality, determined in terms of
the thickness and linewidth, was evaluated by calculating the coefficients of variation (COV)
with respect for pressures where their dimensions increased linearly. The COV values were
shown to be dependent on both the printing speed and pressure as shown in Figure 3.7. For
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the standard ink a printing speed of 3.2 mm/s was chosen as it showed the most reproducible
result for printing layers less than 100 pum thick which would allow for integration within only
one layer of FDM printed structural material. A pressure of 4.42 bar (64 psi) was chosen which
resulted in a thickness of 72+1 ym and linewidth of 691+7 pum. Even though this is below 100
pm, the joining of multiple lines can lead to a thickness increase.
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Figure 3.7 — Influence of pressure and speed on the dimensions of solidified lines printed on a
glass wafer using a-b) the standard silver ink and c-d) the diluted silver ink.

Next, the diluted silver ink was tested. To ensure it could be reliably printed at all tested speeds
a pressure of 2.21 bar (32 psi) was required. Even though both inks were characterised in
the same way, the diluted ink was printed with less consistent dimensions due to its lower
viscosity. The thickness and linewidth values resulted in higher COV values on average. The
most consistent thickness was obtained at 1.6 mm/s. Even though the dimensions were less
consistent at higher speeds, a speed of 3.2 mm/s had to be chosen for the diluted ink as
a compromise. With the addition of the thinner the diluted ink reacts strongly chemically
with the NinjaFlex substrate. As such, to minimise the chemical interaction between ink and
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substrate and achieve well defined lines a faster speed had to be chosen. At a pressure and
speed combination of 2.21 bar (32 psi) and 3.2 mm/s, the thickness of the silver lines was
reduced to about half that of the standard ink at the same speed with a value of 36+3 pm
(Figure 3.7 c¢). The linewidth, however, increased slightly to a value of 715+75 pm as the ink
spread more (Figure 3.7 d).

To be able to join the printed lines to print larger continuous features with either ink, a centre-
to-centre spacing needed to be set. A value of 250 pm was chosen and, when printing at 3.2
mm/s, an increased thickness of 115+2 um and 73+1 um for the standard and diluted inks,
respectively, was found. This signifies an increase for both inks by 88%. Increasing the spacing
to 500 pum resulted in bifurcations and non-planar depositions (Figure 3.8).
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Figure 3.8 — Profiles measured when printing two lines with different amounts of spacing using
both standard and diluted inks.

The Chimet ink is unfortunately not a truly shear thinning ink as it behaves too elastically.
Even so, we chose this materials as it allows for the printing of flexible electrical conductors.
Moreover, since it is also Polyurethane based it is expected to adhere well to the TPU material.
However, the fact that it is not truly shear thinning will lead to less consistent thickness and
linewidth values.

3.2.2 Influence of laser sintering power and speed on the resistivity of printed sil-
ver dogbone structures

Silver DIW printed dogbone test structures were fabricated in order to study the influences of
the sintering parameters. Reference sintering experiments were performed by sintering silver
features on top of a glass wafer to compare those sintered on top of the polymeric substrate.
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Further laser sintering experiments were performed on DIW printed dogbone structures on
top of a FDM printed NinjaFlex double layer substrate.

The goal of these experiments was to find the optimal laser sintering parameters without
leading to degradation or damage of the substrate or printed features. The NinjaFlex substrates
were printed using a Prusa i3 Mk2 FDM printer, as it allowed for better print quality with
smoother printed surfaces, before being transferred to the Aetherl Bioprinter for DIW printing
of the silver ink and in-situ laser sintering. However, the whole process could be envisioned to
take place within a single tool. For the sintering a 445 nm M140 M-type Laser Diode (Barnett
Unlimited) with a spotsize of 125 um and a maximum of 2 W was used.

Two experiments were carried out to evaluate the influence of the laser sintering parameters.
First the influence of the laser power was evaluated by sintering the structures at laser powers
between 0.5 W and 1.2 W. The latter power was set as a maximum to avoid damage to the
diode from continuous operation. The influence of the scanning speed was evaluated by
sintering at speed varied step-wise from 5 mm/s up to 40 mm/s at powers of 0.6, 0.8, 0.9 W,
determined through the laser power experiment.

Dogbone test structure fabrication and characterisation

The dogbone test structure was designed as a single 4 mm long line joined by two 2 mm x 2
mm contact pads. These were printed at a speed of 3.2 mm/s with the pressures set at 2.21 bar
(32 psi) and 4.42 bar (64 psi) for both the diluted and standard ink, respectively, as established
in Section 3.2.1. After DIW printing these structures, they were immediately sintered using the
laser LED.

Rows of five of these structures each were printed on glass wafers (Figure 3.9 a) and NinjaFlex
substrates (Figure 3.9 b).

Figure 3.9 — The silver dogbone samples DIW printed a) on top of a glass wafer, and b) those
printed on top of a FDM printed double layer NinjaFlex.

45



Chapter 3 Fused Deposition Modelling and hybrid 3D printing of mechanical sensors

Optical interferometry was used to measure the dimensions of the features on glass. The
features on NinjaFlex however could not be measured in the same way and were measured
using a Keyence VK-X 3D Laser Scanning Confocal Microscope. As the substrate was at times
non-planar and warped, whenever necessary cross-sections were made of the features and
captured using a Keyence VH-X Digital Microscope to verify their dimensions. Their resistance
was measured by means of four point probing, as their resistance was below 1 Q, with an
Agilent 34410/11A Digital Multimeter and their resistivity calculated as per the equation

(3.3)

where R is the resistance, A the cross-sectional area, and / the length of measured conductor.
Since only the thickness and linewidth were measured, and not the area directly, the areas of
lines were assumed to be ellipsoid and were calculated using the formula

A= —, (3.4)

where ¢ is the thickness and w the linewidth.

Reference dogbone structures were DIW printed on the glass wafer and annealed in an oven at
130 °C for 30 minutes. The features were found to have an average thickness of 65+10 pm and
a resistivity of 214.2+26.2 uQ cm which is significantly higher than the one calculated from the
datasheet (50.8 uQ cm).

Influence of laser sintering power

The influence of the laser power was determined by varying the intensity of the diode, which
had a spotsize of 125 ym, from 25% to 60% of the total 2 W of power available translating to
a power of 0.5 W to 1.2 W. The laser power was increased in increments of 5% (0.1 W) per
row and the scanning speed was fixed at 10 mm/s. Single and double sintering passes were
performed to test the influence of repeated sintering.

On the glass substrate the laser was passed twice over the dogbone features, as a single pass
did not fully solidify the features. This resulted in features with a thickness of 64+9 um,
comparable to the oven annealed samples. Their resistivity was found to be slightly lower than
the thermally annealed samples with an average value of 171.1+34.4 uQ cm. The decrease is
likely due to laser sintering providing a high amount of energy locally in a short amount of
time. This could promote solvent evaporation and decomposition of the polymeric binder
present in the ink, resulting in higher percolation compared to oven annealing[149], [150].
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The same dogbone structures were printed on top of NinjaFlex substrates using the standard
ink. An average thickness of 69+9 um was found for the features sintered with a single pass
irrespective of the applied power, matching the reference samples on glass. Figure 3.10 shows
that, compared to the glass substrate, the resistivity of the dogbone features was lower.
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Figure 3.10 — Mean resistivity values found after laser sintering the silver dogbone structures
for different substrate materials and power settings.

For the full power range, the mean resistivity was found to be 98.0+28.5 uQ cm when sintering
with a single pass. The decrease in resistivity for the features sintered on NinjaFlex is likely due
its different optical properties compared to glass. Non-transparent substrates, such as Nin-
jaFlex, absorb more energy from exposure to a visible laser source than glass substrates[149],
resulting in more heat being transferred to the ink during sintering. Additionally, sintering the
features on the NinjaFlex substrate twice carried no benefit as the average resistivity actually
instead increased to 137.74+61.0 uQ2 cm. As the ink was already solidified after a single sintering
pass, any additional passes potentially damage the structure resulting in higher resistivity.

As shown in Figure 3.10, the lowest resistivity when sintering with a single pass was found at a
sintering power range of 0.7-0.8 W with a value of 72.8+5.3 uQ2 cm. When the power was either
reduced down to 0.6 W or increased to 0.9 W, the resistivity increased to 95.1+24.8 pQ cm and
86.6+16.4 pQ cm, respectively. Nonetheless, these values are still significantly lower than those
found for the structures on the glass substrate.
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Influence of laser sintering speed

Next, the influence of the scanning speed was determined by varying the speed during sintering
while keeping the power fixed. A speed sweep ranging from 5 mm/s to 40 mm/s was performed
at three different powers (0.6, 0.8, 0.9 W), the values of which were guided by the results of the
power test. The outer powers of 0.6 and 0.9 W were chosen as these powers led to the resistivity
going up from the lowest values found at 0.7-0.8 W. Therefore, to understand if this was only
due to the power or a combination of the power and speed, a speed sweep was also performed
for these powers.

Figure 3.11 a shows that the minimally achievable electrical resistivity is coupled to both
the speed and power. For the standard ink, sintering at 0.8 W at the slowest speed (5 mm/s)
resulted in the lowest achieved resistivity with a value of 41.948.3 pQ cm. Increasing the
laser scanning speed by a factor two (10 mm/s) increased the mean resistivity up to 58.2+7.7
pQ cm. Increasing the laser speed further resulted in a continuous increase in the resistivity.
Lowering the power to 0.6 W increased the overall resistivity for the same speeds (5 and 10
mm/s), indicating that at this power the sintering effectiveness was reduced. Increasing the
laser power to 0.9 W resulted in an increased resistivity of the same magnitude, but with the
plateau shifted to the 20 to 30 mm/s range. For the latter power, a significant increase of the
resistivity was observed at lower speeds indicating that the sintering was too intense.

The diluted ink was tested in the same way but forgoing the test at 0.9 W power, due to the
poor resistivity values obtained in comparison to the lower powers. The resistivity values
obtained for these features are shown in Figure 3.11 b. For both the 0.6 and 0.8 W laser power,
the resistivity followed the same trend in relation to the speed as for those created out of the
standard ink. At a sintering power of 0.8 W and a laser scanning speed of 5 mm/s, a minimum
resistivity of 82.9+7.1 pQ2 cm was achieved. Increasing the speed by a factor two resulted in
an increased resistivity of 131.2+14.6 pQ2 cm. At a laser power of 0.6 W, a resistivity below 100
pQ cm could not be achieved.

In conclusion, we observed that the sintering speed, and by definition the total time spend
sintering, is more influential on the final resistivity than the power. The best resistivity values
for both inks were obtained at a speed of 5 mm/s and at 0.8 W laser power. However, at this
speed the NinjaFlex structural layer was significantly affected by the laser resulting in severe
damage to the structural integrity as seen in Figure 3.11 c.

As such, any further reduction in speed was not investigated. At the same power but at a speed
of 10 mm/s these effects are significantly reduced to negligible surface damage. Therefore, in
order to achieve an as low as possible electrical resistivity, while preserving the integrity of the
structural layer, a speed of 10 mm/s with a power of 0.8 W should be maintained for both the
standard and the diluted inks. For more thermally robust substrates a lower sintering speed
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a) Standard Ink b) Diluted Ink c) Physical effects
350 - 350 -
300 - 300 -
g 250 - g 250 -
G G
= =
> 200 - > 200 -
-é 150 l,,,/—-/”’ é 150 - .
‘0 T T ‘© /-
2 100 t '/I/ 2 100 i/
50 | e 50 |
0 T T T T 0 T T T T
0 10 20 30 40 0 10 20 30 40

Speed Setting [mm/s] Speed Setting [mm/s]
0.6 W-—=—0.8W—="-0.9W

Figure 3.11 — Resistivity values found when laser sintering the silver dogbone structures at
different speeds. a-b) The effect of laser sintering speed on the resistivity of both sintered inks.
c) The effects of sintering power on the substrate, with in the left halves the dogbone structures
printed from the standard ink and in the right halves those printed from the diluted ink.

could be applied.

3.2.3 Influence of printing and laser sintering conditions on the resistivity of sil-
ver squares for creating conductive layers

We wanted to study how much of an influence the size of the target had on the outcome
of the laser sintering process. To evaluate this, 12 mm x 12 mm squares (Figure 3.12) were
DIW printed from both the standard and diluted inks. To create theses structures, multiple
printed lines were printed in close proximity to join them into squares. The printing pressures
remained unchanged at 4.42 bar (64 psi) and 2.21 bar (32 psi) for the standard and diluted ink,
respectively. A printing speed of 3.2 mm/s was used with at a centre-to-centre spacing of 250
pm for the lines. As these squares were thicker than 100 um, a printing speed of 6.4 mm/s was
also evaluated in order to reduce the film thickness below 100 pum where necessary.

As the larger size of the squares led to stronger ink-substrate interactions, a heated printbed
was used to assist with the evaporation of the solvent and reduce its interaction with the
NinjaFlex substrates. A bed temperature of 50 °C was set, which is just below the heat deflection
temperature of NinjaFlex (60 °C). For these features, the ideal laser power was determined by
setting the range from a low power of 0.6 W in steps of 0.3 W to a high power of 1.2 W with a
fixed scanning speed of 10 mm/s as determined in Section 3.2.2.
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Figure 3.12 — Optical image of a square test structures printed from Chimet ink used for the
laser sintering experiment of larger features.

Influence of printing speed and sintering conditions on standard ink

Since the printed square structures were composed of multiple lines, the resulting features
were thicker than the single-line dogbone structures. Squares printed out of the standard ink at
3.2 mm/s had an average thickness of 247+76 um, as shown in Figure 3.13 a. Heating the bed,
to assist with the evaporation of the solvent, did not reduce the thickness. In contrast, when
the printing speed was doubled to a speed of 6.4 mm/s the film thickness was significantly
reduced to 90+19 um after sintering.

The optimal sintering parameters as found in section 3.2.2 (0.8 W, 10 mm/s) were used in an
initial test to sinter the squares printed at 3.2 mm/s from the standard ink. These squares
showed a higher resistivity than for those found for the dogbone structures (72.8+5.3 uQ cm) at
an average value of 259.8+18.5 uQ cm. As shown in Figure 3.13 b, increasing the laser sintering
power, nor heating the bed during sintering, had any diminishing effect on the resistivity.
However, Figure 3.13 c shows that when the printing speed was increased to 6.4 mm/s the
resistivity was significantly decreased to a value of 136.1+32.3 pQ2 cm at a laser power of 1.2 W.
As these squares were thinner, this reduction indicates that decreasing the material deposition
by increasing the speed is the most effective strategy to reach lower resistivity values for these
square structures.

Influence of printing speed and sintering conditions on diluted ink

For the diluted ink, the printing speed was shown to be less influential on the final thickness.
When printing at either 3.2 mm/s or 6.4 mm/s, the average thicknesses for these squares were
94421 pum and 95+17 pm, respectively.

As the thickness was more consistent and independent of the printing speed, it made the
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diluted ink more suitable than the standard ink for printing features reliably with a thickness
below 100 pm. Furthermore, printing at a speed of 6.4 mm/s speeds up the process and
reduces the time of the ink-substrate interaction. The diluted ink squares were printed with
the heated bed active to further reduces these interactions and avoid the formation of cracks
and warping of the substrate.

The lowest resistivity for these sintered squares was reached at a laser power of 0.9 W, inde-
pendent of the scanning speed. An average resistivity value of 104.2+21.0 pQ cm was reached
with this power, as shown in Figure 3.13 d.

Increasing the power to 1.2 W created a larger deviation of the average resistivity values. The
best values obtained in this experiment lay below the lowest value found for the squares created
from standard ink (136.1+32.3 pQ2 cm). Furthermore, the laser sintering power required was
also lower for the squares created from diluted ink. All silver squares, independent of the used
laser intensity, bonded well enough to the substrate to stay adhered during a peel test using
3M Scotch Magic tape.

Temperature profile and effect of sintering on the microstructure

To better understand the sintering conditions, in-situ observations of the temperature were
made during sintering. Cross-sections of the silver squares post sintering were made to analyse
the quality of the sintered film.

Relative temperatures were captured using a FLIR A15 9 mm IR camera and recorded using
the included ResearchlIR software. For both inks the temperature values were extracted at a
fixed 3x3 pixel point (150 um x 150 pm) in the centre of the squares. The data was exported to
a Python script to determine a Gaussian fit of the mean temperature over time. To perform the
necessary temperature calculations on the data, the emissivity coefficient (¢) was determined
to be 0.7 by means of a PeakTech 4950 IR thermometer with an integrated thermocouple for
both inks in the liquid state.

These change of temperature during sintering indicated by the Gaussian plots for the squares
printed at 3.2 mm/s from the standard and diluted inks are shown in Figure 3.14 a and Fig-
ure 3.14 b, respectively. A general temperature increase is seen as the laser is approaching the
central point. Evidently, as the laser passes close to the point the temperature spikes in short
bursts. A general decline in temperature is seen once the laser has passed the point of interest.

While the maximum temperature spikes for both inks remains about the same, a larger tem-
perature difference (AT) between the two powers is present in the films printed from diluted
ink. This indicates that the layer printed from diluted ink is able to more rapidly heat up and
cool down, as a result of the smaller thermal capacity caused by the decreased film thickness.
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b) Standard Ink
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Figure 3.13 — Dimensions and values achieved by laser sintering of square structures at different
sintering powers and printing speeds. a) Thickness values of all test conditions. Resistivity
values of the sintered squares from b) standard ink with and without heating, ¢) standard ink
printed at doubled printing speed, and d) diluted ink printed at two printing speeds.

However, as the recordings were indirectly captured it only provides the relative surface tem-
peratures. To better understand the temperature changes during sintering, a more direct and
rigorously calibrated analysis would need to be performed.

Indications on the quality of the sintering process can be obtained by looking at the physical
influence of the laser on the microstructure of the ink after sintering. These are observed by
looking at the cross-sections of the squares as shown in Figure 3.15.

The sintered thick squares printed at 3.2 mm/s from the standard ink showed cracking or
localised delamination in their cross-sections. As the top layers for these squares detached
from their respective bottom layers, it indicated that the features were not completely sintered
leading to higher resistivity values. By heating the bed up to 50 °C these kinds of defects could
be reduced, but the resistivity was not significantly lowered, and voids still appeared.
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Figure 3.14 — Temperature distributions for the laser sintering of square structures at different
sintering powers and printing speeds. a-b) Measured data and Gaussian fits for the standard
and diluted inks sintered with the baseplate heated to 50 °C.

By reducing the thickness of the printed squares the damages in the microstructure could be
significantly reduced. This reduction in thickness was achieved by printing the inks at a faster
speed of 6.4 mm/s. The cross-sections with the best microstructural integrity were found
when printing at this speed and with a sintering power of at least 0.9 W, irrespective of the ink.

By using a higher printing speed less volume of ink is deposited, resulting in faster evaporation

of the solvent as well as a reduction in time for solvent and substrate to interact during both

printing and sintering.
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Figure 3.15 — Cross-sections of all tested squares with their respective printing and laser

sintering parameters.
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Optimal laser parameters for sintering of DIW printed silver layers

By combining the previously described results, a set of sintering parameters was established
for the fabrication of components and sensors. As the diluted ink can be printed below 100
pm much more consistently, independent of the printed speed, it was the material of choice.
To reduce the ink-substrate effects as much as possible, a printing speed of 6.4 mm/s with
the bed heated to 50°C was used. To achieve the lowest possible resistivity values for larger
multi-line features, a laser sintering power of 0.9 W at a laser scanning speed of 10 mm/s is
advised. While slower scanning speeds leads to better resistivity values, at 10 mm/s no surface
damage is observed which impedes the stacking of multiple layers.

3.2.4 Technique extension to soft silicone based piezoresistive material

To further extend the application of the developed technique, the method was applied to
a carbon black silicone composite to create piezoresistive sensors. These composites were
printed using a smaller 27 gauge needle (Metcal, 203 pm inner diameter), to allow for more
control of the flow, at an extrusion pressure of 2.2 bar (32 psi) and a writing speed of 5 mm/s.

The material was created from commercial silicone (EcoFlex 00-20 Smooth on, PA, USA) and
KetjenBlack-ec300] carbon black powder (Nouryon, Netherlands). To create this composite,
the carbon black was added in a container with isopropanol and mixed at 2000 rpm for 7
minutes in a Thinky Mixer ARE-250. The dispersed mixture was then added to EcoFlex 00-20
Part A and again mixed at 2000 rpm for 7 minutes. The same process was repeated with EcoFlex
00-20 Part B. To create the final ink composition, the two mixtures containing part A and B
were combined in a single container and mixed for 2 minutes at 2000 rpm and defoamed for
2 minutes at 2200 rpm. Two variants of the composite were tested with both 7.5 wt% and 10
wt% carbon black loadings. These values were previously determined to be in a suitable sheet
resistance range for piezoresistive sensing (>1 kQ/[J) and are above the percolation threshold
of 5 wt%.

To test the electrical properties of this composite, two layer films of the piezoresistive compos-
ite measuring 10 mm x 10 mm were printed. These films were then laser sintered at a power of
0.5 W (25%) and a laser scanning speed of 10 mm/s as shown in Figure 3.16. The power setting
was determined by testing the maximum power that could be delivered before ablation of the
composite occurred.

While the lower loading (7.5 wt%) could be fully sintered and would keep its structural integrity
(Figure 3.16 a), the higher loading (10 wt%) started to flake and break apart (Figure 3.16 b). This
might be caused by an increased absorption of the laser energy in the higher loaded composite,
possibly due to it having more pigmentation. Therefore, the lower loaded composite was used
for device fabrication. This piezoresistive film was measured with 4-point probing to exhibit a
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a) EcoFlex 00-20 + b) EcoFlex 00-20 +
7.5 wt% KJ-EC-300 10 wt% KJ-EC-300

Figure 3.16 — Sintering of the Ecoflex-00-20 and Ketjenblack-EC-300 (Eco-CB) composite with
a) sintering of the 7.5 wt% carbon black composite, and b) sintering of the 10 wt% carbon
black composite.

sheet resistance of 1.32+0.10 kQ2/[J and a thickness of 369+68 pum.

3.3 Fully 3D printed sensors fabricated through hybrid printing

Several devices were fabricated using the highly conductive and three dimensional structuring
realised by the hybrid printing method enabled by laser sintering. The parameters established
in Section 3.2.3 were used for the curing of the silver layers.

In this section the fabrication approach, the device dimensions, and their characterisation are
presented and discussed.

3.3.1 Hybrid printing approach and device designs

The hybrid printing approach is demonstrated in Figure 3.17 and consists of an initial base
layer printing after which a repeatable process takes place to print, sinter, encapsulate, and
print 3D structuring for additional layers.

All NinjaFlex layers were printed using the Prusa i3 Mk2. By printing a base layer on a glass
slide the printed layer could be transferred to the Aether for DIW printing of the diluted Chimet
ink and laser sintering. After this process was completed the glass slide was transferred back
to the Prusa printer and a new FDM layer was printed on top of the base layer and conductive
features to embed them.

To be able to embed any conductive features, patterned infills were created in the FDM

55



Chapter 3 Fused Deposition Modelling and hybrid 3D printing of mechanical sensors

I ) >3>>3>> > @

1. Base Layer Printing 2. Conductive Feature Printing
Fused Deposition Modelling (FDM) v Direct Ink Writing (DIW)

- 4

4. Structural Layer Printing 3. Conductive Feature Sintering
Fused Deposition Modelling (FDM) In-situ Laser Sintering

Figure 3.17 — Overview of the four step fabrication procedure: FDM printing of the base layer
with a patterned infill, conductive ink filling through DIW, laser sintering of the ink, and
printing of a second NinjaFlex layer for encapsulation or further fabrication.

structure with a depth of 200 um which could then be filled with the silver ink. Three devices
were fabricated as shown in Figure 3.18 using the technique with dimensions as outlined per
Table 3.1. These were a flexible electrical conductor (Figure 3.18 a), capacitive pressure sensor
(Figure 3.18 b), and a piezoresitive bending sensor (Figure 3.18 c).

The flexible electrical conductor and capacitive pressure sensor were fabricated using the
hybrid printing approach shown in Figure 3.17 by embedding silver electrodes into NinjaFlex
dielectric layers. To fabricate these embedded electrodes, the base layer of NinjaFlex was
printed with a patterned infill.

The baseplate of the printer was heated up to 50 °C and left to stabilise for several minutes.
Then the diluted silver ink was deposited into the patterned infill by DIW at 6.4 mm/s and 2.2
bar (32 psi), until completely filled. Inmediately afterwards the ink was laser sintered once
using the optimal parameters (0.9 W laser power and 10 mm/s scanning speed). After sintering,
another NinjaFlex layer was printed on top of the electrode to act as an encapsulation layer, as
in the case of the electrical conductor, or to act as the intermediate sensing dielectric layer. In
the case of the capacitive sensor the intermediate layer was given a second patterned infill to
create the top electrode of the capacitor, which was further encapsulated with a cover layer of
NinjaFlex. The three devices were constructed with dimensions and layer thickness values
defined in their respective CAD files as shown in Table 3.1.
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Figure 3.18 — Photographs of a) the flexible electrical conductor, b) the capacitive pressure
sensor, and c) the piezoresistive bending sensor. d) The flexible electrical conductor mounted
on the bending setup.

3.3.2 Fully 3D printed flexible conductor

The flexible conductor (Figure 3.18 a) was composed of a base FDM layer, embedded silver
electrode, and an encapsulating top layer. The embedded electrode was designed as a single
straight line interconnect 30 mm long and 750 pm wide, with an infill depth of 100 um, and
contact pads of 4 mm x 6 mm in size. The encapsulated structure measured 1 mm in total
thickness.

Linear strain behaviour

The mechanical reliability of the conductor was tested in axial strain (Figure 3.19 a) as well as
by bending (Figure 3.19 b). Before any strain was applied, the average resistance measured
was 1.4+0.3 Q.
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Figure 3.19 - Static and dynamic resistance responses of the conductor when a) straining
linearly at 2 and 5 mm/s and b) bending at 20°/s.
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Table 3.1 — Dimensions of the FDM layers of the sensors and devices as defined in the CAD
files used for fabrication.

Feature Layers (Thickness) Patterned infill layers (Depth)
Flexible electrical conductor

Base layer 7 (700 pum) 2 (200 pm)

Electrode 1 (100 um) -

Encapsulation 3 (300 pm) -

Total thickness 10 (1.0 mm) -

Capacitive pressure sensor

Base layer 7 (700 pm) 2 (200 pm)
Electrode 1 1 (100 pm) -
Dielectric 6 (600 pm) 2 (200 pm)
Electrode 2 1 (100 um) -

Encapsulation 6 (600 um) -

Total thickness 19 (1.9 mm) -

Resistive bending sensor

Base layer 2 (200 pum) -
Electrode 1 (100 um) -
Piezoresistor 1 (200 pm) -

The linear strain test was performed at two speeds, slowly at 2 mm/s and faster at 5 mm/s.
The resistance increased negligibly, with a change below 1%, until the conductor experiences
5% strain as shown in Figure 3.19 a. At higher strains, the response at the two tested speeds
diverged. The tested samples became non-conductive as they broke down at 12.6+0.7% strain
with a resistance value of 11.9+0.8 Q recorded just before failure.

Bending behaviour

The conductor was also tested under a bending deformation by bending it three times con-
secutively from a quasi-flat base angle (10°) to a set angle and back. The samples were bent
successively from 10° to 90° with steps of 10° at a bending rate of 20°/s. While the conduc-
tor survived the bending test, it did experience a reproducible increase in resistance during
bending as shown in Figure 3.19 b. On average, for the 3 bending cycles, the resistance at its
peak value increased by 53.0+1.0% when it was bent at 30° and increased by up to 110.3+2.2%
when it was bent at the maximum angle of 90°. For all the angles tested, the conductor did
not recover to its initial baseline resistance after cycling. Once the tests were completed, at
an angle of 20° and higher, the resistance of the sample was found to not recover to its initial
base values when returning to the quasi-flat state. These values increased by 5.7% at 20° up to
17.4% after the sample was bent up to 90°. These effects are likely due to plastic deformation
of the silver layer.
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To minimise this behaviour and to achieve larger strains, design engineering could be applied
for future versions. Different configurations, such as a serpentine design, could be imple-
mented to release stress for both bending and linear strains[98]. Nevertheless, with its small
resistance value, in comparison to the resistance of composite strain gauges, these conductors
can be implemented as interconnects for the developed flexible piezoresistive sensors, since
these sensors are significantly more resistive. Their response is demonstrated in section 3.3.4.

3.3.3 Fully 3D printed capacitive sensor

The capacitive sensor (Figure 3.18 b) was designed with a patterned infill base layer, two
embedded electrodes, a dielectric sensing layer, and a structured top encapsulation. The
embedded electrodes had a size of 12 mm x 12 mm, where the parallel plates overlapped, and
two pads of 6 mm x 6 mm to allow for connections from either side. The dielectric was created
as thin as possible measuring 400 um (4 layers), which was the minimum thickness required
to avoid pinholes. With the final encapsulation layer, the total structure had a thickness of 1.9
mm.

Force-capacitance characterisation

Characterisation of the sensor was performed by applying an increasing compressive force
stepwise up to 45-50 N (450-500 kPa). Three of these sensors were tested in a step-response
manner, an example of the force-capacitance response is shown in Figure 3.20 a. Among the
three sensors, an average force sensitivity of 4.59+0.22 fF/N was found (Figure 3.20 b). The
most linear sensors had a full-scale response of 1.26%, with the capacitance increasing from
15.91 pF up to 16.11 pF and a force sensitivity of 4.47+0.12 fF/N at a high degree of linearity
(R? =0.995). This corresponds to a capacitance change of 0.028+0.001 %/N (R? = 0.998) for the
best sensor (Figure 3.20 c) and an average of 0.027+0.001%/N on average (R? = 0.956). These
characteristics correspond to other printed capacitive sensors with similar geometries and
dimensions [151] but still fall short of those create with micro-structured, softer, or thinner
dielectrics[95]. A reduction of the dielectric thickness can further improve the response of this
sensor design. After releasing the compressive force, the sensor completely recovered to its
baseline value in less than 0.5 seconds.

Dynamic response

To test its dynamic behaviour, the sensor was repeatedly compressed at a force of 24.7+1.9 N
at frequencies between 0.5 Hz and 4 Hz over a period of 10 seconds. As shown in Figure 3.21,
the sensors were able to accurately follow the applied force in real time for these tested
frequencies. The results indicate that this simple sensor design could easily be implemented

59



Chapter 3

Fused Deposition Modelling and hybrid 3D printing of mechanical sensors

Q

Capacitance Change [%] ~—
© 00900k

ONDMNO®ON M
N S

0

60

120 180 240 300
Time [s]

b)
0.30
R? = 0.949
0.25 *
= _.0.20] .
Z L 4.59£0.22 fF/N o -~ %~
- 80.15] LN
o R
%) S
5 Qo] .
0.054 &7 " 4.47£0.12 fF/N
A .
0.00{ = 0.995
0 10 20 30 40 50

Force [N]

<)

=3
>
2

0

(@]

AC/

o 1.0

1.44|r? = 0.998 C
1.2 R
0.028+0.001 %/N
. .
0.8 O\
0.6 L
049« ’,/‘ Sensor 1
0.27 &0~ *  Sensor 2
0.0 "" Sensor 3
0 10 20 30 40 50
Force [N]

Figure 3.20 - Static behaviour of the fully 3D printed capacitive sensor. a) Example of a step
response test performed on one of the sensors. b) Absolute and ¢) relative capacitance changes
for the three sensors and extractions of the sensitivity values.

as an embedded pressure sensor within a customised 3D printed flexible structure.
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Figure 3.21 — Dynamic behaviour of the fully 3D printed capacitive sensor under a mechanical
load of between 24.7+1.9 N at a) 0.5 Hz, b) 1 Hz, ¢) 2 Hz,d) 3 Hz, and e) 4 Hz with an enlarged
view of the response.

3.3.4 Fully 3D printed piezoresistive bending sensor

The piezoresistive bending sensor (Figure 3.18 c¢) was designed to be printed on a 2 layer
substrate of NinjaFlex such that it could be easily mounted on a bending test setup (Figure 3.18
d). Silver contact pads were printed with a gap of 5 mm, on top of which the piezoresistive

feature was printed spanning the gap as a rectangle with a size of 15 mm x 5 mm and a
thickness of 200 um.
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Piezoresistive bending response

The sensor with the piezoresistive film was mounted on top of the bending setup and actuated
at several angles at a speed of 20°/s (0.11 Hz). In this fashion the sensor response could
be reliably measured stepwise at an increase of 10° per test up to a bending angle of 90°
(Figure 3.22). The baseline resistance was recorded at 1435 Q and a peak resistance of 1885 Q
was reached at the maximum bending angle of 90°. The peak response of the sensor exhibited
a linear behaviour at the bending states between 20° to 90°, with a sensitivity of 2.89+0.07Q/°
(R? = 0.998).

Dynamic bending responses

Subsequent dynamics tests were all performed using a bending angle of 90°. To test the
dynamic behaviour of the sensor, it was cycled at angular velocities of 40°/s (0.22 Hz), 120°/s
(0.66 Hz), and 360°/s (2 Hz) for 20 cycles each (Figure 3.22 d-f). The total angle travelled here
was 180°, as within a single cycle the sensor is first bend up to 90° and then back to its starting
position. It was observed that the peak resistance increase (AR) was slightly affected by the
angular speed at the bending angle of 90°. The maximum resistance increases were found
to be 525.4+12.2 Q) (40+£0.9%) at 40°/s, 544.6+6.4 Q (39.6+£0.9%) at 120°/s, and 565.5+9.3 Q
(40.2+0.7%) at 360°/s. Some short-term drift occurred in terms of the peak response value at
the maximum bending angle over the total number of cycles. Considering all angular speeds,
an average change in the peak resistance value of 2.59+0.47% was determined.
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Figure 3.22 — Step response of the bending sensor when a) bending at subsequently increasing
angles at 20°/s. Dynamic response of 20 cycles bending at an angle of 90° (total angle of 180°)
atb) 40°/s, ¢) 120°/s, d) 360°/s, and e) 360°/s for 5 minutes.

Alonger test of 600 cycles (5 minutes) was performed at 360°/s to study the resistance response
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over an extended time of operation (Figure 3.22 g), the maximum resistance increase here was
528.9+11.6 Q (37.6+£0.8%). Some drift of the peak response value was again observed in this
test at a value of 1.924+0.14%.

Comparatively, the drift is small with respect to the peak resistance values. Considering this, we
can conclude that behaviour of the simple sensor is repeatable for angles between 20° and 90°.
Yet it was also observed that the bending angle speed had an effect on the measured response,
and it is likely that it has an effect on the slope of the sensitivity of the sensor. Therefore, the
response of the sensor should be evaluated for a number of bending speeds to fully understand
its influence.

3.3.5 Comparison between printing approaches

The resistivity of the FDM printed plates was around 16.17+0.84 QQ cm which makes the
material significantly more resistive in comparison to the embedded silver features by a factor
of 108. Ideally to prevent high power consumption, the resistivity of the material should
be as low as possible. Moreover, if we wish to integrate several sensing elements, such as
piezoresistive sensors, in a single device the conductors connecting them should not be able
to influence their readout. With the few conductive filaments available, none are available that
are highly electrically conductive and flexible. This does not allow for the printing of highly
electrically conductive and flexible sensors or devices by FDM only.

Furthermore, the electrically conductive features that can be produced are always limited to
the nozzle size of the FDM printer. With a standard 400 pm nozzle, the linewidth will always be
in this range with a layer thickness of around 100 um. In fact, with FDM printing it is difficult
to print thinner features, unless specialised equipment is used.

When printing capacitive sensors using FDM only, we observed the inadvertent result of
conductive particles mixing in to the TPU dielectric. This did result in an increase in dielec-
tric constant from plain NinjaFlex of about 2.3-3[152] to 7.1-11.2, which helps increase the
response of the capacitive sensor. Indeed, this effect resulted in the sensor produced using
laser sintering to have a lower sensitivity of 0.028 %/N versus the fully FDM printed one at
0.087 % /N which both had dielectric layers with a thickness of 200 um. A further reason for the
decreased sensitivity of the capacitive sensor produced using laser sintering is that the silver
layer is slightly thinner than the surrounding FDM material. This could result in materials
not bonding well and an air pocket being introduced, which reduces the capacitance due to a
reduction in permittivity. Even if the fully FDM printed sensor had an increased sensitivity,
the reproducibility for these sensors is not sufficiently high.

Lastly, with the laser sintering approach it is possible to incorporate more complex shapes and
thinner layers into the material instead of only creating stacks. By printing layers in succession,
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3D features such as vias and non-planar plates could be realised. Even so, this technique is
still limited in dimension by the need to combine it with FDM material.

3.4 Summary and Conclusion

In this chapter a simple in-situ laser sintering process was developed using a low-cost commer-
cial laser diode to sinter conductive inks and enable their integration into structural materials
with a thermal processing mismatch. This was demonstrated using the laser sintering of
highly conductive polyurethane based silver inks deposited by Direct Ink Writing (DIW) on
top of thermosensitive layers printed by Fused Deposition Modelling (FDM). With this tech-
nique simple sensor prototypes could be rapidly constructed in a simple and easily adaptable
fabrication process.

By investigating the sintering parameters, we showed that the influence of laser power, scan-
ning speed, and number of passes played a significant role. For dogbone shaped structures,
an ideal laser sintering power range was found at 0.7-0.8 W, with the scanning speed influ-
encing the achievable resistivity values. A laser scanning speed of 10 mm/s was selected as a
compromise to achieve a low resistivity value (58.247.7 uQ2 cm) while preserving the structural
material.

To achieve functional layers, square structures made up out of multiple joined lines were
printed for which the found parameters were less effective due to an increased thickness of
the ink during deposition. However, the resistivity values of these films could be reduced
by increasing the printing speed and tuning the power appropriately. The correlation found
between the resistivity and deposition thickness indicates that the effectiveness of our in-situ
laser sintering is directly linked to the amount of material deposited and the thermal gradient
present during sintering. By diluting the ink, a lower thickness was achieved and more precise
control on the deposition thickness was obtained. With this ink the lowest resistivity values for
the square features were achieved at 104.2+21.0 uQ2 cm. In brief, the diluted ink proved more
favourable due to its consistent thickness, independent of the printing parameters, but at the
cost of a slightly increased resistivity. Comparatively to FDM printed conductive layers, the
sintered silver layers had a resistivity which was a factor 10° lower.

Using the sintering parameters determined by our analysis, we fabricated an assortment of
components and sensors to demonstrate the capability of integrating highly conductive layers
through our fabrication technique. A low resistance conductor was realised, which was able to
function up to 5% strain with a less than 1% increase in resistance. FDM printed conductors
could only reach up to 2% strain before breaking and had a significant resistance increase.

We also fabricated a capacitive sensor with a highly linear sensitivity of 4.47+0.12 fF/N
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(0.027+0.001 %/N) and the ability to accurately track an input force of tens of Newtons. This
sensor functioned reversibly in dynamic operation in the low Hz range. FDM printing a similar
design resulted in high dielectric values due to intermixing of the carbon particles into the
dielectric. While this led to a more sensitive sensor (0.092+0.009 %/N) the varying dielectric
permittivity made for sensors that could not be FDM printed in a reproducible manner.

Lastly, we extended our laser sintering technique to a piezoresistive PDMS composite which
was implemented as a simple bending sensor. This sensor exhibited a linear response when
detecting bending angles from 20° to 90°. When cycled 600 times at an angle of 90°, the peak
resistance shifted by about 2% only.

The laser sintering technique presented here shows promise to be extended to a larger set of
materials, in order to allow for more advanced sensor designs and other applications. Digital
fabrication processes such as these are ideally suited for rapidly manufacturing custom tailored
and integrated devices in a continuous manufacturing process. Even so, the combination
with FDM always will retain some drawbacks, such as the high surface roughness, limitations
in what geometries can be realised, and its thermosensitivity. Therefore, in the next chapter
we decided to focus our attention on the DIW printing of silicone materials for structural
purposes instead. These materials are thermally stable and allow for the annealing of silver
features directly in an oven or on a hotplate, without requiring the use of laser sintering.
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Mechanical sensors are ideally suited for the monitoring of human motions as they are simple,
reliable, and consume little power. So far, the most well established and popular ones used
in soft and flexible electronics have been piezoresistive and capacitive sensors[97]. However,
until this time only a handful of these sensors have been completely 3D printed[100]. Often the
choice is made to make these sensors using a combination of 2.5D and 3D printing techniques
or even with conventional soft material processing techniques[98]. Several soft sensors have
been created entirely by Direct Ink Writing (DIW)[78], [120], but overall the topic is little
explored. The digital nature of DIW printing would enable rapid fabrication, easy integration,
and quick modification of soft sensors which could find their way into personalised smart
objects.

One key challenge is that readily printable structural and functional materials to create such
sensors are missing and require synthesis. Reinforced DIW printable silicone inks can be
created using rheological additives such as fumed silica or other additives. Crystalline Nanocel-
lulose (CNCs), a natural polymeric nanofiller used to make other polymers printable[57], could
be integrated into silicones to give it the required printing properties.

In this chapter the results are presented on the development of a material system and the
designs of soft DIW printed mechanical sensors. Using our developed processes we aimed
to design sensors suitable for the detection of normal pressures and shear forces for gait
monitoring. For this type of motion sensing, insoles with optical shear sensors have been
previously demonstrated[153], but 3D printed shear sensors have not been utilised for real
world gait monitoring. Due to the digital nature of 3D printing, these sensor designs can easily
be altered on the fly[3], which we exploited to redesign parts of our sensors whenever required
during their development. To test the sensors, protocols were developed to evaluate them in
terms of static and dynamic performance. Test results on the static, hysteresis, and dynamic
response of the created sensors are presented for several material combinations and design.
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The work in this chapter was performed in collaboration with the Complex Materials Labo-
ratory at ETHZ and the Cellulose and Wood Materials Laboratory at EMPA. This chapter is
partially adapted from a conference proceeding submitted to the IEEE Sensors 2020 Confer-
ence? and a scientific article based on the work produced within this project which has been

submitted for peer review®.

4.1 Sensor designs and working principles

In this section the design and mechanisms of the produced sensors are highlighted. Both
piezoresistive and capacitive normal sensors were developed. These sensors were designed to
be able to measure normal pressures that occur during walking, which for an average person
is between 325 to 460 kPa [154], [155]. High load activities, such as running, can increase these
loads by a factor of at most 1.67-2.75 times[156], [157]. The large spread in this factor is caused
by differences in body weight and running speed and leads to a large variation from person to
person. Therefore, we decided to target a maximum pressure of 1000 kPa.

Furthermore, we also wanted to be able to measure shear forces between the foot and the
ground as data on these forces is sparsely available. These forces can be anywhere from 20%
of the bodyweight when walking on a flat surface up to 40% of the bodyweight when running
on an incline[158]. However, these values were captured from test subjects wearing shoes
and thus do not represent the actual shear forces between the foot and ground. Even so,
researchers working at Swiss BioMotion Lab at the Lausanne University Hospital (CHUV)
confirmed that these values were in the correct range. From this we established to target the
sensing of shear forces in the range of 20% of the bodyweight.

Lastly, these sensor were designed such that multiple of these could be integrated into a
personalisable wearable produced entirely through DIW printing. This is demonstrated further
in Chapter 6.

4.1.1 Piezoresistive normal sensor

Piezoresistive sensors function by means of a strain gauge that, when deformed, results in a
change in the electrical resistance. This can be used to couple a force to a normal pressure.

4Fully 3D Printed Mechanical Pressure Sensors: A Comparison of Sensing Mechanisms by Ryan van Dommelen,
Julien Berger, Rubaiyet Haque, Marco R. Binelli, Gilberto de Freitas Siqueira, André R. Studart, and Danick Briand

bDigital Manufacturing of Personalised Shoe Insoles with Embedded Sensors by Marco R. Binelli and Ryan
van Dommelen, Yannick Nagel, Jaemin Kim, Rubaiyet Haque, Gilberto de Freitas Siqueira, André R. Studart, and
Danick Briand
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Working principle

Piezoresistive sensors come in many forms but frequently take the form of either a meandering
strain gauge, cantilever, or suspended film[159]. When the strain gauge is deformed it causes a
strain that results in a change of resistance. These sensors typically display a resistance increase
due to tensile strain (positive piezoresistivity) or a decrease due to compression (negative
piezoresistivity). Piezoresistive sensor created from polymer composites can display either
behaviour by tuning the conductive particle distribution inside of the composite gauge[102],
as well as by the positioning of the electrodes. For our sensor we chose to exploit a tensile strain
deformation, for which the change between resistance and strain is proportional (R « ¢€), such
that it either increases or decreases with increased strain. For a piezoresistive tensile strain
sensor the change in resistance (dR/R) can be expressed per
drR dL

?:T(1+2U), 4.1)

which relates to the change in strain (¢ = dL/L) and is linked to the Poisson’s ratio (v)[159]. In
this chapter we studied the use of a carbon compounded polymeric material for the creation
of strain gauges. For such a compound, the applied strain results in a change of percolation
which leads to a change in resistance.

Design

For our sensor design we wanted to create a strain gauge that converted normal pressure into
tensile strain. This can be easily achieved using carbon compounded silicone[160] on top of
two electrodes in the same plane. In this way both electrodes could be printed and processed
within a single step. When a normal load is applied to our strain gauge design, the normal
deformation leads to a tensile strain. For a linear elastic material, such as silicone, the tensile
deformation due to a normal pressure is coupled by the Poisson’s ratio and prescribed by

_ dé€normal

U= (4.2)

M
détensile

where the £; components are the deformations with respect to individual directions. This
is especially true for silicones, which do not change in volume under compression (v = 0.5).
Therefore, any strain due to normal pressure results in an equal or close to equal tensile
strain. A normal strain deforms the gauge in the orthogonal tensile direction which changes
its resistance in the longitudinal conductive path, as shown in Figure 4.1 a.

For the sensors we resorted to a design with negative piezoresistivity, as it provides a more
sensitive response than a positive one[102]. The chosen composite material requires careful
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tuning to prevent loss of conductivity through a lack of percolation. The negative piezoresistive
normal pressure sensor design is shown in Figure 4.1 b-c.

a) b) TN c)
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Figure 4.1 — a) Transduction mechanism and b) top view of the piezoresistive normal pressure
sensor design and a c) 3D representations of the sensor with both rectangular and circular
bumps.

Two electrodes are placed on top of a silicone substrate with a piezoresistive strain gauge
measuring 2x7 mm? bridging these electrodes with contact pads of 4x10 mm?. A simple
rectangular bump measuring 1 cm? and 1.2 mm in height was added over the gauge to help
with the force transfer and to assure that a pressure-force relation was established. The
effectiveness of an increased force transfer, especially at lower forces, was demonstrated by a
master student working on the evaluation of initial prototype sensors[161]. Improvements
were made to the design by reshaping the bump to a 1.1 cm? circular bump to make it less
sensitive to shear forces.

4.1.2 Piezoresistive shear sensor

The piezoresistive sensing principle was also used to create a shear force sensor. By reading
out the resistance of two elements, and taking their differential, a sensor was designed that
could detect these forces.

Working principle

The working principle of the shear sensor is based on the same resistance-strain relation
between the normal pressure and tensile strain. For this load type we assume that both an
unevenly applied normal pressure and a shearing force are exerted on the sensor. By using two
parallel piezoresistive gauges, that deform at different rates due to both loads, a difference in
tensile strains will occur. Subsequently, this leads to a resistance difference with the resistance
of one gauge increasing more than the other. A schematic representation of this mechanism is
shown in Figure 4.2 a.
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Direction of the shear force can be distinguished by defining a "front" and "back" strain gauge
and calculating a resistance differential between the two. The equation for this differential can
be expressed in the form of

ARghear = (Rr — Rro) — (Rp — Ri0), 4.3)

where Ry and Ry represent the resistance values under compression of two strain gauges, and
Rio and Ry their baseline values. When A Rgpeqr is negative it means that the shear force is in
the direction of gauge I, as Ryy — Ry o is the biggest term, while when it is positive it is in the
direction of gauge II.

Design

An initial design for a shear sensor was made using the working principle with two parallel
rectangular strain gauges. Two electrodes and a common ground are placed on the same
substrate to bridge two 2x7 mm? piezoresistive strain gauges to measure a differential due to
an applied shear force. The gauges were separated by a spacing of 3 mm between the two. A 1
cm? rectangular bump with a height of 1.2 mm was printed on top of both gauges to aid with
the force transfer and shear deformation.

Due to the proximity of the strain gauges the tensile strain would often be very similar and
the shear forces hard to extract. As such, a redesign of the sensor was made to introduce
strain gauges with compliancy in a single direction. The piezoresistive elements were given
a chevron shape with an angle of 135° between the two parts of the V-shape. When a shear
is applied in the direction of the shape it will deform easily but will resist deformation in the
other direction. As such, larger tensile strains will occur in the more resistive gauge which
leads to an increased differential. The dimensions of the gauges were altered slightly for it to
fit in a width of 8 mm such that it could fit under the same bump. A spacing of 3 mm between
the two gauges was attained.

Both versions of the sensor design are shown in Figure 4.2 b-c.

4.1.3 Capacitive normal sensors

Capacitive transduction is an interesting approach for normal pressure sensing due to its
simple transduction mechanisms which prevents the needs for functional materials such
as piezoresistive composites. Furthermore, these sensors can yield very sensitive responses.
However, they are also quite sensitive to noise and require tailored shielding and electronics to
function well. This makes their execution more difficult than a piezoresistive sensor. However,
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Figure 4.2 — a) Transduction mechanisms and b) sensor design of the piezoresistive shear
sensor and the c¢) 3D representations of the two versions.

to compare the effectiveness of both sensing mechanisms, capacitive normal sensors were
also created.

Working principle

The working principle of a capacitive sensor relies on a voltage difference between separated
conductive features. By retaining this separation either by geometry, or by a non-conductive
material that prevents current flow, an electric field forms. The intensity of this field is called
capacitance (C) and is measured in Farad (F). The capacitance increases the closer the features
are and decreases when they are removed from each other. Capacitive sensors come in many
forms with the most popular being those with parallel plates or finger electrodes[162]. The
parallel plate capacitor is, due its simplicity, one of the most popular capacitive sensors. The
capacitance of this sensor can be described per the equation

£oErA

C )
d

(4.4)

where ¢ is the permittivity of free space, &, the relative permittivity, A the plate surface area,
and d their separation. This relation is reciprocal, but with small deformations the response
of the sensors can usually be approximated to be linear which makes it attractive for normal
pressure sensing. Furthermore, the relative permittivity can be tuned by means of the dielectric
material separating the plates, which is a non-conductive material that can be polarised by an
electric field to increase its energy density. By using a soft linearly elastic dielectric, normal
deformations of this material can be coupled by linear elastic theory to a change in capacitance
to create a simple but highly effective sensor as shown in Figure 4.3 a.
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Design

A simple sensor was designed consisting of a capacitive stack composed of two parallel elec-
trodes with an overlapping area of 10x10 mm?, as shown in Figure 4.2 b-c. A bottom electrode
was printed on top of the substrate after which a patterned dielectric was printed. The top
electrode which overlapped with the bottom electrode was printed on top of this dielectric.
No further design improvements were made for this sensor.

a) b)

electrode  Top
electrode

Figure 4.3 — a) Transduction mechanisms and b) sensor design of the capacitive normal
pressure sensor and its ¢) 3D representation.

4.2 Processing and material system development

In this section a brief overview is given of the materials development that enabled the DIW
printing of the sensor designs presented in Section 4.1. Two material types were developed to
enable the printing of these sensors. A structural self-supporting ink was developed to form
the soft material for substrates, dielectric layers, and encapsulation. To enable functional
piezoresistive layers, a carbon-black reinforced ink was developed. All electrical connections
were made using the commercially available AG520EI silver ink (Chimet S.p.A., Italy) thinned
with 5 wt% Chimet 0204IT thinner to allow for better control during printing. Lastly, the
fabrication steps and processes are outlined used to produce the sensors using the developed
material systems.

4.2.1 Structural material development

As was explained in Section 2.1.2, for inks that are printed by means of DIW it is important
that they maintain their shape after deposition. This means that the inks need to exhibit shear
thinning, the reduction of viscosity under a shear force such as extrusion from a printing nozzle,
and display viscoelastic or gel-like behaviour. Many soft materials exist for the fabrication of
wearables but these generally do not display this behaviour. As such, inks need to specifically
developed to enable the printing of soft materials in three dimensions.
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Our partners at the Complex Materials Laboratory at ETH Zurich and at the Cellulose &
Wood Materials Laboratory at EMPA developed a method to reinforce polymers with cellulose
particles in the form of Crystalline Nanocellulose (CNC). Therefore, their task in the SFA
funded D-Sense project was to develop and synthesise the DIW printable inks required for
the sensors, including a silicone ink that could be used to print self-supporting structures.
They had previously demonstrated to be able to introduce CNCs into a variety of polymers to
make them suitable for DIW printing[57]. A first ink formulation used the surfactant propylene
glycol methyl ether (PGME) to stabilise the CNC particle dispersion inside the silicone. Due
to curing and processing issues, this surfactant was later switched to the silanisation agent
methyl trimethoxy silane (MTMS) which renders the CNC more hydrophic, and resulted in the
CNC adhering directly to the PDMS.

Before the improved CNC reinforced ink formulation was established, a simpler to synthesise
and readily available ink formulated from 10 wt% fumed silica (HDK 30) reinforced Sylgard 184
silicone (FS-PDDMS) was used to print the first prototype sensors. While complete sensors
can be 3D printed with this ink, it does not retain its shape very well after deposition and will
deform during curing. Therefore, these inks were only used to build sensor prototypes for the
evaluation of the carbon loading in the strain gauges.

CNC reinforced silicone composites were created from multiple commercially available plat-
inum silicones including EcoFlex and Dragonskin (Smooth-On, Inc., Macungie, PA, USA).
However, these silicones had major adhesion issues both between printed layers and other
materials leading to delamination under compression. Due to these issues a structural ink
composed of CNC reinforced Sylgard 184 (Dow Inc. Midland, MI, USA) was developed instead.

To enable the printing of this Sylgard 184 based ink, the ink had to be reinforced with at least 5
wt% CNCs (CNC-PDMS) which were functionalised using methyl trimethoxy silane (MTMS)
such that they change the ink from a fluid to a viscoelastic material to achieve printability
(Figure 4.4 a-b). Furthermore, the amount of CNCs incorporated into the silicone matrix results
in different mechanical material properties after curing (Figure 4.4 ¢). Due to the shear and
extensional forces the particles experience inside the ink, they align along the printing path
during extrusion resulting in anisotropic mechanical properties. Furthermore, the resulting
ink is self supporting and can be printed with infill densities down to 10% (Figure 4.4 d).

To be able to print more rigid multi-layer structures, such as the bump, a 12.5 wt% CNC
reinforced silicone ink was required to prevent flowing and retain a stable structure. Inks with
alower CNC concentration of 5 wt% flow more, in comparison to inks with higher loads, which
leads to smooth surfaces (Rq = 4.16+1.53 um) with a roughness at least 8 times lower than
surface printed from inks containing 12.5 wt% CNCs Figure 4.4 e. Features which require a flat
surface can be more easily printed on top of this material such as conductive films.
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Figure 4.4 — Crystalline nanocellulose (CNC) reinforced silicone ink and its printing. a) Re-
inforcement with MTMS silanised CNCs allows for the printing of 3D silicone structures. b)
Rheological properties and c) tensile moduli at different CNC loadings. d) Stack realised
using different infill densities, from bottom to top: 100%, 50%, 25%. e) Confocal microscopy
measurement of silicone inks with 5 and 12.5 wt% CNC reinforcement.

4.2.2 Piezoresistive material development

A formulation using Sylgard 184 as a base material infused with EC-300 KetjenBlack carbon
black (CB), using isopropanol to disperse the particles within the composite, existed in our lab-
oratory and has been frequently used for the manufacturing of soft electrodes for stretchable
Dielectric Actuators[163], and strain sensors[70]. By finely tuning its CB loading percentage it
becomes possible to decrease its electrical conductivity and increase its piezoresistivity.

To print the strain gauges for the piezoresistive sensor, we wanted to develop a DIW printable
ink. We developed this ink by compounding the existing formulation with 10 wt% fumed
silica, a widely used rheological modifier, to give it the necessary shear thinning properties. In
order to understand the influence of the concentration of carbon black on its conductivity, we
explored the compounding of several percentages up to 10 wt% CB.

Films were created from this ink by stencil printing that showed that when the CB loading was
increased from 5 to 10 wt% the resistivity decreased from 0.35+0.02 Q m to 0.04+0.00 Q m,
a difference of 0.31+£0.02 Q m. In comparison, when increasing the loading from 4 to 5 wt%
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the resistivity changed by a value of 1.84+0.2 Q m. The piezoresistive effect is linked to the
base resistivity, and lower loadings will result in more sensitive sensors. To understand the
influence of CB loading on the resistivity we developed inks with a maximum CB loading of up
to 5 wt%.

Using the same ink developed for stencil printing, we DIW printed several normal sensor
prototypes with piezoresistive gauges. However, we found that the ink was very liquid and
unable to hold its shape well, even with the addition of fumed silica. The prototype sensors
printed from this material showed a variance in response of up to 30%. The main suspect was
the isopropanol used to disperse the CB in the ink, as it has a short chain length, and the solvent
polarity and dielectric can have an effect on the CB dispersion and particle agglomeration[164].
Therefore, we decided to investigate the role of the solvent on the printing of the ink and
resistivity of the material.

Sedimentation test

To start, several alcohol-CB mixtures were tested and their stability checked by a simple
sedimentation experiment. For this test several alcohols were tested including isopropanol,
ethanol, butanol, pentanol and octanol. As shown in Figure 4.5, isopropanol and ethanol based
suspensions sedimented more rapidly than the other alcohols, and octanol was observed to
be the most stable. In part this is due to the difference in chain length between ethanol and
octanol, the latter which has a longer chain length, resulting in a difference in polarity.

2 hours 48 hours
l Lbuteng M?‘M ,;"“

|4 E . .-«" = -

Figure 4.5 — Sedimentation experiment of carbon black (CB) suspended in, from left to right,
ethanol, isopropanol, butanol, pentanol and octanol, which were inspected at several time
checkpoints.

To understand the particle distribution and electrical characteristics, we evaluated DIW printed
films made from silicone inks compounded with solvent dispersed carbon black (CB-PDMS).
To disperse the carbon black in the silicone mixture we selected octanol as it was the most
stable. We then compared the DIW printable inks created with this solvent to the isopropanol
formulation and one without any solvent. The latter ink was analysed as a way to understand
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the influence of the presence of alcohol during printing.

CB-PDMS ink preparation, film printing, and resistivity evaluation

CB-PDMS mixtures were prepared with a CB loading set at 3.75 wt% and 4.25 wt%. First these
were mixed by Thinky Mixer, then refined by three-roll mixer and finally mixed in the Thinky
Mixer one last time to create a homogeneous paste. Squares measuring 12.5 mm x 12.5 mm
were printed at ETH using a RegenHu 3D Discovery, dried and fully cured for several hours
at 80 °C in an oven to evacuate any remaining solvent completely from the composite films.
The printed samples were then analysed at EPFL by bisecting them and photographing their
cross-sections using a Keyence VH-X Digital Microscope. Within the cross-sections of the films
(Figure 4.6) a difference in particle dispersion can be seen. Inks created using alcohol show
a stratification that is not present for those created without any solvent (Figure 4.6 a). This
indicates that the presence of alcohol influences the particle dispersion of the cured printed
films.

No Solvent b) Isopropanol  ¢) Octanol

2000 um
= 250 um

Figure 4.6 — Cross-sections and optical images of the cured CB-PDMS composites for inks a)
without any solvent, with b) isopropanol as a solvent, and c¢) octanol as a solvent.

The sheet resistance of each printed film was measured with an Agilent 34410/11A Digital
Multimeter in 4 point probe mode by directly placing the probe on the printed surface. An
average thickness of 499.5+105.4 pm was measured using a Keyence VK-X 3D Laser Scanning
Confocal Microscope. This thickness was used to calculate their resistivity. However, among
all tested samples only for those created with octanol, conductivity was seen with their average
resistivity measured to be 3.2+0.6 Q m with no clear influence of the CB loading. The other
films showed no detectable conductivity. It is likely that either the lack of alcohol, or by
using a volatile alcohol such as isopropanol, the percolation of the carbon network is reduced
which results in an non-conductive material. This was further corroborated by experiments
performed for inks which had part of their alcohol removed before printing during processing
by vacuum extraction, which were not electrically conductive either.
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CB-PDMS films with pentanol based inks

Further tests with octanol based CB-PDMS did not result in DIW printed films with repro-
ducible resistivity values. Therefore, we decided to investigate if instead pentanol, one of the
solvents found to be stable during the sedimentation test, could be used instead. Pentanol
is similar to octanol but has a shorter chain. Furthermore, it has previously been shown to
effectively disperse carbon particles within DIW printable inks without the inks drying out
during printing[165]. Another advantage over octanol is that pentanol has a lower boiling
point, at 138 °C compared to 194 °C for octanol, meaning that it will evaporate faster from
the ink during curing and potentially reduce processing time. Furthermore, we extended the
range of CB loading to check its influence.

Pentanol based CB-PDMS inks were developed with three CB loadings of 3, 3.75, and 5 wt%
to evaluate its influence on the resistivity. Films printed from the pentanol based CB-PDMS
inks had resistivity values of 18.3+5.2 Qm, 11.24+7.6 Q m, and 0.9+0.1 Q m for the 3, 3.75, and
5 wt% CB loadings, respectively. These resistivity values are significantly higher than for the
octanol ink, with a larger spread of data. Comparatively, films stencil printed from the old
CB-PDMS isopropanol ink had a resistivity of 0.35+0.2 Q m at 5 wt% CB, which means that the
pentanol based ink had a resistivity of a factor 2.52 higher.

A full overview of the resistivity values found for the tested inks in comparison to the resistivity
evaluations of stencil printed films created from the isopropanol CB-PDMS ink formulation
are shown in Figure 4.7.
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Figure 4.7 — Resistivity values measured for the DIW printed CB-PDMS squares printed from
inks with octanol and pentanol as dispersion agents and compared to stencil printed iso-
propanol based ink.

It should be noted that the evaluation of the electrical properties of the material can be
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influenced by the manner it is contacted. Directly interfacing silver contact pads to the film
allowed for a less noisy read out than probing the film directly. Using a contact pad likely
creates a more conformal and larger contact surface with the uncured silicone.

This experiment only provided us with the resistivity data, which is limited to giving an
indication of what the piezoresistive behaviour of the ink will likely be like through the status of
the CB network percolation. Films with a higher resistivity will result in materials with weaker
networks which are likely more sensitive to manipulation of their electrically conductive
network. Therefore, we decided to use the stable pentanol based CB-PDMS inks. These were
integrated into strain gauges with CB loadings of 3.5, 4, 4.5 and 5 wt% to be able to directly
evaluate their piezoresistive properties. As such, the CB-PDMS and sensor development
continued in parallel. To further understand the influence of alcohol and CB loading on
the DIW printing of piezoresistive and conductive silicone ink, and the resulting structural
compositions of the cured films, a larger study could be envisioned.

4.2.3 Fabrication cycle and processing steps

Sensors were fabricated from both the FS-PDMS and CNC-PDMS inks at the ETHZ Complex
Materials Laboratory either by myself or by two members of the lab using a RegenHu 3D
Discovery equipped with pressure driven direct ink writing extruders from the developed
materials treated in the section before. For sensor incorporated directly into a multisensor
platform, the printing was performed using a custom build StepCraft 420 3D printing platform
with integrated Direct Ink Writing tools, a heated bed, and a plasma gun. Both printers are
shown in Figure 4.8. The full fabrication process, which will be described here, is illustrated in
Figure 4.9.

i |

—— 3

Figure 4.8 — The RegenHu 3D Discovery (left) and Stepcraft 420 (right) DIW printing platforms
used to produce the sensors at the Complex Materials Lab at ETHZ.
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Substrate and dielectric fabrication

Initial sensor prototypes had their substrates created from Sylgard 184 reinforced with 10 wt%
fumed silica. This material was printed using a 20 Gauge (ID = 0.61 mm) conical metal nozzle
at a pressure of 4.5 bar, printing speed of 15 mm/s, and a tip to substrate distance of about
450 pm. The substrate was cured for 1 hour at 80°C in an enclosed oven until it was no longer

tacky.

For sensors composed of CNC reinforced Sylgard 184 (CNC-PDMS) a preeflow EcoPen (Vis-
coTec GmbH, Germany) precision dispensing tool was used. Using this tool the flow of ink
could be finely controlled to allow for more uniform deposition. The CNC-PDMS ink was
printed using a pressure of 3-5 bar, and a flowrate of 120-200 um/min was selected depending
on the CNC content and the flow of the material. This content varied during the development
of the ink and lay between 5-22.5 wt% and was highly dependent on the surfactant used to
introduce the CNCs into the silicone. A printing speed of 10 mm/s, tip distance of 500 pm,
and centre-to-centre spacing of the printed lines of 600 um were used during printing. The
CNC-PDMS was cured for 30-60 minutes at 80 °C on the integrated heat bed depending on the
step in the process. Dielectrics of the capacitive sensors were printed in the same way.

All inks were printed using a infill orientation that changed by 90° every layer, such that the
layers formed a cross-hatched pattern which reinforced the final material strength.

Plasma activation

To improve bonding between the CNC-PDMS and other materials the substrates and dielectrics
were treated in a Harrick Basic Plasma Cleaner using atmospheric gas at a power of 18 W for 2
minutes. When printing the sensors using the StepCraft a Relyon plasmabrush PB3 was used to
activate the surface without having to remove the samples. The plasma gun was supplied with
atmospheric gas at 1 bar with a 70% of its maximum power supplied at a plasma frequency of
54 Hz. A working distance of 20 mm, linespacing of 5 mm, and a scanning speed of 70 mm/s
were used to scan the entire surface and provide a total surface activation.

Electrode fabrication

After the plasma treatment, the electrodes were printed on substrates and dielectrics using the
thinned (10 wt%) Chimet silver ink by depositing it through a pressurised luer lock syringe
with a 0.5" (12.7 mm) long 25 gauge (ID = 0.26 mm) needle. A printing pressure of 1.7-1.9
bar, printing speed of 8-10 mm/s, and center-to-center spacing of 100 um were used to create
continuous lines. The tip distance was set to 100 um. After deposition the samples were
returned to an enclosed oven and cured at 120 °C for 30 minutes.
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Piezoresistor fabrication

For the piezoresistive sensor, a second plasma treatment was performed using either the
plasma cleaner or plasma gun to increase the bonding between the silicone substrate and the
silver electrodes with the piezoresistive strain gauge. The CB composited Sylgard 184 silicone
(CB-PDMS) was prepared as per the steps described in Section 4.2.2 with pentanol as a solvent
and printed using a conical 25 gauge (ID = 0.26 mm) plastic nozzle at a pressure of 0.75 bar,
printing speed of 10 mm/s, tip distance of 200 um, and a centre-to-centre spacing of 200 um.
Two layers of 200 um each were deposited on top of each other to achieve a 400 um thick strain
gauge. The entire sensor was then put in an oven at recommended temperature of 80 °C as per
the datasheet for a duration of at least 3 hours to evaporate the pentanol and fully cure the
material. An increased temperature can speed up the curing process but also could lead to
introduction of air bubbles.

Capacitive sensor fabrication

For the capacitive sensor, after the printing of the electrodes on the substrate, a dielectric was
printed on top of these after plasma activation using the same method as used for printing
the substrate. Then, a second plasma treatment was performed using the plasma cleaner to
print a second electrode overlapping the first which was processed in same way as the first
electrode.

Bump fabrication

For both sensors, a final plasma treatment was performed before the printing of the bump.
For the fumed silica sensors the bump was again printed from 10 wt% fumed silica reinforced
Sylgard 184, while for the CNC-PDMS bumps were printed using 12.5-22.5 wt% CNC content.
The bump was given a height of 1.2 mm, to have a 0.8 mm layer on top of the strain gauges.
The first layer was printed using a tip distance of 300 um, which was increased to 400 pm for
the second layer. Two layers were printed to achieve the final height of the bump after which
the sensor was put into an oven for 1 hour at 80 °C to finalise the devices.

4.3 FS-PDMS and CNC-PDMS based normal pressure sensors

In this section the responses of soft normal pressure sensors created from our developed
FS-PDMS and CNC-PDMS inks are discussed. First the testing methodology is explained. This
methodology was applied to the piezoresistive sensors to retriever their static and dynamic
responses, as well as their hysteresis. Finally, the same metrics are presented for the capacitive
Sensors.
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Figure 4.9 — Schematic of the DIW printing and processes used to fabricate the fully 3D printed
piezoresistive and capacitive sensors.

4.3.1 Developed testing methodology

Several types of static and dynamic tests were performed to evaluate the performance of the

sensors. These tests were performed using an Instron 3340 pull-tester with custom made

compression pistons matching the shapes of the bumps. The resistance values were recorded
using Agilent 34410/11A Digital Multimeters which were recorded using a LabView script.

Static pressure test

The performance of the sensors was tested by applying a load at 20 kPa/s until a predetermined

static load was achieved. This load was applied for a duration of 90 seconds before the pressure
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was gently released again and the sensor was allowed to recover for 5 minutes. These tests
were performed in series, starting at a load of 200 kPa which was increased subsequently by
200 kPa per test up to a final load of 1000 kPa. Later tests included a reversed load application
to simulate both a loading and unloading condition.

Hysteresis test

To determine the hysteresis of the sensors pressure cycling tests were performed at constant
pressure rates of 20 kPa/s and normal pressures of 200, 600, and 1000 kPa. Starting at 200 kPa,
the sensor was cycled three times after which it was allowed to recover for 5 minutes. The
same procedure was then repeated at 600 and 1000 kPa. The test were carried out in series to
reduce the influence of material relaxation.

Dynamic test

Dynamic responses of the sensors were tested at compressive pressures of 200, 600, and 1000
kPa using a Bose Electroforce 3400 at cycling speeds of 0.5, 1, and 2 Hz. The signals were
processed using a Python script to determine the time dependent characteristics of the signal.

4.3.2 FS-PDMS based piezoresistive sensor evaluation for static loads

In this section the results of the piezoresistive sensors printed with fumed silica reinforced
silicone (FS-PDMS) as structural material are discussed. To evaluate their performance, they
were tested under static loads as described Section 4.3.1. Response curves were created
from the force reported by the pull-tester, which was converted into pressure, and the sensor
resistance measured by multimeter.

Influence of carbon content for pentanol CB-PDMS strain gauges integrated into FS-PDMS
piezoresistive normal sensors

The initial CNC-PDMS based formulation resulted in inconsistent printing results as the
ink was very liquid and sometime did not fully cure. Therefore, further development of
this material was required before we could create sensors using this type of PDMS ink. As
an alternative, a printable Sylgard 184 reinforced with 10% wt fumed silica (FS-PDMS) was
used instead to print the substrate and bumps, while we focused on the development of the
CB-PDMS ink with pentanol for the printing of the strain gauges.

Several sensors were fabricated using the new CB-PDMS formulations, and their performance
was tested and compared to the initial prototypes printed using the isopropanol ink formula-

81



Chapter 4 3D printing of mechanical sensors targeted at human gait analysis

tion.

The static tests were performed as per the protocol lined out in Section 4.3.1. We evaluated
sensors with strain gauges printed from 3.5, 4, 4.5 and 5 wt% CB pentanol inks. The curves
of the resistance changes under normal pressure of several of these sensors during the static
tests are shown in Figure 4.10.
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Figure 4.10 — Relative sensor responses during static testing for piezoresistive strain sensors
printed from 10 wt% fumed silica Sylgard 184 (FS-PDMS) with strain gauges printed from
pentanol based CB-PDMS ink with CB loadings of a) 3.5 wt%, b) 4 wt%, c¢) 4.5 wt%, and d) 5
wit%.

All sensors showed time-dependent responses which decrease slightly over time under the
static load. This change over time is most pronounced for the low CB loadings. For the 3.5
wt% carbon loading (Figure 4.10 a) the loading and unloading responses show a significant
difference, while this effect diminishes at higher loadings above 4 wt% (Figure 4.10 b-d).

Response curves can be constructed by determining the resistance values from the responses
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by extracting quantified values 30 seconds after full load application. This allowed us to
extract response curves to evaluate the sensor performance as shown in Figure 4.12. From the
resistance curves we further quantified Ryayx, the maximum response at 1000 kPa, Ry which
is the value before any load is applied, and S5 and S;e] which are the absolute and relative
sensitivity values which are expressed in 2/kPa and %/kPa, respectively. The latter which is
calculated as per

Stel = —. 4.5
rel RO ( )

The full characterisation for the strain gauges printed from the developed pentanol based
CB-PDMS inks are presented in Table 4.1, and compared with initial prototypes created from
the isopropanol based ink formulation.

Table 4.1 - Characterisation of sensors fabricated using pentanol based CB-PDMS ink formula-
tions and a comparison to the sensors fabricated with the isopropanol formulation. Sensitivity
values are evaluated for a range of 0 to 1000 kPa.

CB  Solvent Rg Preload Ry,ax (@1000 kPa) Sype Srel

wit% kQ kQ Q/kPa %/kPa

4.08 Isopropanol (Old ink) 15.7+4.3 82.0+26.3 66.3+26.9 0.466+0.222
3.5  Pentanol 13.2+3.6 46.1+18.5 36.2+18.8 0.262+0.072
4 Pentanol 5.0£0.2 8.2+1.0 3.24+0.8 0.063+0.015
4.5 Pentanol 6.8+1.5 10.3+0.8 3.5+0.7 0.058+0.027
5 Pentanol 2.7+0.3 4.5+0.6 1.8+0.6 0.070+0.028

Comparatively to the readily available isopropanol based ink, the pentanol based CB-PDMS
ink at the same CB loading had both lower sensitivities (S,pg), maximum responses (Rmax),
and initial resistances (Rp). The maximum response decreased by a factor 10 at CB loading of
4 wt% when switching the solvent from isopropanol to pentanol, however this reduced the
standard deviation between the sensors from 26.3 kQ2 (32.1%) down to 1.0 kQ (12.2%). This
shows that the pentanol based CB-PDMS strain gauges can be more replicably DIW printed.

With the reduction in the initial resistance and and maximum response, the absolute sensitivity
of the pentanol based CB-PDMS strain gauges also decreases, compared to the sensors printed
using the isopropanol based ink. However, the former sensors had a deviation of 26% between
each other, irrespective of the loading, while the latter showed a deviation of 40.6%. It is likely
that this change is due to the fact that evaporation during or before printing of the gauges
using the less stable isopropanol ink results in the ink drying out[165], which can result in a
less optimal carbon distribution. Therefore, the pentanol makes for a better dispersion agent
for CB with regards to DIW printable CB-PDMS inks.

The influence of the CB loading could be clearly seen from the sensitivity values in Table 4.1,
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which are visualised in Figure 4.11.
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Figure 4.11 — Absolute sensitivity values of the tested sensors with strain gauges printed from
the isopropanol based ink formulation and the newly developed pentanol based inks.

With an increasing CB loading the absolute sensitivity reduces as the gauges become more
electrically conductive. The 3.5 wt% CB loading produced the most sensitive gauges, while
sensitivities were very similar for 4 and 4.5 wt% loading, and reduced again for the 5 wt%
loading.

To understand how these distributions in sensitivity occurred we looked at the response curves
of the sensors for all pressures both in the loading and unloading phase as shown in Figure 4.12.

The distribution in sensitivity for the 3.5 wt% CB sensors stems from a significant difference
in the slopes in-between different sensors. In retrospect, above 4 wt% CB loading the sensor
responses are more linear and repeatable, especially for the unloading phase. The responses
retain similar slopes for sensors with 4 and 4.5 wt% CB loading, with the response and absolute
sensitivity significantly reduced when the CB loading was increased to 5 wt%.

The relative sensitivity remains roughly the same at 0.061+0.018 %/kPa for 4-4.5 wt% CB
loading sensors and 0.070+0.028 %/kPa for those at 5 wt% CB loading. This is likely due to the
sensors with lower loadings having a large overlap in Ry values, which likely also influences
the obtained sensitivity values, while for the higher loading sensors its decrease leads to a clear
change in sensitivity.

Even so, to be able to accurately read out the sensors the absolute sensitivity is more important,
which becomes easier with an increased response. Considering this, we decided to further
investigate strain gauges printed from inks with 3.5 and 4 wt% loading to try to find a balance
between sensitivity and linear performance.
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Figure 4.12 — Response curves for selected strain sensors printed from 3.5 wt%, 4, 4.5 wt%, and
5 wt% pentanol based CB-PDMS inks.

4.3.3 CNC-PDMS piezoresistive static sensor response

The effects of the 3.5 and 4 wt% pentanol based CB-PDMS gauges were studied further.
However, we now integrated them into sensors that were created from a newly optimised
CNC-PDMS formulation. For this ink to disperse the CNCs, the surfactant propylene glycol
methyl ether (PGME) was switched in favour of the silanisation agent methyl trimethoxy silane
(MTMS), that allowed for better dispersal of the CNCs and their reinforcement in the PMDS.
The MTMS-PDMS ink displays ideal shear thinning parameters and better shaped fidelity
during DIW printing, which will result in less variance between sensors. The CNC content was

tweaked during the production of the sensors to arrive at a balance between printability and
fidelity.

Influence of structural material on sensor response

Since the structural material changed, we wanted to evaluate if this had any effect on the
sensor response. Two types of sensors were printed, one with a 4 wt% CB-PDMS strain gauges
and the other with 3.5 wt% CB-PDSM strain gauges. The sensors were created from highly
reinforced CNC-PDMS ink with a CNC content above 18 wt% of which both substrates and
bump were printed. The CNC content had not been optimised yet and was tweaked during
the production of the sensors. Figure 4.13 shows the static response of both FS-PDMS and
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CNC-PDMS sensors.
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Figure 4.13 — Comparison of sensors printed from 10 wt% fumed silica reinforced PDMS
(FS-PDMS) and >18 wt% crystalline nanocellulose (CNC) reinforced sylgard 184 PDMS (CNC-
PDMS) for sensors with strain gauges printed from 3.5 and 4 wt% CB inks.

Both sensors with the lowest loading of 3.5 wt% did not show a significant difference in
response after the change of the material system. For the 4 wt% CB loading CNC sensors
an improved but slightly lower response of 2.7+0.1 Q/kPa was found. Since the Ry values
remained the same, at values of 4.6+0.3 kQ for the CNC-PDMS sensors versus 5.0+0.2 kQ for
the fumed silica ones, the error reduction for the sensitivity is most likely the result of the
improved printing process with the CNC-PDMS being a much more stable ink. The CNC-
PDMS ink flows less after printing than the fumed silica reinforced composite as it is well
tuned for printing by shear thinning. This allows for more replicability during printing which
allows us to make sensors applicable for human gait sensing.

Based on these resulted we used the new CNC reinforced materials to continue to produce
sensors with strain gauges printed from the pentanol based 4 wt% CB loaded ink.

Influence of preconditioning on static response of CNC-PDMS piezoresistive normal sen-
sors

As was already observed from Figure 4.12, the sensor responses were slightly different during
the unloading than the loading phase. The reason for this is that the materials that make up
the sensors are created from silicones which have long mechanical relaxation times which can
influence the sensor performance. Therefore, we investigated the influence of preconditioning
the sensor prior to subjecting them to any tests. The preconditioning took place in the form
of loading and unloading the sensors 10 times consecutively up to the maximum applied
pressure of the test at a pressure rate of 20 kPa/s.
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After the 10 cycles were applied, the sensors were left to rest for 5 minutes before starting the
test. In order to investigate the influence of this on the sensor response, we performed the
static pressure tests on the same sensors both without preconditioning and then, after a 24
hour cool-down period, with the preconditioning performed. The resistance and response
curves of these tests are shown in Figure 4.14 .

These tests were all performed on CNC-PDMS sensors with a substrates printed from 5 wt%
CNC-PDMS, resulting in a smooth surface, and with bumps, on top of 4 wt% CB-PDMS
strain gauges, printed from 12.5 wt% CNC-PDMS, allowing for high fidelity prints. This ink
combination was used for all subsequent CNC-PDMS sensors.

Figure 4.14 a-b shows the resistance curves of these sensor under static loads before and after
preconditioning. In comparison, the sensors which have been preconditioned have loading
and unloading response curves which lay much closer to each other in terms of absolute
resistance. Part of this can be explained by the looking at the value of the resistance just before
application of a static load (Ry). This value increases with the applied load as it is dependent
on the material relaxation and serves as an indicator of the effect of the preconditioning.
Post preconditioning the average Ry has a value of 7.24+0.46 kQ while for the ones without
preconditioning it has a value of 6.53+1.04 kQ.

a)

No preconditioning b) With preconditioning )
28 28 20 -
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Figure 4.14 — Response curve of a CNC-PDMS sensor with a 4 wt% CB-PDMS strain gauge
before and after preconditioning.

Furthermore, for the sensors without preconditioning a larger difference of Ry is seen between
the loading and unloading of the sensors as this value significantly increases after being
actuated at 1000 kPa. During the loading cycle the average Ry for these sensors is 5.82+0.79
kQ while during unloading it is 7.43+0.43 kQ. This means that Ry, even after 5 minutes of
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relaxation between tests, recovers less well after the maximum load of 1000 kPa is applied. By
applying the preconditioning cycles this effect can be diminished.

However, the reduction in resistance before loading, both Ry and Ry result in a decrease of
the absolute response from 15.3+1.4 Q/kPa to 13.8+0.8 Q/kPa. However, as was shown in
Figure 4.14 c, due to this the linearity improves with the linear fitting quality of the response
curve improving from R? of 0.975 to 0.993.

Due to this improving the sensor behaviour, we decided to always precondition the sensors
before running any tests.

Optimised sensor sensitivity

Further CNC-PDMS sensors were printed with substrates printed from the 5 wt% CNC-PDMS
ink and with strain gauges printed from the pentanol based 4 wt% CB-PDMS underneath a
12.5 wt% CNC-PDMS bump using optimised printing parameters. These sensors were tested
using the developed protocol including performing preconditioning, a loading cycle, and
an unloading cycle. The recorded resistance values (Figure 4.15) show that most sensors
responses have similar shapes but have varying response AR values for the same pressure.

This divergence influences the sensitivity as it is dependent on the change of resistance with
respect to the pressure. The majority of the tested sensors had an increasing response over
time, with most drift occurring at 1000 kPa. However, this change is minor in comparison
to the increase in response due to the applied pressure. Response curves created from the
resistance plots are shown separately (Figure 4.16 a) and in an averaged fashion (Figure 4.16 b).
A linear fit was performed to determine the average sensitivity which can be used as a model
for the sensor response, excluding the response between 0 and 200 kPa as it had a slightly
lower slope.

The sensors had an averaged total resistance change (AR) of 12.3+3.8 kQ (79.8+29.2%), and
resistance without load of (Ry) of 6.8+1.5 kQ. Using linear fits, the average slope was deter-
mined to find a global sensitivity (S) of 14.9+0.4 Q/kPa with a fit of R? = 0.997 indicating very
little residual. While the fitting matches the average data closely, a reasonably larger difference
in sensitivity remains. This difference can be partially attributed by the fact that the full sensor
response can vary by as much as 3.8 kQ. The data of the separate sensor and a summation of
the average can be found in Table 4.2.

The main difference in sensitivity thus comes from the resistance difference (AR) from one
pressure level to the next. This is likely due to the fact that 3D printing is an error prone
process, especially when it comes to multimaterial printing. Printing multiple materials intro-
duces errors either due to different material behaviours or by small differences in the printed
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Figure 4.15 — Resistance curves for several CNC-PDMS sensors with 4 wt% CB-PDMS strain
gauges.

geometry[166]. Some of these errors can be reduced by tweaking the printing parameters.
However, optimisation of these requires a significant study and even then some variation will
always be present from one printed sensor to another.

Gauge factor

As previously explained in Equation (2.2), the performance of a piezoresistive strain sensor
can be evaluated through the gauge factor (GF). This factor gives an indication of the change
in resistance of the sensor at a certain elastic deformation. The gauge factor is defined as

_AR1

GF=—-,
R()£

(4.6)

where ¢ is the strain. This factor is often used for the evaluation of tensile strain sensors but
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Figure 4.16 — Response curves of CNC-PDMS sensors with 4 wt% CB-PDMS strain gauges with
a) the individual sensor response and b) their average for both the loading and unloading
phase.

can also be applied to our normal pressure sensor as it too functions by a change in tensile
strain. To evaluate the GF of our sensor design we determined its value through looking at
the compressive behaviour of the strain gauges under the bump, neglecting any deformation
of the substrate. Since the Poisson’s ratio (v) of silicone is close to 0.5, we assumed that the
tensile strain was of a similar magnitude as the compressive strain as per Equation (4.2).

Since the strain gauges are encapsulated by a CNC-PDMS bump the strain gauge will not
deform at the same rate as the bare material, since the CNC-PDMS and CB-PDMS have
mismatching moduli. To tackle this, we first determined the individual compressive moduli,
and then calculated their simultaneous compressive behaviour.

First, the 12.5 wt% CNC-PDMS and pentanol based 4 wt% CB-PDMS materials were tested
separately to determine their individual elastic compressive moduli. Both moduli were evalu-
ated using a Autograph AGS-X Series (Shimadzu, Japan) at the ETH lab which measured both
the compressive strain and stress. From the resulting graphs we used linear fittings to extract
the moduli.

During materials development, the compression modulus of the 12.5 wt% CNC-PDMS was
already measured to be 7.7 MPa. The compression modulus of the CB-PDMS was determined
by measuring its longitudinal strain of a plasma bonded stack of 3D printed 4 wt% CB-PDMS
films under compressive stress as shown in Figure 4.17. A linear slope was fitted for the CB-
PDMS 0of 9.22+0.06 MPa for the 400 to 1000 kPa range which represents the compressive strain
at a certain stress.

When the sensors is under compression the bump and strain gauge deform at the same time.
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Table 4.2 — The initial resistance, resistance change in AR and AR/Ry, and slopes or sensitivity
(Saps) of all tested CNC-PDMS sensors and their averages with standard deviations.

Sensor Ry AR AR/Ry Sabs
kQ ] kQ ] (%] [Q/kPa]

S1 6.5 10.4 60.0 11.7
S2 7.1 11.5 62.0 14.4
S3 8.2 11.0 34.1 14.4
S4 4.5 8.0 77.8 9.8

S5 5.8 12.4 113.8 15.6
S6 4.4 6.7 52.3 8.0

S7 7.9 16.2 105.1 19.3
S8 8.4 19.1 127.4 21.5
S9 8.4 15.6 85.7 19.1

Avg. response 6.8+1.5 13.3+3.8 79.8+29.2 14.9+4.3

However, due to the geometrical and material mismatch the stress in the strain gauge (ocg)
will be different under compression than in the case if it was not encapsulated. To calculate
the actual stress, we assume that the material system is linearly elastic (¢ = o/E). Therefore, to
be able to determine the strain in the composite we need to calculate the internal stress in the
strain gauge. For this we first we need to calculate the internal force (Ngp).

To find this force we assume that both the CNC-PDMS and CB-PDMS strain gauge deform
at the same rate and that therefore the strain is continuous (6cg = dcne,12.5). The strain
continuity equation for this two material system is then given as

Ncene, 125 _ Ncs
- M
Ecnci25Acenc125  EcBAcs

4.7

where N represents the internal forces, E the compressive moduli, and A the cross-sectional
areas of the bump and CB strain gauge. By assuming that the total internal force for the sensor
is a summation of the internal forces in both materials (Nyump = Ncs + Ncnc,12.5) we can
rewrite Equation (4.7) into an expression of internal force of the strain gauge

Ecne,125AcNG,12.5

Ncp = Nbump +1f, (4.8)

EcgAcs

with Npymp being the total force applied on the sensor. At a pressure of 600 kPa a force of 66
N is exerted on the 1.1 cm? circular bump of the sensor resulting in an actual stress on the
strain gauge of 695.12 kPa. From this pressure a normal strain of 7.54+0.04 % is calculated.
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Figure 4.17 — Compressive stress versus strain test of the 4 wt% carbon black-fumed silica-
PDMS (CB-PDMS).

To find the tensile strain we need to use Equation (4.2) which couples the normal and tensile
strain. The Poisson’s ratio for CB reinforced Sylgard 184 has previously been determined to be
in the range of 0.4-0.5[167], and using experimental data for a 4 wt% CB-PDMS the Poisson’s
ratio will be around 0.46. However, it should be noted that this Poisson ratio does not take
into account the presence of fumed silica in the silicone and its influence should be further
analysed.

With a resistance change (AR) of 12.2+4.0 kQ and an initial resistance (Rp) at 400 kPa of
9.46+2.7 kQ a gauge factor of 34.0+0.1 is calculated. Not taking into account the multimaterial
system, and considering a general E modulus of 9.22+0.06 MPa, leads to an overestimated
gauge factor as shown in Table 4.3.

To put this into perspective, our sensors show a higher GF than other printed tensile strain
sensors using carbon nanotube (CNT) reinforced FDM filaments of 2.3[29] and 3.7[168], or
DIW printed silver-polyurethane inks at 13.3[120]. Normal pressures sensors with electrodes
underneath created by partial DIW printing using carbon nanotube-PDMS composites showed
a GF of around 2[109]. However, the GF of our sensor is below tensile strain sensors printed
using a hybrid printing combination of Digital Light Printing (DLP) and DIW at 251[112]. Even
if this signifies that our sensor is more sensitive than most 3D printed tensile strain sensors, the
GF is lower those created from doped silicon which can attain factors of 100 and higher[159].
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Table 4.3 — Influence on calculating the gauge factor with the influence of the modelling of the
material system.

No correction With correction

GF 36.4+0.2 34.0+0.1 -
ocB 600.0 695.1 kPa
OpPDMS - 580.4 kPa
€normal 6.51 7.54 %
Etensile 2.99 3.46 %
Ecp 9.22+0.06 MPa
Ebump 7.7 MPa
Ry 9.45+2.7 kQ
AR 9.19+4.0 kQ

4.3.4 Hysteresis response of the CNC-PDMS piezoresistive normal sensors

Hysteresis analyses were performed for 5 wt% CNC-PDMS DIW printed sensors with 4 wt%
strain gauges underneath a 12.5 wt% CNC-PDMS bump. The sensors were tested for their
hysteresis by the protocol described in Section 4.3.1. A pressure rate of 20 kPa/s was used, and
slowing this rate down showed no significant change. The resulting resistance over time for
such cycles at pressures of 200, 600, and 1000 kPa are displayed in Figure 4.18 a.

To evaluate the hysteresis we ideally want to evaluate the sensor response versus the applied
force or pressure. For this we analyse the resistance-pressure loops of the sensors between
a zero-load and a maximum load point after the first cycle. To process the data a custom
python script was written to construct the datasets for the resistance versus force plots. The
mechanical hysteresis was then calculated from this data by the formula

5, = Ju—R 4.9)
Rmax — Nzl
where Rpax is the resistance at the peakload, R, the resistance at which the sensors is unloaded
(0kPa). Ry and Ry, are the resistance values where the absolute difference in resistance between
the loading and unloading cycles is the largest. This point is called P* and for a sensor with
symmetric hysteresis will lay exactly in the middle. In reality, however, this can lay anywhere
along between P ¢ and Py. A visualisation of an ideally symmetric hysteresis curve with all
discussed points of interest is shown in Figure 4.18 b.

The python script was also able to calculate the hysteresis for each test by a developed algo-
rithm that categorises and sorts the resistance data per integer value of pressure. For each
pressure value the resistance difference in loading and unloading (Ry — Ry) is calculated, the
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Figure 4.18 — Basic elements of the hysteresis tests with a) the resistance and pressure versus
time for a hysteresis test and the b) a visualisation of an ideally symmetric hysteresis curve
including points of interest for evaluation of the hysteresis of the sensors.

maximum was determined from which the percentage of hysteresis could then be calculated.

Influence of preconditioning and hysteresis values

As previously discussed in Section 4.3.2, performing a preconditioning step had a significant
influence on the drift and repeatability of the sensor response. Figure 4.19 shows the hysteresis
curves of two sensors before and after preconditioning.
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Figure 4.19 — Hysteresis loops extracted from piezoresistive normal sensors with on the left the
sensors before and on the right sensors after the preconditioning was applied.
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In both sensors it is very clearly demonstrated that the hysteresis loops do not show the
expected hysteresis loops before the sensors are preconditioned for cycling pressures of 200
and 600 kPa. Only once at an actuation pressure of least 1000 kPa do these sensors show the
expected loops. The hysteresis can be quantified by calculating the actual values both before
and after preconditioning as is shown in Table 4.4.

Table 4.4 — The evaluated hysteresis (6,,) values of the CNC-PDMS piezoresistive normal
sensors with 4 wt% CB-PDMS both before and after preconditioning.

Pressure Ry Rmax Ry Ry, Oh

kPa kQ kQ kQ kQ %

200 6.25+0.53  7.23+1.13  6.99+0.58 6.38+£0.58  62.87+0.37
No preconditioning 600 8.02+1.14 13.27+2.96 12.72+1.16 7.97+1.16 95.06+12.79

1000 9.50+1.25 19.94+3.60 15.68+2.21 12.76+2.21 28.17+1.04

200 7.35+0.66  8.59+1.36  8.10+1.06  7.70+0.93  37.82+10.17
After preconditioning 600 8.74+1.24  13.97+2.77 11.90+2.35 10.18+1.87 32.96+0.54

1000 10.32+1.49 19.91+3.52 16.15+2.70 12.93+2.12 33.71+1.08

Evidently from the last column on the hysteresis values (6},) the preconditioning does not
necessarily always result in a lower hysteresis. For low pressures (<600 kPa) there is a significant
improvement while at a pressure of 1000 kPa there is little change. However, over the entire
pressure range the average hysteresis dropped from 62.0+28.3%, without the preconditioning,
to down to 34.8+6.3% after preconditioning. Furthermore, the hysteresis values are more
consistent for the different pressures. Whereas without preconditioning the hysteresis values
are in a range of 28-63%, this range reduces down to 33-37% after preconditioning.

It is possible that reinforcing the CB-PDMS with CNCs instead of fumed silica could further
reduce the hysteresis since it also stiffened the CNC-PDMS material (Figure 4.4). This could
reduce the variation between sensors by reducing the loss in fidelity of the printed strain
gauges.

4.3.5 Dynamic response

Lastly we evaluated the responses of the 5 wt% CNC-PDMS sensors with 4 wt% CB-PDMS
strain gauges underneath a 12.5 wt% CNC-PDMS bump for dynamic loads, as per the protocol
described in Section 4.3.1. The tests were performed using a Bose Electroforce 3400 which was
able to cycle at faster speeds and with higher pressures than the Instron pull tester. Several
frequencies were tested which were based on slow walking speeds of less than 3 km/h (< 1 Hz),
up to running speeds faster than 18 km/h (2 Hz)[169]. The tests were carried out at several
pressure and speed combinations for a duration of 30 minutes each to analyse how both
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factors influenced the sensor response.

Dynamic actuation of piezoresistive sensors

Dynamic responses of the sensor were tested at actuation speeds of 0.5, 1, 2 Hz and pressures
of 200, 600 and 1000 kPa. A short stabilisation period was required as the sensor showed
higher amplitudes when starting to actuate them. The signals resemble harmonic waves with
maximally loaded (peaks) and unloaded responses (valleys). The difference between these
two is defined as the dynamic amplitude.

A 60 second close up of the response of the sensor at a low actuation speed (0.5 Hz) is shown
in Figure 4.20 a. The amplitudes were found to be stable over extended amounts of time as
can be seen in the full response shown in Figure 4.20 b.

a) b) 418
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Figure 4.20 — Relative dynamic response of the CNC-PDMS piezoresistive sensor at an actuation
speed of 0.5 Hz for a) normal pressures of 200, 600, 1000 kPa for 30 minutes and b) the
responses zoomed in for 30 seconds.

Further tests were carried out at increased speeds of 1 and 2 Hz at the same pressures. A 15
second close up can be seen in Figure 4.21 a of both the full responses of the 1 Hz (Figure 4.21
b) and 2 Hz (Figure 4.21 c) actuation speeds.

Again, all amplitudes were found to be stable over time a peak drift of less than 2% over the 5
to 30 minutes interval. Therefore, to determine the actual behaviour of the responses versus
the pressure and actuation speed an analysis was carried out of the dynamic data.
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Figure 4.21 - Relative dynamic response of the CNC-PDMS piezoresistive sensor at 1 and 2 Hz
for normal pressures of 200, 600, and 1000 kPa. Full signals at a) 1 Hz and b) 2 Hz of actuation
as well as a ¢) 10 second sample with both frequencies plotted for all pressures.

Evaluation of dynamic piezoresistive sensor behaviour

To quantify the dynamic characteristics of these sensors and their stability the data was
analysed by a python script. Every five minute period, eighteen data points were evaluated at
the extremes of the waves and processed to determine the peak, valley, and amplitude values.
This resulted in a total of 6 measurement periods for the 30 minutes of data.

An increase in the actuation pressure resulted in a heightened relative peak response (R — Ry),
which increased linearly resulting in a S;¢) of 16.9+0.8% per 100 kPa (R% = 0.999), as shown in
Figure 4.22 a. This sensitivity is slightly lower than the one for the static test which was S¢] =
21.6+6.5% per 100 kPa. As the nature of the applied load is transient and takes some time to
stabilise, as was shown in Figure 4.15, the sensitivity during the dynamic test was expected to
be slightly lower.

The relative valley values follow an upward trend, as shown in Figure 4.22 a due to the baseline
increasing with increased pressure, but with a lower variation of 10.1+2% per 100 kPa (R? =
0.989). As the peak and valley values increase at different slopes this results in a non-linear
increase of the amplitude versus the pressure which is shown in Figure 4.22 b.
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Figure 4.22 — Analysis of the dynamic signals versus the pressure in terms of a) resistance
values and b) amplitude.

The actuation speed did not significantly influence either the peak or valley sensitivities but
did have some effect on the magnitude of the responses. Figure 4.23 a, shows that the peak
values overall decreased slightly, while the valley values increased slightly with increased
frequency. Per frequency step this increase was observed to be between 1.1-3.7%, which is
much smaller than the increase due to the pressure (Figure 4.23).
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Figure 4.23 — Analysis of the dynamic signals versus the actuation speed in terms of a) resistance
values and b) amplitude.

The viscoelastic properties of the material of the sensor cause some transient behaviour.
Effects of these are most pronounced at higher dynamic pressure rates, when the sensor has
less time to relax and does not fully recovers to its initial state. As discussed in the section 4.3.4
and Section 4.3.3, this relaxation behaviour and its influence on the dynamic response, is likely
due to the hysteresis experienced by the strain gauge material and less due to the surrounding
CNC-PDMS. When DIW printing, the CNC-PDMS is reinforced in the tensile direction by the
aligning of the CNC particles which adds a stiffening effect[57]. To fully understand if this also
reduces the relaxation of the strain guages, a CNC reinforced CB-PDMS should be created and
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its mechanical characteristics compared to the one reinforced with fumed silica.

The dynamic results indicate that the sensor is suitable for detecting a wide range of repetitive
motions at a variety of speeds and pressures relevant for gait monitoring. For the detection
of gait pressures, only the peak responses needs to be monitored which were found to be
linear and repeatable. The intensity of the physical activity can also be determined with the
dynamic amplitude of the signal which has a slight error of a few percent on the measured
pressure values. The most significant reduction in amplitude was found to occur with an
increase in speed. Lastly, a small amount of drift over time was observed which was strongest
at a slower actuation speed. This dependency on frequency and the drift could be corrected
for by developing an appropriate signal processing algorithm.

4.3.6 Capacitive normal sensor

To show that our materials could also be used to create other mechanical sensors, capacitive
normal sensor prototypes were also created using an unoptimised CNC-PDMS ink. These were
used as a comparison to evaluate the performance of a piezoresistive sensing mechanisms
versus a capacitive one. These capacitive normal sensors were DIW printed per the design
as outlined in Section 4.1.3 and fabricated from 10 wt% CNC-PDMS ink for the substrate,
top layer and bump, and the 20 wt% CNC-PDMS for the dielectric. The percentage of CNC
content was higher as the propylene glycol methyl ether (PGME) surfactant used to disperse
the CNGCs in the silicone resulted in an ink with less optimal shear thinning properties and
shape fidelity. Top and bottom electrodes forming the sensor were printed from the 10 wt%
Thinned Chimet Ag520 EI silver ink. The sensors were evaluated for their static response,
hysteresis, and dynamic performance.

Static response

Capacitive sensors shown in Figure 4.24 a were evaluated by means of the static test protocol
as described in Section 4.3.1. With a base capacitance at zero load of 8.2+1.7 pF, the sensitivity
of these sensors was linear for the full response at a value of 0.41+0.02 fF/kPa (4.13+£0.17 fF/N)
and with a fit accuracy of R? = 0.994. At the stated sensitivity, and a full-scale response of
5.2+£0.9% (0.052+0.007 %/kPa), the sensors are less sensitive than those obtained by other
researchers using FDM printing (9.5 fF/N[27]) but significantly more so than those printed by
DIW (0.853 %/MPa[120]).

As these sensors were created from the unoptimised CNC-PDMS formulation, imperfect print-
ing led to defects being introduced in the dielectric layer resulting in a reduced capacitance.
Furthermore, as the thickness of the dielectric layer was unoptimised in this prototype, the
response could be significantly improved by reducing its thickness. However, even with an
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Figure 4.24 — Static responses of the 3D printed 10-20 wt% CNC-PDMS capacitive normal
pressure sensor. a) Photograph of the printed sensor and its relative static responses in b)
femtofarad, and c) percentage change.

improvement in signal the capacitive sensors would remain quite sensitive to noise, and to
reduces this, shielding would have to be incorporated into its design.
Hysteresis

The 3D printed capacitive sensors were also tested to compare their hysteresis to the piezore-
sistive sensors. The hysteresis loops of two sensors are shown in Figure 4.25.
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Figure 4.25 — Hysteresis loops of two 3D printed 10-20 wt% CNC-PDMS capacitive sensors

These loops display much less hysteresis than the ones for the piezoresistive sensors, but still a
significant amount remains. Average hysteresis (6y,) values were measured of 39.6+1.0% at 200
kPa and 19.943.2% for pressures between 600 and 1000 kPa. Considering this is without any
preconditioning, this implies that the hysteresis of the capacitive sensors is significantly less
than for the piezoresistive sensors. In fact, preconditioning could reduce the hysteresis further.
Even so, some hysteresis is likely to remain due to the relaxation of the PDMS dielectric.
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Dynamic response

The dynamic response of the capacitive sensors was only tested at an actuation speed of 0.5 Hz
as it was the maximum compression speed that the Instron pull tester could reach. Actuation
pressures of 200, 600, and 1000 kPa were used in this test.

Figure 4.26 a-b shows the performance of these sensors during the full dynamic actuation
and for a 10 second window. Over the 60 second test time the sensors stabilised much faster
than the piezoresistive ones. A peak drift of 0.61+0.12% was found for pressures between 200
to 600 kPa and 1.17+0.21% for a pressure of 1000 kPa. However, the values of the valleys do
not fluctuate significantly at a difference between them of 10.3+9.0 fF for all tested sensors.
As such, the amplitude drift in-between sensors for all pressures is quite low at a value of
0.39+0.08%.

As these sensors do not suffer the same amount of relaxation as the piezoresistive sensors,
we also tested their response to a varying load, actuating them several times at speed of 0.5
Hz with a stepwise increasing pressure. First a pressure of 400 kPa was applied, then 600 kpa,
and finally 1000 kPa before going stepwise back down to 400 kPa and repeating the process a
second time. Figure 4.26 b shows the response of this sensor versus the applied load. Evidently,
the sensors follow the actuated pressure well, with no significant hysteresis being observed.
However, the first cycles do show a small difference in amplitude.

Even so, the error in amplitude between the first and second test is just 6.8+9.0 fF. This does
not have a significant impact on the response as this is an error of about 2.8-6.5 kPa as per
the sensitivity determined in Figure 4.24. This makes the error much lower than the average
applied load.

It should be noted that these sensors were tested in an optimum condition with as little as
noise as possible. When a dynamic test was executed by pressing the sensor down with a foot,
the resulting dynamic results were very noisy. Signals would get dominated by the noise which
had capacitance values often exceeding 50% of the baseline value. This implies that even if
the transduction mechanism is promising, especially with regards to its performance, at the
current state it was the sub-optimal choice in comparison to the piezoresistive normal sensor
which showed no influence on its performance due to the environment. To reduce the noise
and improve the importance a significant redesign of the capacitive sensor is necessary which
incorporates shielding. The latter is especially crucial if we wish to integrate multiple of these
sensors into a device without generating noise due to interaction with the environment or
cross-talk.
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Figure 4.26 — Dynamic response of 3D printed 10-20 wt% CNC-PDMS capacitive sensors. a)
Dynamic response at constant pressure. ¢) Dynamic response with varying pressure.

4.4 Silicone based shear force sensors

We explored the 3D printing of shear force sensors by using two strain gauges with parallel
and chevron configurations, of which the designs were outlined in Section 4.1.2. The strain
gauges of these were DIW printed from the 4 wt% pentanol based CB-PDMS ink on top of a 5
wt% CNC-PDMS substrate and enclosed within a 12.5 wt% CNC-PDMS bump.

4.4.1 Developed testing methodology

Shear tests were carried out on the Instron pull tester under compressive loads of 400, 600, and
800 kPa. A minimum load of 400 kPa was required to be able to avoid slipping of the sensor at
shear forces above 5 N. As discussed in Section 4.1, the shear forces can be of an intensity of
20% of the bodyweight (for an average person around 800 kPa) when walking on a flat surface.
Therefore, we wanted to apply a shear stress of at least 160 kPa on the 1 cm? bump, which
translated to a shear force of about 15 N. These values agree with shear forces measured using

optical sensors integrated into an insole[153].
As such, shear forces of 5, 10, 15, 20 N were tested, which translates to a maximum of about
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25% bodyweight. These were applied successively and separately for two sensing directions
using a custom built shearing bench (Figure 4.27 a). Shear force loads were recorded using
a Futek FSH00096 load cell and Futek IPM650 controller. A square 1 cm? piston was used to
compress the bump. However to improve the transition of shear force to the bump a PMMA
piston (Figure 4.27 b) with sandpaper was used to avoid slipping of the bump and allow for
more stable shear measurements. The positive shearing direction was assumed as a shear
force applied from the back direction of the sensor towards the front (Figure 4.27 c).

C) Positive shear Negative shear
- FShear [N] « Fshear [N]
' P [kPa] ' P [kPa]
5 w i w
Back Front Back Front
gauge gauge gauge gauge

+ T 1T ¢

R, [KQIR, [kQ] R, [kQ]R, [kQ]

Figure 4.27 — Images and measurement principle of the shear tests. a) The custom made shear
bench with a b) PMMA piston designed to shear the sensors. ¢) Shear sensing principle and
directionality.

Sensors were first actuated with a compressive normal load and allowed to relax for 1 minute.
The sensors were then manually sheared using the test bench and once the targeted force was
reached the shear force it was released slowly back its neutral position. A 30 second pause
was taken after which the next targeted shear force was applied. In this fashion shear forces
between 5 to 20 N were applied in steps of 5 N.

Two shear directions were tested to be able to tell, through means of the differential signal,
which direction the shear forces were occurring in. To characterise the directionality the shear
sensors were first completely characterised in one direction. After the last force was applied
they were unloaded completely and allowed to rest for 5 minutes before starting the test in
the other direction. The two designs which were evaluated for the shear sensors were those
designed with parallel (Figure 4.28 a) and with chevron-shaped (Figure 4.28 b) strain gauges.

4.4.2 Static pressure response

Both sensors were evaluated to understand how the shape of the strain gauges can influence
the sensing of force and direction of the shear.
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Figure 4.28 — Images of the two shear sensors with the two 4 wt% CB-PDMS strain gauges
covered underneath a 12.5 wt% CNC-PDMS bump with a) the parallel design and b) the
chevron design.

Influence of strain force direction

A preemptive shear test was performed to understand if there was a difference in response
versus the direction of the strain force. Normal sensors with a single rectangular strain gauge
were tested both under transversal and longitudinal shear deformation. Figure 4.29 shows the
response under shear deformation up to 15 N in the positive direction only at compressive
normal loads of 400 kPa and 800 kPa.

In figures Figure 4.29 c-d the resistance changes of the tested sensor are shown for the two
applied normal loads. No significant relation was found between the shear force sensitivity
and the direction from which the shear force was applied. Sensors under transversal shear
showed a sensitivity of 51.2+6.5 Q/N while those under longitudinal shear showed a sensitivity
of 38.5+9.8 Q/N, independent of the compressive load. Furthermore, the clamping pressure
showed no real influence on the shear force magnitude either. An average shear sensitivity of
44.9+10.5 Q/N was found independent of shear direction and clamping pressure. As such, to
achieve directional shear sensing the design should be adapted to include features that can
allow for different behaviour in the two directions.

Influence of strain gauge shape

The two sensor designs were tested on the test bench at a compressive load of 800 kPa to avoid
slipping. The sensors were first sheared in the negative direction, towards the back sensor,
with transversal forces of up to 30 N before restarting and repeating the test in the positive
direction. Figure 4.30 shows the responses for both design to shear at a compressive normal
load of 800 kPa.

In both sensors a clear increase in resistance can be seen and all forces, except for the 5 N
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Figure 4.29 — Responses due to shear forces of 5, 10, and 15 N applied in the transversal and
longitudinal directions tested on a single strain gauges under normal compression. Raw
resistance values at normal pressures of a) 400 kPa and b) 800 kPa. Resistance changes due to
shear with respect to the compressed state at pressures of ¢) 400 kPa and d) 800 kPa.

shear force, show up as clear peaks in the signal. For the chevron design the base resistance
before the next shear force is applied (Ry) also increases. In fact, for the parallel design the
Ry increased by 8.6+£3 kQ (AR/Ryo = 46.2+£13.7%) while for the chevron one it increases by
54.1+£18.4 kQ (AR/ Ry = 82.3+£30.7%) when increasing the shear force from 10 N to 30 N. This

suggests that the strain in the chevron shaped strain gauge increases faster under the same
shear force.

Sensor resistance change and sensitivity

To further quantify the response of the the two designs we evaluated the resistance change per
shear force as

ARN = Rpx — RN, (4.10)

where Ry is the peak resistance at a certain shear force and Ry the baseline value just before
shearing. In this fashion the responses of both sensors were evaluated as shown in Figure 4.31
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Figure 4.30 — Comparison of resistance increase for positive shearing of the sensors with
parallel and chevron strain gauge designs at a compressive load of 800 kPa.

a-b.

By these responses sensitivity values (ARN/Fshear) can be found of 0.95+0.33 kQ/N and
7.79+3.64 kQ/N for the parallel and chevron configurations, respectively, independent of
the shearing direction. This indicates that the chevron design was much more sensitive to
shearing forces than the parallel design. However, a strong non-linear and divergent behaviour
starts to set in after a shear force of 25 N. As such, a maximum shear force of 20 N was used to
prevent this behaviour and also avoid damaging the sensor during testing.

Further tests were done with chevron-shape strain gauges only to determine how repeatable
the performance was from sensor to sensor. These sensors were tested at 400, 600, and 800
kPa of compressive pressure and at shear forces from 5 to 20 N. In Figure 4.31 c the relative
shear force sensitivity values are shown for the sensors expressed as the resistance change per
force (ARn/Ry) in percent up to 15 N of shear force.

By evaluating these sensitivity values shown in the previous plot, a linear response can be
found 0f 2.59+0.16 %/N (R? = 0.992) independent of the compressive load. Considering only
the pressures between 0-400 kPa this sensitivity has a value of 2.96+0.11 %/N (R%2 =0.99) and
reduces down to 2.37+0.18 %/N (R? = 0.987) for compressive loads of 600-800 kPa. the fact
that there is a small, but not insignificant, response drop off makes sense as the higher normal
load already results in an increased initial resistance. As such, the demonstrated sensor design
is suitable for measuring shear forces up to 20 N with a high degree of linearity. However, the
shear behaviour at lower loads is currently not understood. To determine shear forces at these
levels of compressive pressure a redesign of the test setup is required to prevent slipping of the
bump.
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Figure 4.31 - Comparison of resistance increases (ARy) at the tested shear forces for a) chevron
and b) parallel sensors designs with the average resistance change, positive, and negative
shearing results. And Average shear force sensitivity (ARy/Ry) of the chevron sensor design
for different compressive normal pressures.

4.4.3 Differential response

So far we only evaluated the response of a single element under a shear force, with the chevron
shape strain gauge proving to be more sensitive than the parallel design. However, the working
principle for measuring shear sensor during gait relies on calculating a differential between
the two elements such that the magnitude and direction of the shear force can be determined.
Therefore, we investigated if differentials of the chevron design shear force sensors could be
used to determine directionality and shear force magnitude.

Differential shear signals

Figure 4.32 shows how the differential and raw shear signals look like for a shear test under
compressive pressures of 400, 600, and 800 kPa for shear forces up to 15 N. To determine if
the results were repeatable, each force was applied three times in a row and the tests were
performed in both directions.

These differentials were determined as per Equation (4.3), with the differential (A Rghear) being
determined by subtracting the signal of the "back" gauge from the "front" such that when a
positive shear is applied the resulting differential is also positive. To calculate the differential
its formula was expressed as

ARshear = ARpack — ARfront = (Rback — Rback,O) — (Rfront — Rfront,O)» (4.11)

where Rpont and Rpack are the resistance values of the front and back gauges, respectively,
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Figure 4.32 - Resistance responses and differential signals of the 4 wt% CB-PDMS piezoresistive
shear sensors with chevron design for both positive and negative shear at 5 and 15 N of shear
force.

during the shear tests. Rgont,o and Rpack,o are the resistance values under normal compression
before shearing and serve as a reference.

The resulting differentials gave a clear indication of the direction of shear force. Evidently, the
resistance values of all gauges is higher at a higher normal pressure. However, the magnitude
of the differentials also is influenced with it being larger for 800 kPa of clamping pressure.
Furthermore, the applied shear force directly influences the magnitude and amplitude of
the differential signal. Even though the single element sensitivity is not the highest in this
case, as was shown in Figure 4.31, the differential signal has a bigger amplitude due to a larger
difference in resistance between the gauges at higher clamping pressures.

Shear directionality

To better quantify the amplitudes of the differentials shown in Figure 4.31, their average values
were determined using the responses of three sensors. and plotted in Figure 4.33 versus the
applied shear forces.

Before shearing, the sensors exhibited an average baseline resistance of 7.0+0.8 kQ. At all tested
compressive pressures it was possible to detect the direction of the shear forces. However, the
peak values overlap significantly and it is not possible to tell the exact shear force magnitude
at compressive pressures of 400-600 kPa.
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Figure 4.33 - Differential behaviours of the 4 wt% CB-PDMS piezoresistive shear sensors with
chevron design for different shear forces at compressive pressures of 400, 600 and 800 kPa.

By increasing the compressive pressure to 800 kPa, the slope of the resistance change versus
force increased in comparison to the lower pressures. Using linear fits, for a negative shear a
sensitivity of 297.7+30.0 kQ/N (R? = 0.998) was determined while for positive shear the sensi-
tivity is -355.9420.2 kQ/N (R? = 0.997). This thus allows for an indication of the magnitude of
the shear force to be determined at high normal pressures, such as during running.

While the chevron design proved to be function better than the parallel design, other strain
gauges could be designed that show even more directionality. Of further interest would also
be to tune the carbon loading of the ink to see if this influences the shear measurements. As
these sensor were positive piezoresistors, a negative normal force piezoresistor could be less
influenced by the normal compression and yield more sensitive shear sensing.

4.5 Summary and Conclusion

In this chapter we have discussed the design, evaluation, and performance of fully 3D printed
piezoresistive and capacitive sensors created from silicone materials by means of Direct Ink
Writing (DIW) which were designed for the evaluation of human gait.

Piezoresistive sensors were enabled using a developed fumed silica based PDMS inks loaded
with carbon black (CB) at loadings between 3.5-5 wt%. By printing a single gauge from this
material on top of two electrodes, a sensor was created that converted normal pressure into a
tensile strain with a positive piezoresistive response. The most suitable solvent to disperse
the carbon black in this composite was pentanol. In comparison to isopropanol and octanol,
pentanol based inks yielded a piezoresistive material with good conductivity and printing
characteristics. Due to the low boiling point of pentanol, it could be fully evacuated during
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curing.

Using the pentanol based CB-PDMS inks, normal pressure sensors with piezoresistive strain
gauges with several CB loadings were DIW printed to evaluate the piezoresistivity of the
material. By evaluating these during static normal pressure tests, we arrived at a 4 wt% CB
loading as a balance between sensitivity and repeatability.

Using this ink, and a crystalline nanocelluslose (CNC) reinforced PDMS (CNC-PDMS), de-
veloped by our partners at ETH Zurich and EMPA, we enabled the DIW printing of highly
replicable piezoresistive normal sensors. These sensors were evaluated in terms of their static
pressure, hysteresis and dynamic performance. In terms of the static response we found that
the piezoresistive sensors had a linear response above 200 kPa of 14.9+0.4 Q/kPa (0.216+0.065
%/kPa). This is less sensitive than ionogel strain gauges printed inside of cast PDMS[12], but
more sensitive than a DIW printed CB-Silver Thermoplastic Polyurethane (TPU) based normal
sensor[114]. A gauge factor (GF) of 34.0+0.1 was calculated for our sensors, making it more
sensitive than most 3D printed carbon tensile sensors by a factor of 2-3.7[29], [109], [168] and
slightly better than silver-polyurethane inks at 13.3[120]. However, doped silicon tensile strain
sensors commonly achieve a GF of 100 and above[159].

Preconditioning was required to reduce the effects of relaxation in the piezoresistive sensors,
which was applied before testing. Its effects were especially evident when looking at the
hysteresis of the sensor. By performing the preconditioning, the hysteresis was decreased from
62.0+28.0% down to 34.8+5.2%, However, since the sensors are created from silicones they
have inherent material relaxation such that some hysteresis will always remain.

The dynamic responses of the piezoresistive sensors were evaluated by actuating them at
normal pressures of 200, 600, and 1000 kPa, at frequencies of 0.5, 1, and 2 Hz. Initial cycles
showed an increased response that stabilised after actuating for about 30 seconds. This effect
was less prominent at lower pressures and higher actuation speed (> 1 Hz). Since pressures
of 1000 kPa rarely occur in gait, and as we wish to monitor for extended amounts of time,
these effects are negligible. Overall dynamic responses were found to be stable, with only an
on average 5% peak drift over several 25 minute tests. While the amplitude increased with
the compression pressure, the actuation speed had a comparatively negligible effect on the
amplitude. This makes our sensors applicable to the monitoring of human gait, in which
plantar pressures above 400 kPa are common.

CNC-PDMS based capacitive sensors were also DIW printed to be able to compare its perfor-
mance to the piezoresistive sensor design, and evaluate its applicability for normal pressure
sensing during gait. For these sensors, a static response of 0.41+0.02 fF/kPa (0.052+0.007
%/kPa) was measured. Even if the relative change of the signal is much higher for the piezore-
sistive sensors, the response of the capacitive sensors is more linear due to small deformations
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of the dielectric, with larger deformations likely resulting in a reciprocal response. Further-
more, the responses of the capacitive sensors deviate less at higher pressures. This is due to
its response only being dependent on a geometrical change and not the material properties,
unlike the piezoresistive sensor, which relies on a change in the percolation network of the
strain gauge. The hysteresis of the capacitive sensor was also lower at an average value of
29.8+10.0%, without needing to apply any preconditioning. For the dynamic response, the
capacitive sensors had a very low peak drift of only 0.89+0.31% and could even follow dynami-
cally altering pressure quite well. With this high performance, these sensors should be great
for normal pressure sensing. Unfortunately, they are very sensitive to external perturbations,
especially in dynamic situations such as gait, making them less directly suitable for human
motion monitoring.

Lastly, using the 4 wt% CB-PDMS and CNC-PDMS formulations, piezoresistive shear sensor
designs were DIW printed to enable shear force measurements. A sensor design using two
normal strain gauges in parallel resulted in a low response to shear forces with its direction
not always possible to be determined. Therefore, a redesign with two chevron-shaped strain
gauges was created which showed a higher sensitivity and could distinguish the direction of
shear. Shear forces could be measured up to 20 N with sensitivities of 2.96+0.11 %/N and
2.31+0.28 %/N at compressive forces of 0-400 and 600-800 kPa, respectively. Directionality
was measured through differential measurements between the two gauges, which showed a
negative shear sensitivity of 296.7+30.0 kQ/N and a positive shear sensitivity of 355.9+20.2
kQ/Nup to 15 N.

With these performance metrics in mind, the piezoresistive normal and shear force sensors
were utilised in a fully 3D printed insole presented in Chapter 6 to test the monitoring of
human gait. Previously gait monitoring was only achieved using non 3D printed sensors by
optical[153] or piezoelectric[170] sensing. Neither solution, however, provided an easy method
to implement sensor designs and easily adjust their position within the wearable.

Still, further improvements of the sensors could be envisioned by reinforcing the CB-PDMS
with CNCs instead of fumed silica to add material stiffening[57], possibly reducing hysteresis
and relaxation times, which would improve the dynamic response of the sensor. Furthermore,
by optimising the design of the shear sensor, its response could be further improved such that
the shear force magnitude could be detected as well. A more accurate shear sensing setup
could also be developed to increase the quality of the measurements.

As capacitive sensing also showed good performance metrics, this transduction mechanism
was further investigated in Chapter 5 for the creation of a fully 3D printed bending sensor
suitable for human motion monitoring.
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By 3D printing three dimensional and non-planar features, it becomes possible to design new
types of sensing mechanisms and electronics. This has been demonstrated for solid state
electronics through combining stereo-lithographic resin printing and DIW printing[13], [145].
In this fashion, a high degree of functionality can be introduced in a printed object by printing
electronic components in three dimensions and in a miniaturised fashion. So far this has
only been demonstrated by printing inside of a pre-cast silicone bath that was fully cured
afterwards to finalise the device[12]. This method enabled the creation of a air pressure driven
gripper with integrated sensors capable of measuring pressures and deformations. Fully 3D
printed silicone objects and devices with three-dimensional features have been realised, but
without any electronic components[60], [171], or by using liquid metals[172]. However, a fully
3D printed soft device with integrated mechanical sensors utilising 3D structuring has not yet
been demonstrated.

Direct Ink Writing (DIW) is ideally suited for the printing of shear thinning materials[51],
[52], which can enable the printing of freestanding and non-planar structures[60], [63], [172].
Currently, this technique and the compatible materials have not used frequently in the creation
of novel 3D printed sensors. In fact, to create complex three dimensional structures researchers
often rely on printing on top of existing 3D printed resin moulds[41].

In this chapter we explore the development of a UV curable silicone material system that can
be used for the fabrication of truly 3D printed and three-dimensional sensing features. This
system was used as a basis for the design of a capacitive bending sensor with asymmetric
angular sensing behaviour when measuring bending motions. Models were developed and
experimentally verified to design and manufacture a completely 3D printed version of a
bending sensor design.
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5.1 Design and modelling of a capacitive bending sensor

3D printing angular features could open ways for new sensing mechanisms. From this general
idea the concept of a bending sensor with directionality was conceived which could be realised
by 3D printing. In this section the design of the sensor, the developed models, and a prototype
to validate the models are discussed.

5.1.1 Sensing mechanism and sensor design

Capacitive sensors function by monitoring the change in an electric field due to physical
separation of two charged features such as plates. As outlined in Chapter 2, the most common
capacitive sensor designs are those with either parallel plates or electrode fingers. To measure
angular motions, parallel rotating disks with specific layout designs[173] have previously been
proposed. Printed capacitive pressure and strain sensors[151] have also been demonstrated
for the monitoring of angular motions, the latter of which has been applied for wearable
motion monitoring[174]. However, unless these sensor are directly laminated to the skin the
detection of actual joint angles is limited[19], as stretching of the skin can influence the sensing
performance and introduce errors. Furthermore, these sensors do not take into account the
large range of motion of certain joints. For example, the angular displacement of a knee can be
90-120° in day to day activities[175], including in a negative direction from the neutral plane.
The effects of micron sized slanted plates have previously been investigated for capacitive
sensing[176], but features of this size have not used in a bending sensor.

Proposed sensing mechanism

In this frame, a novel angle sensing mechanism was conceived that display a non-linear
response depending on the angular separation between plates. By making use of plates that
are already under an angle, an asymmetric bending behaviour can be introduced to sense the
direction of bending and target negative angles as well.

In Figure 5.1 the sensing principle is illustrated with plates oriented in a V-shape manner at an
angle (6;) with a small spacing (Sin;) at the bottom to separate them.

By bending the plates such that they come closer (positive bending) the capacitance increases,
while when increasing the angle between them (negative bending) the capacitance decreases.
An external spacing (Sex¢) is required to be larger than the internal spacing such that the sensor
displays asymmetric behaviour.

To develop the sensing mechanism, analytical and finite element method (FEM) models were
developed to evaluate its effectiveness. In these studies the influences of the internal spacing
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Conductive plate
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Figure 5.1 — The proposed sensing mechanism for a capacitive bending sensors. By either
bending the plates inwards (positive) or outwards (negative) the capacitance will increase or
decrease, respectively. This allows for a bending sensor with directionality.

(Sint), external spacing (Sext), plate length (Lg), plate thickness (#), and sensor width (w) were
investigated. Furthermore, the influence of an encapsulation layer covering a part of the plates,
to increase the capacitance through a dielectric material, was also tested.

Design considerations and targets

As previously mentioned, the sensor was targeted to be able to monitor angular motions of
90-120° which are common in day to day activities[175]. For wearable solutions angular errors
have been demonstrated at a level below 2.7-3° [7], [174].

A wearable bending sensor, composed of two 4x4 cm? flat fabric conductive plates, was
previously explored by mounting them on the top and bottom part of the arm[177]. This
wearable setup was able to detect changes up to 180° with a sensitivity of about 45 fF/°, but
with a response below 30° which was reciprocal. Taking into account the surface area of the
sensor, this is a normalised sensitivity of 2.81 fF/°cm?.

Previously, a wearable inkjet printed carbon based strain gauge was demonstrated with an
angular sensitivity of 0.086%/°, and a film thickness below 2 mm [96]. However, while this
strain gauge was very unobtrusive it also suffered from high viscoelastic effects. Non-printed
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thin wrinkled capacitive strain sensor have been demonstrated with nano-meter gold films
which could detect changes (AC/Cyp) up to 1.25 %/°[178]. However, none of these solutions
demonstrated an asymmetric sensing capability or the ability to differentiate between tensile
and bending deformation.

For our sensor design we targeted for it to operate in the picofarad range. For the sensor to
operate in this range, and not become too bulky to wear, a plate to plate spacing of less than
1500 um was required if we consider a parallel plate capacitor. To be able to wear the sensor
on most larger joints of the body, its width should not exceed 15 mm. Lastly, for it to remain
unobtrusive and conformal, its height should be a few millimeters at most.

As we wanted to verify our model with a sensor prototype, we used FDM moulding to achieve
this geometry. This choice of manufacturing technology, however, limited our fabrication
resolution to 400 um. Therefore, we also used this value as a constraint in the modelling
and simulation of the design, while with DIW printing lower fabrication resolutions can be
achieved.

5.1.2 Analytical and FEM models

Two types of models were developed to analyse the behaviour of the capacitive bending sensor.
First an analytical model was derived and programmed into python to allow for the evaluation
of the influence of the design parameters. Then this design was translated into a COMSOL
Multiphysics model with which it was verified to see if these models agreed.

Derivation of the analytical equation

We can model the plates of the sensor as two parallel plates within a cylindrical coordinated
system such that we have an electric field which can be expressed in this space as E(r,0, z)[179].
We assume that this electric field only has a component in the direction 8 from one plate to the
other as shown in Figure 5.2 a. This electric field depends on the voltage difference V between
the two bodies by means of the relation

]
z2_oy |0
E=VV = @ 14 (6.1)

oz

where V is the voltage as a scalar[180]. The voltage for the system can be expressed by assuming
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the condition that it is symmetric on both sides such that we arrive at the relation

V= Vma"e, (5.2)
0;

where Vinax is the voltage of the plate, 8; the angle at this maximum voltage and 6 the angle
between the plates. If we substitute Equation (5.2) into Equation (5.1) then the resulting
differential becomes

0

E=

(5.3)

Therefore, the electric field between the two plates is only dependent on the r coordinate
Vmax
ro;
density (o) on the plates as per

and can be written as E(r) = . From this electric field we can also determine the charge

o(r) =¢gggE(r), (5.4)

where ¢, and g are the relative permittivity and permittivity of vacuum, respectively, the latter
which is a constant with a value of 8.854 pF/m. The charge between the two plates can be
calculated from the charge density as per

dQ=0(r)dS =0o(r)wdr, (5.5)

with the S being surface over which the charge accumulates. This can be decomposed into w
which is the width of the plate and remains constant, and dr which is the radius over which
the charge varies. Both sides of this equation can be integrated such that we get

Q

Vimax€r€ow T2 dr
— maxcrc( f - (5.6)
’

91 v T '
The limits r; and r, represent the length of the plate (r» — r1) and the distance from the start of
the plate to the centrepoint around which it rotates (r1). By integrating this function we can
find the relation which describes the charge

V,
Q= M lIn 7]’ (5.7)
i
V; V,
0; 0; rn
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Finally we use the relationship between voltage and charge (C = %) to arrive at a final equation
which describes the change of capacitance (C) with respect to the angle between the plates
(8;). Considering that we only evaluate the voltage at 8 = 0; we can substitute V(0;) = Vi;qx
and arrive at the equation

o= o] o
0; r 0; r

. (5.9)

This analytical equation is in agreement with another model derived for the evaluation of
capacitance between thick non-parallel plates simulated by FEM[181].

Analytical model

Equation (5.9) only described the capacitance between two single opposing plates. Using this
as a basis, it is possible to construct a model that contains the internal and external fringe
fields for the plates, as well as those of the connectors. Furthermore, gaps were added to
introduce flexibility in the sensor at the cost of reducing the capacitance. For this part it was
assumed that the fields through the encapsulation and the air could be added as capacitors in
series. The full model was based on the geometry as in Figure 5.2 b with the electric fields as
shown in Figure 5.2 ¢ and was composed as follows.

“ —
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Figure 5.2 — Aspects of the capacitive sensor model. a) The electric field between two plates
can be described in cylindrical coordinates with a magnitude of the voltage on the plates
prescribed as Vipax. b) Dimensions drawn for the side view of the model of the bending sensor
that can be manipulated (blue) and those that are calculated (red). c) The electric fields that
are considered in the full model to calculate the total capacitance.
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First the capacitance due to the main internal and external fields is determined,

£ EoW Ly
Caap = PDMSEQ ln( air 1), (5.10)
0i rn
£ EoW L
CppMs,1 = FDMS™0 ln( FOMS & 1), (5.11)
0; I
Eqir€oW L
CppMs,2 =—— 0 111( TOMS o 1), (5.12)
0; r3
1 1\t
Cinternal =Cppms,1 + | =—— + , (5.13)
Cppms,2  Cgap
EpDMSEQW Lo
Cexternal :—ln(_ + 1)- (5.14)
0i Text
Next the fringe fields at the bottom of the plates are added
EairEo W L
Chortom = a0 ln( FDMS + 1)- (5.15)
90° -0 Tbot

Lastly, any fields due to the connectors are added assuming that these remain static and
bending does not influence their orientation. The extremities of the two ends are assumed to
act like a parallel plate capacitor

3¢ oWl  EairEW 3L
Cconnector — PDMS<0 4 air (: h’l( con 4 1)' (5.16)
Sext 90 Sext
By assembling these capacitance values all together the final model is realised
n n
Cmodel = [E] (Cinternal + Cbottom) + [E - 1] (Cexternal + Cconnector) ’ (5.17)

where n stands for the total number of plates that face each other which should always be an
even number. This model was programmed into Python to determine the influence on the
capacitive for the individual parameters shown in Figure 5.2 b, which were sweeped one by
one as per Table 5.1. Fixed values were set for the parameters not being sweeped.

In Figure 5.3 the results of these sweeps with respect to the angle () are shown. The most
influential parameters are the internal spacing, plate width and length of the plate. The reason
for this is that larger values for these directly increase the capacitance that can be generated in
harmony with the V configuration of the plates. As would be expected, the highest capacitance
gain that can be made is by increasing the width of the plates.

Attention should be paid to certain parameters such as the thickness of the plate. When the
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Table 5.1 — Overview of the parameters and the minimum, maximum, and fixed values used
for the sweeps performed using the analytical model programmed in python.

Parameter Min Max Fixed
Internal spacing Sint 100 5000 1000  um
External spacing Sext 0.5 25 5 mm
Plate length Ly 1000 10000 5 mm
Plate thickness t 400 4000 500 um
Encapsulation thickness — Tiayer 5 90 35 %Ly
Width w 0.1 2.5 1 cm
t I-o LPDMS
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Figure 5.3 — Capacitance values for angles of 5-50° for several parameter sweeps including the
plate thickness (t), plate length (Ly), amount of encapsulation (Lppms) in terms of the length
of the plate, external spacing (Sext), internal spacing (Sint), and plate width (w).

thickness exceeds a critical threshold the fringe fields will dominate those in-between the

plates, causing a reversion of the intended sensing direction.

Static FEM model

A static Finite Element Method (FEM) model was built in COMSOL Multiphysics to simulate the
geometry of the analytical model to validate it. This model was build using the electrostatics
module to simulate an electric field between the two plates with a voltage applied on one plate
and the ground on the other. The capacitive plates are assumed to be in parallel such that
they can be summed. By changing the angle from the plate to the centre-line (0;) the bending
of the sensor is simulated. However, this only simulates a change of the geometry and not
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the real bending of the sensor. An example of how the geometry changes can be seen when
changing the angle from 15° (Figure 5.4 a) to 45° (Figure 5.4 b).

1
09
08
07
06
05
04
03
02
01
0

Figure 5.4 — The static FEM model simulated in COMSOL showing the electrical field between
six plates at angles of the V-shape of a) 8 = 15° and b) 6 = 45° from the centre-line.

Parametric sweeps were carried out for several parameters chosen per the results from Fig-
ure 5.3. These were the plate length (L), internal spacing (Sin(), and the plate width (w) at
three different values. The standard values for the parameters when not being studied were
10 mm for Ly, 800 um for Sin¢, and 10 mm for w. The latter configuration has a reduced
capacitance due to a lack of external fields from the connectors. As expected, the capacitance
increases by increasing the size of Ly and w, and reducing Sin¢. A comparison between the two
static models, one with a single pair of plates and the other with six, is shown in Figure 5.5.

Plate Length (L) Internal Spacing (S;,.) Plate width (w)
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Figure 5.5 — Comparison of the analytical and static FEM model in COMSOL for different
values of the plate length (L), internal spacing (Sint), and the plate width (w). The simulations
were carried out for 6 plates (blue) and 2 plates (red).
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From these sweeps it can be seen that the models are matching well with one another and
there are only small errors between the two. By calculating the R? between the two datasets it
is possible to determine how big the error between them is. For these sweeps an average R> of
0.996+0.002 is found which indicates that overall the shapes of the models are matching well.
Therefore, any difference is within the magnitude, and most likely stems from the fact that
within the analytical model not all geometric constraints can be taken into account, leading to
over and underestimation for certain fields.

Bending FEM model

As the actual bending of the sensor is not taken into account for the static models, a second
model was created in COMSOL. In this model the body of the sensor was deformed, instead of
changing the angles between the plates, to further investigate how the sensor would actually
behave, and how well the other models estimated this. The model was set up in the same way
as before but using a deforming mesh, static deformation, and multiphysics coupling for the
electromagnetic forces. A rotating boundary condition with an angle ®,.; was applied to both
sides of the sensor to bend it, resulting in an angular deformation of ypeng (90 - @acy).-

As the aim of this model was to use it as a basis for verifying a sensor prototype, the dimensions
were based on those which could be effectively achieved using the proposed manufacturing
technique. These were an external spacing (Sext) of 5 mm, an internal spacing (Sin¢) of 1200 pum,
plate width (w) of 1 mm, a plate length (Lo) of 1 mm, layer thickness (#jaye;) of 4.5 mm (45%),
and plate thickness (fpjate) 0f 800 pm. The results of each model are shown superimposed
in Figure 5.6 in terms of both the absolute and relative capacitance change in picofarad and
percentage, respectively.
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T 404 0.3 =
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Figure 5.6 — Comparison of the developed models for a set of parameters including the bending,
static, and analytical model with a single, two, or three sets of plates.
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The choice was made to start with a 15° angle between the plates, such that the total angle
between plates was 30°, and to determine the relative capacitance and its change from this
angle.

The bending, static, and analytical models all matched well in terms of the capacitance change.
Due to the change in curve a lower R? value of 0.946+0.023 was found when comparing the
analytical model to the bending one. Furthermore, the bending model showed the influence
of an aspect that could not be taken into account for in the other models. As is demonstrated
in Figure 5.7, when bending the sensor at the sides and keeping the center fixed it results in a
non-equal change of the angles of the plates. The plates on the inside bend further inwards
leading to a non-equal change of capacitance between the sets of plates.

Negative Bending Deformation

Figure 5.7 — The bending FEM model programmed in COMSOL with the actuation angle @
and actual bending angle (ypeng) indicated for a) positive and b) negative bending.

For this model the plate to midline angle (6) was to 15° as established at the start. This would
allow the reciprocal part of the curve to be used for finely estimating small angles of adduction,
while resulting in an approximately linear response for larger bending angles.

In the bending model the actuation angle of the sensor was 29.5° in the positive direction,
and 23.5° in the negative direction, for a total angular translation of 73°. This results in a
total bending angle ypeng of 146°. This was the maximum angular difference that could be
simulated in the bending model as beyond it would run into convergence errors. The actual
angles of the plates, with respect to the mid-line, are at 11 and 18.3° for actuation angles of
29.5° and 23.5°, respectively.
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Sensitivity values were calculated with respect to bending angle (ypend) of the sensor for a
sensor design with the dimensions as shown in Figure 5.6. To simulate its use as a bending
sensor for a human joint, a range of motion between 90-120° was required, which could not
be simulated due to convergence errors. The estimated sensitivities are therefore for angular
deformations of 59° and 47° for positive and negative bending, respectively.

With a base capacitance of around 3.8 pF, for a 6 plate capacitive sensor, the model gives a sen-
sitivity of 5.99+0.13+fF/° (0.16+0.00 %/°) for positive bending, and 1.11+0.07 fF/° (0.03+0.00
%/°) for negative bending when approximated linearly. For a 2 plate sensor the base capaci-
tance was 1.15 pF and the sensitivity values went down to 1.03+0.02+fF/° (0.09+0.00 %/°) and
0.36+0.00+fF/° (0.03+0.00 %/°) for positive and negative bending, respectively. Therefore, a
multi-plate sensor is preferred as not only does it add base capacitance, which reduces the
influence of any noise, it also increases the sensitivity significantly.

Summary of model evaluation and importance of design parameters

In this section, analytical and FEM models were developed to understand the sensing mecha-
nisms of the proposed bending concept, and evaluate the influence of the design parameters.

These models were used to determine the influence of certain parameters with different plate
angles (6), which could be used to approximate the bending behaviour. A secondary bending
model was created to actually evaluate the behaviour of the sensor for the actual bending

angles (Ypend)-

The analytical model was used to sweep the thickness (f), plate length (L), plate encap-
sulation (Lpyps), internal and external spacing between plates (Sin; and Sex), and sensor
width (w). Each parameter influenced the behaviour of the bending sensor differently, as was
demonstrated in Figure 5.3.

For the plates, their lengths determine the shape of the response of the sensor, with longer
plates resulting in a higher reciprocal response when bending the sensor positively. This has
to do with the fact that a longer plate leads to a longer arc length, and capacitance building up
faster when the plates have a small angle in-between. A more approximately linear sensor can
thus be achieved with a shorter plate. This means that the sensor mechanism is well suited for
a low-profile miniaturised version.

The thickness of the plates showed little effect on the capacitance. Encapsulating the plates
increased the capacitance slightly, but too much thickness did not result in a significant
addition. Therefore, only a small encapsulation should be added at the bottom where the
plates are closest and the electric fields are strongest. Adjusting the width of the sensor is an
easy way to increase the capacitance, as its scaling effect is entire linear, and allows for the
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capacitance to be finely tuned.

The dimensions of the internal and external spacing both exhibited a significant effect on the
shape of the response due to the change of the arc length. The internal spacing was found
to be the most influential and changing its values allows for tuning of the base capacitance.
However, as the external spacing added base capacitance as well, its dimensioning should be
exploited due to it remaining mostly static during the bending deformation.

Using the bending model, the actual behaviour of the sensor was simulated for bending angles
(Ybend) Of 59° and 47° for positive and negative bending, respectively. The bending behaviour
was simulated for a sensor design with six plates, with an internal and external spacing of
1.2 and 5 mm, plate length of 10 mm, layer encapsulation of 4.5 mm, plate thickness of 800
pm, and plate angle of 15°, which could be replicated using FDM moulding for its validation.
This sensor showed positive bending and negative bending sensitivities of 5.99+0.13+fF/°
(0.16+0.00 %/°) and 1.11+0.07 fF/° (0.03+0.00 %/°), respectively. Convergence issues with the
simulation did not make it possible to evaluate larger angular deformations.

With these metrics, this makes the current sensor design less sensitive than both capacitive
and resistive strain sensors used for angular bending measurements. However, neither of these
sensors were able to demonstrate asymmetric sensing[96], [178]. When considering the form
factor, a normalised sensitivity of 37 fF/°cm? was determined, which is a factor 13.2 higher
than a similar fabric based bending sensor[177].

For the 3D printed miniaturised version, the sensitivity values are reevaluated and compared
to the state of the art in Section 5.4.5.

5.1.3 Model validation through FDM moulding

To validate the models, a sensor prototype was created using conventional microfabrication
techniques. A sensor prototype was fabricated using a tested and proven method for producing
the non-planar geometries. A negative two-part mould was printed using a Prusa i3 MkIII FDM
printer which could print at a minimum resolution of 400 um. Therefore, to print features
which were sufficiently stable at least two lines (800 pm) were used to print free-standing
plates to acts as negatives for the conductive features of the sensors. The mould was designed
composed of two parts as shown in Figure 5.8 a. By assembling the mould and injecting PDMS
through the side port, as shown in Figure 5.8 b, the entire chamber was filled. Any excess
PDMS could flow through the overflow port in the top.

The two parts of the mould were printed from a UV transparent Purefil PETG filament (Fabru
GmbH, Switzerland) at an extruder temperature of 240 °C, bed temperature of 80 °C, and
printing speed after the first layer of 80 mm/s. A microscopy image of the mould after printing
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Figure 5.8 — a) The CAD design of the two part mould with its dimensions. b) Filling of the
mould with silicone by injecting it from the side.

is shown in Figure 5.9 a, with the printed dimensions shown.

Filling of the mould

Before casting, the mould was cleaned using isopropanol and placed inside of a Zepto oxygen
plasma cleaner (Diener electronic GmbH & Co. KG, Germany) and plasma treated for 1 minute
at full power (60 W @ 40 kHz) to reduce the surface energies as much as possible. In the
meantime, Silopren™ UV Electro 225-1 silicone was prepared by mixing it with its curing
agent first manually and then in a planetary mixer. The prepared PDMS was then slowly
scooped into a syringe before being placed into a desiccation chamber for 5 minutes to remove
as much air as possible. Once the PDMS was inside of the syringe, the plunger was added and
the PDMS was inserted into the mould.

Three strategies were tested for comparison, including, casting the material and then desiccat-
ing it (Figure 5.9 b), injecting the material through the side port of the closer mould using the
syringe (Figure 5.9 c¢), and first casting a thin film before adding the top cap and injecting the
rest of the material (Figure 5.9 d).

In each technique the mould was filled until PDMS caused overflow. Desiccation after filling
the mould should be able to reduce the bubbles but only resulted in air bubbles merging into
larger ones inside of the mould. Bubbles were especially prevalent in the spaces between the
triangle shapes and the plates, which reduces capacitance and could potentially short-circuit
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the plates. Therefore, the best technique among the three was to add a thin cast layer inside of
the mould, before adding the top part and injecting the rest of the material.

After filling the mould, it was placed inside of the ProMA 140 UV exposure device for 10
minutes to ensure that the entire body was cured. To remove the body of the sensor the lid was
gently pried off using a razor blade with the use of isopropanol as lubrication. After removal of
the lid, the PDMS body was removed from the mould and allowed to dry. The negative cavities
to allow for the plates had an average width of 824+29.9 ym which represents an error of less
than 3% compared to the programmed values.

Creation of the plates

The plates of the sensor were created from SS-24 EMI/RFI Conductive Adhesive (Silicone
Solutions, Ohio, USA) which is a nickel graphite reinforced silicone with a volume resistivity of
0.09 Q cm. Before injecting this in negative spaces of the PDMS body, its surface was activated
by use of the plasma cleaner described previously. The SS-24 adhesive was then carefully
added into the voids by filling it from the bottom up using a small syringe with a thin needle.
The entire device was then allowed to cure for at least 72 hours at room temperature (20°C)
before use to allow the adhesive to cure completely. Several devices were produced this way,
with one of the final prototypes is shown in Figure 5.9 e. Silver and carbon based inks were
also tested but these shrunk too much during curing, leading to fragile and broken plates.

Figure 5.9 — Comparison of the tested strategies to fill the FDM mould. Optical images of a) the
FDM mould, PMDS body using b) only injection, ¢) casting plus desiccation, and d) casting
plus injection. e) A photograph of a final prototype bending sensor with the conductive plates
made from the nickel-silicone compound.

5.1.4 Characterisation of the prototypes

Prototypes were characterised by connecting their plates in parallel fashion to a USB CapMeter
(JLM Innovation GmbH, Germany) which is able to read out capacitance changes within a
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range of 4 pF at an accuracy of 4 {fF. To avoid noise, all cabling was grounded and the sensors
were put in a Faraday cage during testing. A PMMA plate was cut which forced the sensor
under predetermined bending angles of the sides of the sensor (f,) at values of 15° and
30°. Multiple sensors were bend under these angles of which the measurements are shown
in absolute (Figure 5.10 a) and relative values (Figure 5.10 b). The prototypes displayed the
intended bending behaviour but do not entirely match the predicted capacitance. Most
likely this discrepancy stems from production errors, such as bubbles inside the PDMS and
incomplete filling of the cavities of the plates. The relative capacitance change shows that,
in terms of percentage change (AC/Cy), the sensors follow the models well but with some
error. A R? value of 0.944+0.043 was found for the datasets. Images from a sensor being bend
are shown in Figure 5.10 ¢ and were captured using a Dino-Lite Digital USB microscope. The
image shows that, since the plates are also made of a flexible material, they bend along with
the sensor body. Since this results in a non-linear deformation it further explains for the small
differences in slope at larger bending angles.
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Figure 5.10 — Experimental results of the capacitive bending sensor prototype versus the
model for a) the absolute capacitance, and b) relative capacitance (AC/Cy). ¢) Non-linear
deformations of the bending plates during bending of the sensor.

5.2 3D printing of soft silicone with planar geometry

Creating a 3D printable silicone bending sensor required that techniques be developed to
realise its production. Above all else, the techniques to DIW print angular structures were
missing to realise the slanted plates for the sensor. However, to reach this overarching goal
first the development of a protocol to print 2D features is discussed in this chapter.
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5.2.1 Printing Methodology

To 3D print silicones, we decided to reinforce them with fumed silica to introduce the shear
thinning conditions outlined in Section 2.1.2. Initial tests were carried out with the same
thermoset silicone (Sylgard 184) which was extensively used in Chapter 4. An additional
UV curable silicone (UV Electro 225-1) was also explored to quickly in-situ cure the printed
silicone structures through UV exposure. In this section the characterisation and utility of
both inks is discussed.

All silicone materials were printed using a nScrypt (Orlando, Florida, USA) Direct Ink Writing
(DIW) printer. This highly advanced 3D printed can be equipped with DIW printing devices
called smartpumps which allow for precise control of the flow by means of a programmable
valve that can precisely release small amounts of ink. By tuning the pressure, speed, valve
opening, and distance to the substrate, the deposition of inks of varying viscosity can be finely
controlled. As the pressure is constantly applied there will be no backflow, which makes the
printing more reliable than for most DIW printers.

The printing process was established as follows. First a thin layer of Sylgard 184 silicone (Dow
Inc., MI, USA) was doctor bladecast using a Zehntner ZAA 2300 film applicator on top of a
cleaned and plasma activated 125 pm thick PET sheet. This film was cast at a blade height of
200 um and at a speed of 3 mm/s and then allowed to cure for at least 3 hours in an oven at 80
°C. The resulting film had a thickness of about 110-115 pm, resulting in a base layer thickness
of about 235 um when taking the PET layer underneath into account. This film was activated
using a Diener Atto plasma cleaner at 150 W (@ 13.56 MHz) for a duration of 1 minute before
printing.

Silicone inks were inserted into luer-lock syringes that were attached to the printer and
pressurised. Then, by bringing the inter-exchangeable printing tip of the smartpump close to
the substrate, the material could be deposited onto the doctor bladecast silicone. Thermoset
silicone was cured by using the heated bed of the printer and curing it for 3 hours at 80 °C.
UV curable silicone was cured using either the build-in UV LED or an external ProMA 140 UV
exposure device for at least 3 minutes, as specified by the datasheet. A schematic of these
processes is shown in Figure 5.11. All silicone inks were printed using the 125 um ceramic
dispensing tip.

5.2.2 Ink preparation

The silicone inks were prepared by reinforcing them using fumed silica, which is a commonly
used rheological modifier to create shear thinning inks[51], [55]. Two silicones were used in
the 3D printing experiments which were the thermoset Sylgard 184 and a UV curable PDMS
called Silopren UV Electro 225-1 (Momentive Inc., NY, USA). Both silicones consist of a base
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Figure 5.11 — The three step fabrication process for printing silicones. A thin layer of Sylgard
184 silicone was activated using a plasma cleaner before the smartpump was used to print
silicone ink on top of this. Finally the printed silicone was cured either thermally or by UV
exposure.

precursor (Part A) and a curing agent (Part B).

First Part A of the silicone was put in a measuring cup and weighed. Then Part B was added at
10 wt% for Sylgard 184 and 2 wt% for UV Electro 225-1 and mixed thoroughly by hand. After
this step inks were mixed in a planetary Thinky Mixer ARE-250 and mixed for 2 minutes at
2000 RPM and defoamed for 2 minutes at 2200 RPM. Any unreinforced silicones were prepared
by the same protocol but without the addition of fumed silica.

To create reinforced silicones, HDK H30 fumed silica (Wacker Chemie AG, Germany) was
added carefully to a cup. The Part A precursor was added on top and the materials were
gently mixed to avoid dispersion of the fumed silica into the air. The mixing continued until
all fumed silica was inside of the precursor, which resulted in a significant volume decrease.
Subsequent mixing was performed by using the planetary mixer using the same program as
for mixing silicones. After mixing, the mixture was inspected, and if the resulting ink was not
homogeneous, was once more mixed by hand and by planetary mixer. Several loadings of
fumed silica (9.1, 11.6, and 16.5 wt%) were tested to evaluate the printability. For loads of
fumed silica above 10 wt% it was often necessary to perform multiple mixing steps. Since
the mixing was only performed using Part A, the process resulted in a fumed silica reinforced
precursor.

To create the final DIW printable silicone ink, the respective curing agent was added to the
precursor. The curing agent weight percentages were not altered. First the complete mixture
was mixed once using the silicone program for the planetary mixer. Then the mixture was
inserted into a a large syringe that was connected to a 2 ml luer-lock printing syringe using a
female-female connector. This procedure was done to reduce the amount of bubbles in the
ink. Finally the printing syringe was mixed for 30 seconds at 2000 RPM using the planetary
mixer to further decrease the amount of bubbles.
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Characterisation

Printed features were measured using a Keyence VK-X 3D Laser Scanning Confocal Microscope
to determined their dimensions. As the inks were transparent, gold sputtering was used to
make certain features scanable. Optical images both top-down and cross-sectional were taken
using a Keyence VH-X Digital Microscope.

5.2.3 DIW printing of thermally curable silicone

As we used DIW printing to create sensors from Sylgard 184 reinforced with fumed silica, as
was demonstrated in chapter 4, we investigated if it would be possible to 3D print similar
structure using the nScrypt smartpump. We investigated how suitable this method was for the
fabrication of multilayer structures that could be cured in one shot to create 3D structured
Sensors.

Influence of plasma treatment before printing

To understand the influence of plasma on the deposition of the fumed silica reinforced Sylgard
184 silicone ink, print tests were performed on top of polyimide foil. The substrate material
was chosen to be able to visualise the deposition of the silicone ink, and as surface interac-
tion energies between silicone and polyimide are high but can be reduced through plasma
activation[182]. A 9.1 wt% fumed silica reinforced Sylgard 184 ink was used.

Single lines of 12.5 mm long were printed at pressure between 0.69 and 1.1 bar (10-16 psi) at
speed of 10 and 20 mm/s. A distance of 125 um was maintained to the substrate and the valve
opening was set to 75 pm, which was sufficient to allow for a continuous flow of silicone at the
set pressures. The printing results for both treatments are shown in Figure 5.12 which shows
that the deposition of the material on non plasma treated films is erratic and inexact.

No plasma Oxygen plasma

1.1 Bar
(16 PSI)

0.97 Bar
(14 PSI)

0.83 Bar
(12 PSI)

0.69 Bar
(10 PSI)

k 10 mm/s 20 h/s ' 10 mm/s 20 mm/s

Figure 5.12 - Influence of plasma treatment and printing speed on DIW printed lines of 9.1
wt% fumed silica reinforced Sylgard 184 on top of a Kapton film.
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The effects were verified using confocal microscopy and the measured dimensions are plotted
in Figure 5.13.

80+ 1600 -
. 704 1400 i
: ¢E P
5. 60- % 3, 1200+ 0
(9] § c 5
8 504 : % 3 5 10004 R ;
< N B 'z ;
O 404 _ © © 8004 o Z
= ¢ k= ° ¢ .
F 30 ¢ R t . .

20 T T T T 400 T T T T

0.69 0.83 0.97 1.11 0.69 0.83 0.97 1.11
Pressure [Bar] Pressure [Bar]
© No Plasma - 10 mm/s e Plasma Treated - 10 mm/s © No Plasma - 20 mm/s ® Plasma Treated - 20 mm/s

Figure 5.13 — Thickness and linewidth values of lines printed with and without plasma treat-
ment printed at 10 and 20 mm/s.

The thickness of the printed lines is not significantly affected at average values of 55.4+5.9 pm
and 40.445.2 um for lines printed at 10 and 20 mm/s, respectively. However, the dimensions of
the linewidth changed significantly. This effect was the most drastic for the lines printed at 10
mm/s, where their linewidth was measured to be 1307.6+£256.9 um without plasma treatment
and 823.58+85.9 um without. Therefore, in further experiments the substrates were always
treated with plasma before printing.

Influence of addition of fumed silica

To understand the influence of adding more fumed silica to the ink, a comparison print was
made by printing the same 12.5 mm lines using an ink that was reinforced with 11.6 wt% on
top of plasma activated Kapton. As this ink had more fumed silica added to it, it also had an
increased viscosity. Therefore, slight tuning of the printing parameters was required and the
valve gap was increased from 75 to 120 um. The printing gap and printing speed were kept the
same. A linear dimensional increase is still observed as shown in Figure 5.14. For the thickness
this was at rates of 54.9+5.1 um/bar and 42.8+11.4 um/bar for inks reinforced at 9.1 and 11.6
wt%, respectively. Both the thickness and linewidth reduced at average rates of 12.2+2.7%
and 51.9+5.3%, respectively, when switching to the 11.6 wt% ink for the same set of pressures
but with a larger valve opening. This makes it evident that the increased viscosity of the ink
reduces the flow of the ink out of the tip and the amount being deposited.

To improve printing results we resorted to using a substrate that did not curl up, with less
surface energy than the Kapton, in subsequent tests. A silicone substrate was created by
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Figure 5.14 — Comparison of the addition of additional fumed silica to Sylgard 184 on the cured
thickness and linewidth of printed lines.

doctor bladecasting Sylgard 184 using a Zehntner ZAA 2300 film applicator on top of a plasma
activated 125 um PET sheet at clearance of 200 um a speed of 3 mm/s. This resulted in films of
about 110-115 ym.

Printing multilayer structures

Even with 11.6 wt% fumed silica added to the silicone it was not possible to print multilayer
features which held their shape during curing. Curing the structure instead layer by layer was
unfeasible since the curing time of Sylgard 184 is in the range of 3 hours. While this might not
be a problem for devices created with single or double layers, such as the normal pressure
sensors created before, for more miniaturised devices created out of several layers stacked on
top of each other, this adds significant processing time.

Therefore, we tested if reinforcing the silicone with a maximum amount of fumed silica would
result in a stable depostion. The silicone was reinforced with 16.5 wt% fumed silica as any
further reinforcement made a paste so viscous that it could no longer be mixed thoroughly.
The resulting ink had such a high viscosity that the pressure range had to be increased from
0.69-1.11 bar (10-16 psi) to 3.59-4.41 bar (52-64 psi) with other parameters kept the same. Lines
printed at 10 mm/s had an average thickness of 107.4+4.5 um and linewidth 0f 215.5+10.7 um
for this pressure range without a linear relation discernible for their dimensions.

To print larger features, first two lines were printed at 4.14 bar (60 psi) and 10 mm/s in
close proximity at a linespacing of 50, 100, 200, 300 and 400 pm. A linespacing of 100 um
was required to create a continuous single line as can be seen in Figure 5.15 a. Confocal
microscopy measurements revealed that for the lines printed in proximity the thickness
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increased to 129.4+1.1 and 134.4+1.3 pm for spacing values of 50 and 100 um, respectively.
This is an average increase of 17.1+0.2% compared to the single lines. Subsequently, 12.5x12.5
mm? squares were printed with spacing values of 100 and 200 pum. Figure 5.15 b-c shows how
influential this is on the printing of squares, as squares printed with a 100 um linespacing are
continuous.

Figure 5.15 — Printing tests of the 16.5 wt% fumed silica reinforced Sylgard 184. a) Spacing tests
between two lines to create a continuous feature. Square structures printed using b) 200 um
and c¢) 100 um linespacing.

To try and print multilayer structures, several square layers of the silicone ink were printed with
a 150 um z-offset on top of one another. This value is slightly higher than the layer thickness
as the deposited Sylgard 184 layers shrink slightly due to curing and flow after deposition. A
pyramidal structure was printed consisting of 3 square layers of 12x12 mm?, 10x10 mm?, and
8x8 mm? with a final circular structure 5 mm in diameter on top. The printing pattern (.gcode)
of this structure and the resulting print after curing are shown in Figure 5.16.

Figure 5.16 — 3D printing pattern and the final DIW printed structure of a multistack structure
created from Sylgard 184 silicone reinforced with 16.5 wt% fumed silica.

As the ink flowed after deposition, as well as during curing, the feature loss between layers was
unfortunately too significant to be able to use this ink to print 3D structures. Since the layers
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blended into each other, the resulting structure did not resemble the preprogrammed shape.
Coupled with long processing times, this suggested that a different ink should be selected.
Therefore, we decided to test other base silicones to achieve the desired 3D structures.

5.2.4 DIW printing of UV curable silicone

As the thermoset Sylgard 184 silicone ink could not be used to create 3D structures, we decided
to use a different silicone ink. The selected candidate was a UV curable silicone called UV
Electro 225-1 which can be cured using a UV lamp in atmospheric conditions. This ink was
reinforced using fumed silica to achieve the desired printing characteristics.

Influence of fumed silica on rheology

To analyse the printability of this ink a more encompassing approach was chosen by deter-
mining the viscosity of the silicone at different loadings of fumed silica. The silicone was
loaded using 2.5, 5 and 10 wt% fumed silica and compared to the plain material. Viscosity
tests were performed using a Discovery HR-2 (TA Instruments, DE, USA). Both a shear rate
and oscillation strain test were performed on the material.

The shear rate test provides information on the viscous behaviour of the material at different
intensities of shear. An ideal DIW printable material will reduce in viscosity when a higher
shear rate is applied, an effect called shear thinning[51]. The oscillation strain test was per-
formed to evaluate the time-dependent material behaviour, by shearing the material back and
forwards at different material strains, and then evaluating the viscoelastic properties. From the
resulting stresses, the storage modulus and the loss modulus can be calculated which express
the elastic and viscous behaviours of the ink, respectively. The evaluation of the moduli versus
oscillation strain is shown in Figure 5.17 a and the viscosity versus the shear rate in Figure 5.17
b, for several amounts of fumed silica added to the silicone.

All inks showed shear thinning behaviour albeit not at the same rate. The 10 wt% ink has
a far higher shear thinning rate than the other inks, which is due to the fact that this ink
undergoes a phase transition indicating that they were more liquid than solid. A yield point,
which indicates a phase transition from a more elastic phase to a more liquid one is shown
only for the 10 wt% ink, indicating a transition from a elastic material to a more viscoelastic
one. Therefore, at this loading the ink will not flow after deposition. The next ink down at 5
wt% ink had storage and loss moduli which were very close to each other. This ink will not
undergo a phase transition but is still very gel-like and will flow slightly.

From the storage and loss moduli the phase angle, defined as § = G”/G’, can be calculated to
determine how close the materials are to more elastic or more viscous material behaviour. The
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Figure 5.17 — UV Electro 225-1 silicone with several amounts of fumed silica added into it and
its influence on the a) storage G’ and loss G” moduli, and b) viscosity.

closer the value of 6 to 90° the less elastic and the more viscous the material becomes, and
vice versa when § approaches zero. The phase angles and their development versus the fumed
silica loading are shown in Figure 5.18.
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Figure 5.18 — Addition of different amounts of fumed silica into UV Electro 225-1 silicone and
the influence on the phase angle.

Avalue of § < 45deg indicates the material is viscous and will flow. The 5 wt% ink is very close
to the transition point in where it will become a shear thinning elastic material, and thus acts
like a slightly flowing gel. In fact, this behaviour can be exploited to create smoother features.
The ink does not immediately settle after deposition and will blend with the surrounding
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ink leading to less rough surfaces. As the UV curable silicone cures in less than 3 minutes of
exposure we could have control on how much the silicone flows before it is set. With this in
mind we decided to continue by printing features created from the 5 wt% ink. If a truly shear
thinning elastic ink is required it can already be produced at a loading of at least 6 wt% fumed
silica.

Initial printing study of 5 wt% reinforced ink

To improve the overall printing quality, we needed to ensure that the distance of the tip was
always within the same range of the substrate. A 95 um GP20 Nexus tape (NEXUS, Republic
of Korea) electrostatic foil was placed on top of the printing bed before adding the doctor
bladecast Sylgard 184-PET substrate on top.

Initial characterisation experiments were performed by printing the 5 wt% UV curable silicone
ink (UVE225-R5) on this substrate using a smartpump with a 125 um tip. A valve gap of 150
pm was set and the lines shown in Figure 5.19 were printed at a printing speed of 20 mm/s.
These lines were printed at pressures of 1.65 to 2.48 bar (24-36 psi) with a clearance between
the tip and substrate of 75 pm. After printing they were briefly exposed for 1-2 minutes to UV
light using the build in UV LED and then completely cured in a ProMA 140 UV exposure device
for 5 minutes. The dimensions of the lines measured by confocal microscopy as are shown in

Figure 5.19.
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Figure 5.19 — Printed lines to determine the pressure-thickness relation using the UV curable
silicone ink with 5 wt% fumed silica loading.

Initially a layer thickness of around 100 um was targeted, however this could not be achieved
using the shear thinning fumed silica reinforced Sylgard 184 silicone. With the UVE225-R5
silicone this was easily achieved as the thickness printing rate was 15.7+0.2 pm/bar. To print
features of at least 50 um, we decided to use a pressure of 2.21 bar (32 psi) and speed of 20
mm/s.
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To achieve larger features, the next step was to test in tandem the influence of the clearance
between tip and substrate, as well as the spacing between the lines. Three test lines with
linespacing values of 100, 125, 150, 175 and 200 um were printed at clearances of 25, 50, 75,
and 100 pm. The resulting lines are shown in Figure 5.20.

25 um 50 um 75 um 100 um

200 um

175 um

150 um

125 um

100 um =500 um

Figure 5.20 — Sets of DIW printed lines from 5 wt% fumed silica reinforced UVE225-1 Electro
silicone with different linespacing values and tip to substrate clearances.

As was already observed, the UVE225-R5 silicone ink, has a particular behaviour that was not
seen for the Sylgard 184 ink. Instead of adhering to the substrate, the ink would instead stick
to the tip and curl around it causing a build up of ink if the clearance was too large. This is
especially visible for lines printed with a 100 um clearance, where the deposition of the ink
is incomplete and discontinuous. As such, a clearance of at least 50 pm is recommended
for printing. To ensure that features composed of many lines have planar surfaces, the lines
require a linespacing of between 100 and 125 pm. These features had an average thickness of
52.3+2.7 um, independent of the clearance, which is an increase of just 3.6+2.2 pm.

UV curing study

To cure the UVE225-R5 ink, it was exposed for 2-3 minutes using the build in 365 nm UV LED
with 3 mm focusing lens, which has an irradiance of 14 W/cm? at a working distance of 10
mm from the silicone substrate (Figure A.1). However, a secondary curing step was performed
where the features were transferred from the nScrypt to a ProMA 140 UV exposure device. In
this device the samples were exposed to 120W UV radiation for 5 minutes to ensure complete
curing. If instead the silicones are cured in-situ, the process flow is improved and alignment
errors resulting from removing and reintroducing any samples into the printer are reduced.
A small study was performed to determine the influences of curing parameters of the build
in UV LED. For this study Design of Experiment (DoE) strategies were employed to analyse
several samples and determine their trends using statistics.
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The aim of the study was to evaluate the influence of curing conditions on the mechani-
cal properties of the silicone in terms of its stress-strain behaviour. The experiments were
performed by printing dogbone structures using the nScrypt, curing them at different UV
exposure conditions, and then testing them in tensile strain on an Instron 3340 pull-tester
(Figure 5.21 a). The dogbone structure design was created to be in accordance with the ASTM
D638 standard which is explicitly designed to determine the ultimate tensile strength of plas-
tics. The shape and dimensions of the dogbone design are shown in Figure 5.21 b. This design
was printed on top of a plasma activated Sylgard 184 base layer with a 125 pm tip at a pressure
of 32 psi, printing speed of 20 mm/s, linespacing of 100 um, and a clearance of 50 pm. To
reduce discontinuities in the printed dogbone structures, the valve gap was set to 200 um. An
example of a 3D printed dogbone is shown in Figure 5.21 c.

Several UV curing conditions were tested which included altering the supplied power, distance
to substrate, and number of passes. The time of exposure was fixed at 5 minutes, as an initial
test at the minimum power of 50% revealed that the ink was not fully cured at a shorter
exposure time. The full set of tested parameters is shown in Table 5.2.

Dogbone 1
Power: 100%
Distance: 1
5 min passes:

Figure 5.21 — Overview of the mechanical test setup and the samples with a) a sample being
stretched using the Instron 3340 pull-test with tensile test clamps. b) Dimensions of the
dogbone per the ASTM standard and c) a optical microscopy image of a dogbone printed using
the nScrypt 3D printer.

After curing, the samples were dusted with talc powder to reduce their stickiness and aid in
their removal from the substrate. To evaluate the samples, they were mounted in a Instron
3340 pull-tester and slowly stretched at 150 um/s to reduce the influence of the strain rate as
much as possible. The tensile tests were stopped when the samples underwent tensile failure.
Internal forces and strains were recorded during this test. Using the recorded data the Young’s
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Table 5.2 — Tested conditions UV exposure conditions to test the curing of the UVE225-R5
silicone ink.

Condition1 Condition2 Condition 3

Power (%) 50 75 100
Distance (mm) 5 10 20
Passes (#)¢ 1 2 3

“Each pass was programmed to expose the printed material for 5
minutes and used a .gcode that followed the printed pattern.

modulus (or E modulus) of the tested materials were determined by

E=—
£ £

o _ (Fint/ wr) (5.18)

where Fiy¢ represents the internal force, w the thinnest width of the dogbone, ¢ its thickness,
and ¢ the strain. The slope of which will be linear as long as the ratio between stress (o) and
strain remains the same, a behaviour called linear elasticity. The resulting E moduli and the
associated testing conditions are shown in Table 5.3.

Table 5.3 — Testing conditions and resulting E moduli of dogbones printed by the nScrypt from
UVE225-R5 silicone ink found by means of the tensile test.

Sample Passes Distance Power E modulus

[#] [#] (mm] [%] (kPa]
1 1 10 50 671
2 1 20 75 774
3 1 5 100 810
4 2 10 75 587
5 2 20 100 614
6 2 5 50 625
7 3 10 100 602
8 3 20 50 565
9 3 5 75 685

Using this data, or the responses, we determined a constant coefficient model to understand
the influence of each parameter. A constant coefficient model takes the form of

Y(i;jyk)=,Lt+06i+ﬁj+)/k+€ijkl, (5.19)
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where Y is the response, u the global mean and «;, §;, and y represent values for the indi-
vidual factors, or parameters. Finally, ¢; jki represents the residual, or error, of the model and
will contain any value of the response that can not be explained by the model. To determine
the coefficients an action known as sweeping is performed, where the mean values of select
groups are calculated to determine their individual difference with respect to the global mean.
The global mean was calculated to be 665.2 kPa. The factors are calculated by taking the
mean of their respective grouping and then subtracting the global mean. In this fashion the
linear equation given in Equation (5.19) is slowly build by reducing the error € step-wise. By
summing up the vectors of each group (i.e. distance, power, passes) the constant coefficient
model is obtained as

—44.8 103.3 —44.6 -8.2
Y(i,j k) =6652+] 23 |+]|-56.0]+| 334 |+]|10.4]. (5.20)
42.5 -47.3 11.1 18.5

Using this model it becomes possible to perform an Analysis of Variance (ANOVA), which
makes it possible to determine if the parameters in the model are statically significant in
comparison with the global mean with a confidence of 95%. The table consists of sums of
squares (SS) of the coefficients, the degrees of freedom (DoF), mean square (MS) or the SS
divided by the number of DoF, and the F ratio or the ratio between MS of a factor and the global
residual. Using this information the p value can be obtained to determine if the parameters
are of statistical significant or not. Table 5.4 shows these values and from this it can be seen
that all variables were influential.

Table 5.4 — Analysis of Variance (ANOVA) table of the model for the influence of UV exposure on
the mechanical properties of the printed UVE225-R5 silicone test samples, and the resulting
statistic significance.

Sum of Squares Degree of Freedom Mean Square F Ratio

Factor — qg) (DoF) (MS) (Ms/Dop) P Value
Intercept 3982058.8 1 3982058.8  5127.73  <0.001
Passes  48139.9 2 24070.0 31.00 <0.001
Distance  11462.6 2 5731.3 7.38 0.014
Power  9684.9 2 4842.4 6.24 0.019
Residual ~ 1553.1 2 776.6 1.00 0.250

Lastly we can evaluate the effect size, or influence of each group, by means of the Cohen D
value which explains how many standard deviations of difference there are between two data

141



Chapter 5 Capacitive sensors for angular motion monitoring enabled by 3D printing

groups. This can be calculated using the formula

HMall — Mg
Op

(5.21)

where ) is the mean of all samples, pg the mean of the group or category, and oy, the pooled
standard deviation of the two compared groups. To calculate this pooled standard deviation

we use the formula
(Ng—1)0g? + (Nan — Doran®

Ng+Nall -2

) (5.22)

where o and Ny are the standard deviation and number of entries for a group, respectively,
while o, and Ny are those for all samples. These values were calculated and are displayed in
Figure 5.22. The effect sizes indicates the influence of a single group.

1.2+
1.08

1.0+

0.8
0.63

0.6 4
0.51 . 49

0.4 0.33

Effect Size (Cohen's D)

0-21 0.11

0.0 : 0.02

T T T T T
1 pass 2passes 3passes 5mm 10 mm 20 mm 50% 75% 100%

Passes Distance Power

Figure 5.22 — Cohen’s D effect sizes for the UV LED curing conditions of all tested DIW printed
UVE225-R5 silicone test samples.

Values above 0.5 are generally regarded as having a medium effect, while those above 0.8 have
alarge effect. These values are only an indication, but this means that for this experiment there
is a very significant difference in the number of passes. In fact, a single pass seems to yield
a significantly different result than performing more passes. This likely stems from the fact
that samples might not have been fully cured after a single pass at a lower power. Therefore,
using an as high as possible power is recommended to reduce the total curing time. In terms
of the distance, there seems to be little influence past a distance of 10 mm. However, there
is a trade-off in-between the total area irradiated and delivered power as the UV spot of the
lamp grows larger with a removed distance. Therefore, we decided to keep the distance at 10
mm and use a power of 100%. Exposure times of 1 minutes were used for curing in-between
layers to retain some inter-layer adhesion and 5 minutes to perform a full cure. To avoid
underexposing certain regions of the silicone ink, two passes were performed using the UV
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LED. The travelling speed of the LED was programmed in .gcode such that the UV spot would
expose the material only for the set amount of time.

5.2.5 Design of Experiments (DoE) to determine the influence of the printing pa-
rameters

There are numerous parameters that can be tuned when printing with the nScrypt smartpumps
including, but not limited to, the pressure, printing speed, linespacing, tip clearance, valve
gap, and various waiting times. Therefore, a Design of Experiments (DoE) approach was used
to study the statistical influences of the printing parameters previously already shown to have
an influence, which were the printing pressure, speed, and linespacing.

To optimise the printing of the UVE225-R5 silicone ink, an experimental design was employed
that reduces the number of variables to be tested. For an experiment with three parameters,
or factors, a full factorial design needs a N3 number of experiments, where N is the number
of levels or values of the parameters. For example, for an experiment with 3 factors and 3
levels per factor a total number of 27 experiments would have to be executed. Using a more
strategic design, such as a Composite, Box-Behnken, or Doehlert design, experiments can
be performed solely at strategically chosen levels of the factors. For a 3 factor and 3 level
experiment a Box-Behnken or Doehlert design (Figure 5.23 a-b) would result in 13 experiments
instead of 27 while maintaining enough statistical power to evaluate the experiment. Using
this framework, an experiment was set up which consisted of the printing of three lines in
close proximity with varying printing parameters. The geometry of the printed lines is shown
in Figure 5.23 c.

a) Box-Behnken Design b) Doehlert”Design c)

Bl

spacing

i
»

I+

Centre-to-centre

Printing path

Figure 5.23 - The most effective design of experiments designs spaces with a) The Box-Behnken
design and the Doehlert Design with 3 factors. ¢) The printed feature used in these tests.

In this experiment, the Box-Behnken strategy was used which is an ideal design as long as
nonlinear model is not expected, which from the previous dimensional results had not been
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observed. In this design three equally spaced levels are strategically placed for each factor and
labelled as -1, 0, and 1 in a design matrix. Experimental parametric values can then be assigned
to these as long as they are evenly spaced such that the design space remains symmetric. In
our case the pressure, speed, and linespacing were evaluated with values for the experiments
as in design matrices shown in Table 5.5. Both the actual values and the normalised design
matrices are shown here. Normalising prevents the actual parametrics values to influence the
ANOVA calculations.

Table 5.5 — Designs matrices used for the DoE experiment to determine the influence of the
printing parameters on the DIW printing of UVE225-R5 silicone ink.

Design Matrix Normalised Design Matrix
. Pressure  Speed Spacing Pressure Speed Linespacing

Experiment no. (psi) (mm/s) (um) P) W) S)

1 20 10 110 -1 -1 0

2 20 40 110 -1 1 0

3 32 10 110 1 -1 0

4 32 40 110 1 0

5 20 25 100 -1 0 -1

6 20 25 120 -1 0 1

7 32 25 100 1 0 -1

8 32 25 120 1 0 1

9 26 10 100 0 -1 -1

10 26 10 120 0 -1 1

11 26 40 100 0 1 -1

12 26 40 120 0 1 1

13 26 25 110 0 0

Using this experimental framework four samples were produced per set of experiments such
that a total of 52 features could be characterised. The clearance between the tip and the
substrate was not included in the experiment, as printing could be performed with a tip
clearance of both 25 and 50 um, and printing at 75 pm was unreliable. This made only two
levels available for this parameter such that they could not be included in the DoE framework.
To still study its influence, the DoE experiment was performed twice, once at a clearance of 50
pm and then again at a clearance of 25 um. All DoE test features were printed from UVE225-R5
silicone ink on top of cleaned and plasma activated Sylgard 184-PET substrates. An optical
image of the printed samples is shown in Figure 5.24. The samples were scanned using the
confocal microscope to measure their thickness.
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25 um clearance 50 um clearance

Figure 5.24 — Set of 3 DIW printed UVE225-R5 silicone lines of 4 mm long printed using the
parameters settings outlined in Table 5.5 at a clerance of 25 and 50 pm.

Linear models

First a linear regression for a predetermined thickness model was performed using an ordi-
nary least squares algorithm. This model could either take the form of a linear, linear with
interactions, or quadratic formulation. For the tested parameters we can write these equations
as

Linear: t=aiP+a)V+asS,
Interactions: t=aP+ayV+asS+appPV+asPS+axsVs, (5.23)

Quadratic: t=a;P+aV+asS+ a; PV +a3PS+a;VS+ aHP2 + 6122V2 + a3382.

The parameters in the models P, V, and S, represent the pressure, speed and, linespacing,
respectively, and the coefficients are represented by a;, a;;, and a; ;. The response for these
models was the measured thickness ¢. These were validated by evaluating their fit using the R?
factor that gives the ratio of variance of the model versus that of the residual (remaining data).
The closer this value is to 1, the better the model fits onto the experimental data. An ANOVA
is then performed to determine if the independent variables of the model are statistically
significant towards explaining the measured data. First a linear model was analysed for which
R? values of 0.273 and 0.419 were found for tip clearances of 50 um and 25 pm, respectively.
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The resulting ANOVA tables for these models are shown in Table 5.6. The p-values in these
tables have to be below 0.05 in order for the parameters to be statistically significant within
the model with a confidence of 95%

Table 5.6 - ANOVA tables for the linear model describing the printed thickness of features DIW
printed from UVE225-R5 silicone.

50 um clearance 25 um clearance
SS DoF FValue P Value SS DoF FValue P Value
Pressure 2752.23 1 17.497 <0.001 Pressure 1151.98 1 22.995 <0.001
Speed 43.92 1 0.279 0.6 Speed 558.7 1 11.152 0.002
Spacing  34.72 1 0.221 0.641 Spacing  25.1 1 0.501 0.482
Residual 7550.07 48 Residual 2404.65 48

From these tables it shows that the influence of some parameters can not be explained by
the fitted linear model with respect to the data. These factors are the spacing for the 25 ym
clearance test and the speed for the 50 um clearance test. Therefore, it was decided not to
take these factors or any terms that dependent on them into account for the interactions and
quadratic models.

Non-linear models

The interactions and quadratic models were constructed and fitted again using OLS. The R?
values for these fitted models are shown in Table 5.7.

Table 5.7 — R? values for the fitted models describing the printed thickness of features DIW
printed from UVE225-R5 silicone.

Clearance 50um  25pum

Linear 0.273 0.419
Interactions 0.492 0.441
Quadratic 0.584 0.504

The same ANOVA analysis can be performed for these extended models to show which param-
eters are influential on the outcome of the data as shown in Table 5.8.

For the 25 um clearance tests there is no influence of quadratic and interaction terms, meaning
there will be no influence of non-linear terms. For this model, only the pressure and speed are
shown to be dependent variables. However, for the 50 um clearance model there is significant
influence of interactions and quadratic terms even if the linear parameters are not significantly
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Table 5.8 - ANOVA table for the interactions and quadratic models for the thickness of DIW
printed UVE225-R5 silicone. P-values coloured in red are above the 0.05 threshold and are not
statistically significant.

50 um clearance 25 um clearance
SS DoF FValue P Value SS DoF FValue P Value

Interactions

Pressure 27522 1 23.994 <0.001 Pressure 1152.0 1 22.42 <0.001

Speed 43.9 1 0.383 0.539 Speed 558.7 1 10.87 0.002

Spacing 34.7 1 0.303 0.585 Spacing 25.1 1 0.49 0.488

Pressure*Speed 1708.8 1 14.897  <0.001 Pressure:Speed 63.5 1 1.24 0.272

Pressure*Spacing 564.8 1 4.924 0.031 Pressure:Spacing  26.5 1 0.52 0.476
Speed:Spacing 1.9 1 0.04 0.847

Residual 5276.5 46 Residual 2312.7 45

Quadratic

Pressure 27522 1 28.692  <0.001 Pressure 1152.0 1 24.11 <0.001

Speed 43.9 1 0.458 0.502 Speed 558.7 1 11.69 0.001

Spacing 34.7 1 0.362 0.550 Spacing 25.1 1 0.53 0.472

Pressure*Speed 1708.8 1 17.814  <0.001 Pressure:Speed 63.5 1 1.33 0.255

Pressure*Spacing 564.8 1 5.888 0.019 Pressure:Spacing  26.5 1 0.56 0.460

Pressure? 9599 1 10.007  0.003 Speed:Spacing 1.9 1 0.04 0.841
I(Pressure ** 2) 111.1 1 2.33 0.135
I(Speed ** 2) 70.8 1 1.48 0.230

Residual 4316.5 45 Residual 2054.3 43

influential. There are many reasons for why this could be, and some of them can be related to
the scope of the experiment. One possibility is that the design space chosen is possibly too
large and if the spacing between parameters is chosen to be too high there might be no clearly
defined linear or non-linear response. Furthermore, any errors due to the error prone nature
of printing will also influence any statistical analysis.

Effect sizes of the parameters

With the formulas for the models obtained by linear regression with quadratic terms, we
arrived at two final models. One being for a clearance of 25 um and the other for one of
50 um, that can describe the outcome of the printed thickness. These models also provide
coefficients respective to their parameters, which can be used to determined the effect size
of each parameter. These effects are plotted in a normalised fashion in Figure 5.25 with the
significant parameters indicated in green and those not in red.

From this we can tell that, by far, for both experiments and models the pressure is the most
influential effect with a coefficient of 0.17-0.18. The speed also has an influence in the 25
pm clearance model but does not have as much of an effect on the thickness as the pressure.
It should be noted, however, that these are only relative as for any non-linear effects the
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Figure 5.25 — Effects sizes of predictive models developed by the DoE analysis. These were
normalised with regards to the intercept for lines DIW printed from UVE225-R5 silicone ink at
50 and 25 pum tip clearances. The statistically significant parameters are indicated in green.

coefficient is less important with regards to the magnitude of the response.

The 50 um clearance model showed that several non-linear parameters were statistically
influential. Since this was not the case for the 25 um clearance model, and the effect of pressure
and speed were significant contributors to the thickness, printing parameter optimisation was
continued for these parameters.

5.2.6 Optimization towards DIW printing sub 100 um silicone layers

Using the results obtained from the DoE analysis, further steps were taken to optimise the
printing of the UVE225-R5 silicone ink. The intention was to used this material to create
sub 100 um silicone layers to allow for sensor miniaturisation and precise control of angular
structures. Experiments were carried out, with a 25 um clearance gap, to determine suitable
printing parameters which included the speed, pressure, and valve gap. The optimisation test
features were printed on top of cleaned and plasma activated Sylgard 184-PET substrates. All
printed features were cured using the built-in UV LED for 5 minutes at 100% of the available
power and a distance of 10 mm.

Influence of speed and linespacing on printed films

First the speed was studied as its influence was smaller on the thickness, and varying it should
result in a less drastic change of the thickness than varying the pressure. To determine its
influence, 5x5 mm? squares were printed using different printing speeds. A printing pressure
of 32 psi was used with a valve opening of 200 um. To validate that the linespacing had no
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effect on the thickness, as predicted by the models, each square was printed at a linespacing
0f 100, 110, and 120 pm.

Figure 5.26 shows the development of the printed squares from a printing speed of 40 mm/s
down to 20 mm/s, 10 mm/s, and finally 5 mm/s. While the thickness definitely increases, the
surface roughness improves as there is more material to fill in any gaps that might result from
under-deposition.

10 um 110 um.

120 um ]

40 mm/s

20 mm/s

10 mm/s

5 mm/s

Figure 5.26 — Squares DIW printed from UVE225-R5 silicone ink at speeds of 40, 20, 10, and 5
mm/s with a linespacing between the lines of 100, 110, and 120 pm.

A clear improvement in the printing of squares can be seen as large gaps are clearly visible
at higher speeds, while printing at 10 mm/s and below yields smooth surfaces. The linespac-
ing showed no clear optical influence and so the squares were measured using a confocal
microscope. A linear increase in thickness and a decrease in surface roughness can be seen
in Figure 5.26 a and Figure 5.26 b, respectively. As shown by the analysis before, the lines-
pacing did not show a significant difference as the values for the thickness overlapped at all
speeds. A fitting reveals that the thickness increases exponentially with regards to the speed.
An exponential decay of the form ¢ = ae™"'? + t, can be found for this range with a R? of 0.999,
indicating a close to perfect fit. With the coefficients obtained the formula for the thickness
becomes ¢ = 166.94e~"/473 + 51.36 in micrometer.

The squares printed at 5 mm/s yielded the best print quality in terms of surface roughness.
By choosing a spacing of 120 pm the printing process was slightly sped up, by printing fewer
lines, without leading to a loss in quality. Even so these squares were above the targeted 100
pm film thickness. Therefore a range of pressures was tested to see if the film thickness could
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Figure 5.27 — Thickness and surface roughness plots of the squares DIW printed from UVE225-
R5 silicone ink at speeds of 20, 10, and 5 mm/s.

be reduced in this fashion.

Influence of pressure on printed films

An initial trial print was performed at pressures ranging from 0.55 to 2.48 bar (8 to 36 psi) at
steps of 0.28 bar (4 psi). These squares are shown in Figure 5.28 a which reveal that at least 1.10
bar (16 psi) of pressure is required to print coherent features. When more than 2.21 bar (32
psi) of pressure is used it results in over-extrusion, thus establishing a range of usable printing
pressures between 1.10 and 2.21 bar 16-32 psi. Several more squares were printed using this
range of pressures (Figure 5.28 b) of which the film thickness values were measured which are

shown in Figure 5.28 c.

The pressure increases in a quadratic fashion at a rate of ¢ = 205.4 — 189.5P + 68.7P?, in
micrometer, with a R? of 0.985. Comparatively, a linear fit only reaches a fit quality with a R?
of 0.876, indicating that with an increased pressure the thickness increases non-linearly. To
print films below 100 pm a pressure of 1.93 bar (28 psi) should be used. After this pressure the
film thickness increases by 116.5 pum/bar compared to 30.8+1.7 um/bar before which is a 3.7
times rate increase. Therefore when printing at 5 mm/s a maximum pressure of 1.93 bar (28
psi) is recommended to be used.
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Figure 5.28 — Squares printed from UVE225-R5 silicone ink for pressures between a-b) 0.55 to
2.48 bar (8 to 36 psi) and c) their resulting thickness.

Optimisation towards sub-100 pm layers by valve gap tuning

Lastly, with the pressure, speed, clearance, and linespacing established we wanted to see if we
could tune the thickness, and feature continuity, by playing with the valve gap which controls
the flow of the ink. Squares were printed using the standard valve gap of 200 um, used in all
previous experiments, as well as with gaps of 175, 150, and 100 pm. The resulting squares were
measured and their thickness values are shown in Figure 5.29.
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Figure 5.29 — DIW printed squares from UVE225-R5 silicone ink printed with different valve
gaps and their measured film thickness.

This experiments shows that the thickness can be finely controlled by managing the valve gap,
as it allows for the thickness to be changed by 9.25+1.50 pm per a 25 pm reduction of the valve
gap. Furthemore, adjusting the valve gap does not influence the surface as the roughness (R,)
remained unchanged at an average value of 2.79+0.46 pum.
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For the printing of these films, with a clearance of 25 pm, the printing tip was always inside of
the ink during printing since the clearance was lower than the final film thickness. Therefore,
we decided to set the valve gap to 150 pm to achieve a film thickness of around 69.5+1.7 pm to
avoid the printing tip being too deep inside of the printed film.

Summary of the optimisation experiments

In summary, the following parameters shown in Table 5.9 were found to print homogeneous,
flat, and reliably printable sub 100 pum films from the 5 wt% fumed silica reinforced UV Electro
225-1 silicone, that could be cured in-situ with the build-in UV LED.

Table 5.9 — Final printing parameters for printing films of UVE225-R5 silicone ink established
after optimisation of the printing parameters.

Parameter Value
Pressure (P) 1.93 bar (28 psi)
Speed (V) 5mm/s

Linespacing (S) 120 um
Clearance (C) 25 pum
Valve gap (G) 150 um

It should be noted that while these settings allow for the printing of replicable features, the
printing process is quite slow. As the layers are thicker than the tip clearance is higher, it means
that the ink flows out around the tip and also acts as a mechanisms for controlling the flow. It
is entirely possible that with further fine-tuning of the speed, gap, and pressure it becomes
possible to print similar features at faster speeds.

Further tests at higher clearances could be envisioned, as having such a small clearance makes
the printing more sensitive to misalignment and uneven surfaces. However, increasing the
clearance will lead to the printing parameters influencing the thickness of the printed features
in a different way, as indicated per the models determined by Design of Experiments.

5.3 3D printing of soft silicone with three dimensional geometry for
creating slanted conductive features

To DIW print a full capacitive bending sensor, based on the concept and design presented
in Section 5.1, we needed to print the angular conductive features required for its design.
However, no printing strategy existed to achieve this. Therefore, a process was developed
using the UVE225-R5 ink to print multilayer structures to introduce 3D printed structures
with angular faces. All printing was carried out using the printing parameters defined as
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per Table 5.9. All test features were printed on top of cleaned and plasma activated Sylgard
184-PET substrates previously described.

5.3.1 Multilayer printing

When 3D printing multilayer structures, generally the printing orientation is changed per layer,
as it adds to the strength of the material even if it is not loaded with any particles such that
asymmetric material behaviour can be introduced[183]. However, the direction of printing
can still influence the final geometry, as the material is deposited in the form of a filament
which blends with previously deposited material.

Therefore, two deposition strategies were tested. One was to print the layers on top of each
other in a parallel fashion, keeping the printing direction the same. The other was to create
a crosshatched pattern by changing the printing direction by 90° every layer change. The
resulting printed stacks, composed of multiple layers, are shown in Figure 5.30.

P: 28 PSI
G: 150 um
V: 5 mm/s
C:25um
LS: 120 um

Crosshatched

Figure 5.30 — Optical images of up to 4 layers of DIW printed UVE225-R5 silicone ink stacked
on top of each other in parallel and crosshatched fashion.

The z-height offset per layer was set to 70 um. To avoid curing the ink solid, and reducing
the adhesion between layers, every layer was individually cured for 1 minute at 100% of the
power at a distance of 10 mm. A final 5 minute cure was performed at the same settings to
fully solidify the structure.

Visually it is not possible to distinguish the difference between the two printing patterns.
Therefore, the features were scanned using a confocal microscope and both the thickness
(Figure 5.31 a) and profile (Figure 5.31 b) of all stacks at all layer heights were measured.
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Figure 5.31 — Thickness evaluation when stacking multiple DIW printed UVE225-R5 silicone
films with a) the thickness increase and b) the profiles for both printing orientation techniques.

No distinguishable difference in thickness can be found between the two printing directions,
with both stack strategies showing the same linear increase at an average rate of 71.9+2.9
pm per layer. However, what is visible from the profile development is that any faults in the
printing get smoothed out when printing in a crosshatched fashion. Even so, when errors
are smoothed out it does not necessary lead to a decrease of surface roughness. Repeating
the cross-hatch printing test several times showed a linear increase of the layer thickness of
63.9+1.3 um with a R? of 0.999, which is within the range of the previous tests with the same
settings. Small amounts of variance can be attributed to the flatness of the printing substrate.

5.3.2 Printing 3D angular structures

To create 3D conductive plates we first needed to create a strategy to create a slanted face.
First we investigated if the fabrication order and curing strategy had any effect on the resulting
structure. Four layer 5x5 mm? square structures were printed on top of each other using one of
three curing strategies. In the first strategy, called Layer-by-Layer curing, the films are printed
and cured separately. In-between layers a 1 minute cure is performed and after printing
everything the structure is fully cured for 5 minutes. With the Support Layer technique a single
layer is printed and cured for 1 minute before printing the rest of the structure and curing it
for 5 minutes. This support layer can pin any flow of the material on its edge. The last strategy
was called Single Shot in which the full structure was printed before curing it for 5 minutes
without any intermediate curing steps.
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Evaluation of curing strategies

None of the strategies had an effect on the printed layer thickness as on average the four
layer structures had a final thickness of 266.6+2.9 um, which is an average layer thickness of
66.7+2.9 um. However, as the printed surfaces were flat, the choice of curing strategy could
have an influence on structures with angular faces as the ink can flow more freely.

To create these angular features, the surface area of each stack was reduced in small steps. For
the first test a single line, or 120 um, was removed from each side to create a staircase feature
that through re-flow of the ink would result in an angular face. The three strategies described
above were applied the results of which are shown in Figure 5.32.

Layer-by-layer Support Layer Single Shot

T s

Substrate (Sylgard 184) Substrate (Sylgard 184) Substrate (Sylgard 184)

Figure 5.32 — The three tested strategies tested for DIW printing angular faces using the UV
curable UVE225-R5 silicone ink.

From these cross-sections it can be seen that the layer-by-layer approach leads to a flat surface
on the top but with a well defined staircase pattern on the slope. In contrary, using either the
single shot or support layer techniques allow for a smooth angular features on the side face.
Therefore, these two techniques were selected for further experiments to understand what
type of angle could be realised. As the linespacing of the lines was set at 120 um the minimum
offset that could be programmed for the printing path was 60 um. Therefore, offset values of
60, 120, and 180 um were tested which resulted in the angular structures shown in Figure 5.33
a.

Evaluating angular structures

The angles were determined by measuring the angle of the steepest slants with respect to their
base layers in the cross-sections. In Figure 5.33 b the angles for all tested conditions are shown.

Linear regression of the angle data shows a decrease of the angle by 7.70+1.04° per 60 pum of
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Figure 5.33 — Printing angular faces using the UVE225-R5 silicone ink with a) optical images of
the cross-sections of the printed structures and b) the resulting angles.

offset at a fit of R? = 0.982. While there is observable difference between the angles achieved
using either technique, the support layer technique is less error prone. The coefficient of
variation (COV) can be used to evaluate the error which is the rate of the mean value divided
by the standard deviation. For the support layer strategy this value was 5.6+1.6% while for the
single shot strategy it was 6.7+4.2%. The reason for this is most likely the pinning effect due to
the support layer which prevents any flow past the edge, which is especially clear from the
cross-sections at an offset of 180 um.

For the previous experiments the offset was kept equal for all sides. However, this would often
result in ink sticking to the tip (Figure 5.34 a) especially for smaller offsets. To understand
if this had any effect on the angle and the printing quality we printed several rectangular
structures (n=9) with asymmetric offsets per the design shown in Figure 5.34 b. Making this
design improvement increased the angle of the faces up to 41.2+2.3° which is an increase of
24.8+2% without the asymmetric offset. To print angular structures with slopes of around 40°
it was decided to use an asymmetric off-set in combination with the support layer.

Asymetric offset

l—>Y-offset: 120 um

k

X-offset: 60 um

Figure 5.34 — a) Camera capture of the UVE225-R5 silicone ink stuck to the tip, and b) a
schematic top view of the developed strategy to increase the angle of the side face.
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5.3.3 DIW printing of silver ink on UV curable silicone

In order to enable the electronic functionality needed for a 3D printed sensors, a conductive
material needs to be printed on top of the silicone. As we had quite some experience using the
AG520EI silver paste (Chimet SpA, Italy), used for the creation of the sensors in Chapter 4 as
well, we decided to use this ink to create conductive features for the bending sensor. Since the
material is quite viscous, and slightly elastic, it was thinned using the 0204IT thinner provided
by the same company. As the standard nTip is quite large, and does not allow for printing in
small spaces, a 30 gauge stainless steel needle (Adhesive Dispensing Ltd., UK) with an inner
diameter of 150 um and a length of 6.35 mm was used. The samples were cured on a hotplate
at 120°C for a duration of at least 30 minutes.

Printing of silver lines and pads

First a set of suitable printing parameters was determined to DIW print the silver, the results
of which are shown in Figure 5.35. A test substrate was prepared by taking the UVE225-R5
silicone and doctor bladecasting it on a cleaned and plasma activated PET sheet. Using a very
slow speed of 1 mm/s, with a gap of 200 um, a film with at thickness of around 180 pm was
cast. The films were irradiated for 5 minutes using the ProMA 140 UV exposure device to cure
them. Before printing they were cleaned using isopropanol and activated using oxygen plasma
at a power of 150 W (@ 13.56 MHz) for 1 minute.

First a speed and pressure test was performed with a needle to substrate clearance of 50 um.
Printing speeds of 10 and 20 mm/s were tested at pressures of 1.10-2.21 bar (16-32 psi) with
steps of 0.28 bar (4 psi). As the viscoelastic ink needs to travel through the thin needle the
valve gap was set to 1100 pm. Even so, additional wait time had to be added to avoid printing
discontinuous lines, which also depended on the pressure used. Lines printed at 10 and 20
mm/s are shown in Figure 5.35 a. Confocal microscopy measurements were made to measure
the thickness and linewidth of these lines of which the development is shown in Figure 5.35 b.
The thickness of the lines increases linearly by 5.72+0.47 um (R? = 0.987) and 3.72+0.55 pm
(R? = 0.959) for those printed at 10 and 20 mm/s, respectively, between pressures of 1.38-2.21
bar (20-32 psi). At a printing speed of 20 mm/s and pressure of 1.65 bar (24 psi), continuous
lines could be printed of a thickness of 8.4+0.8 um and linewidth of 203.6+23.1 um. Next,
using these settings the linespacing between the lines had to be determined to be able to print
continuous films.

Four linespacing values were selected at 100, 125, 150, and 175 pm. Increasing the spacing
beyond 175 pm resulted in discontinuities and corrugated sides as the lines blended less well
with one another. Figure 5.35 c shows the resulting film thickness for all these spacing values.
For a linespacing of 150 um a film with a thickness of 9.0+0.2 pm could be effectively achieved.
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At most, this is a 14.3% increase of the thickness versus the measured thickness of the lines and
was therefore chosen in order to print functional layers. By measuring the electrical properties
in 4 point mode an average resistivity of 21.3+3.3 uQ cm is found.
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Figure 5.35 — Lines and pads, DIW printed using the nScrypt, from 5 wt% thinned Chimet
silver paste on top of a UVE225-R5 silicone substrate. a) Lines printed at several speeds and
pressures with b) their thickness and linewidth. ¢) Printing of squares with a linespacing of
100, 125, 150, and 175 pm.

5.3.4 DIW printing of silver plates on angular faces

To fully realise the sensor, we wanted to be able to print conductive features on a non-planar
structures. We tested printing silver on DIW printed slopes by first printing two parallel
pyramidical structures using the process described in Section 5.3.2. With an X-offset of 60
pm and Y-offset of 120 um, silicone slopes could be printed with an angle of around 41.2°. A
script was programmed to follow such a slope and print a silver plate at a 40° angles using a
spacing of 150 um between the printed lines, as shown in Figure 5.36. As the ink does not stick
to the surface it will flow, resulting in some residue on the bottom of the pyramids. Therefore,
a minimum spacing between the two pyramids is required. We tested spacing values of 400,
800 and 1600 pm to see what would be the minimum achievable spacing between the two
pyramids.

After printing and curing the pyramids the printed structures were activate using oxygen
plasma to reduce the surface energy. As this required the samples to be moved it introduced
some small alignment issues. The alignment errors, slant, and the surface activation resulted
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Top view [ = = Cross-section

Figure 5.36 — Top down and cross-section views of DIW printed UVE225-R5 silicone pyramids
with Chimet silver plates printed on top of them at 3 different spacing values.

in an overflow of ink at the bottom of the slants. This could result in the two plates merging
together when the pyramids were too close as was the case for a spacing of 400 um.

For the a spacing larger than 400 um, an overflow of the ink of 313.0+24.5 pym was measured.
A spacing of 800 pm can be used to effectively keep the plates separated by about 500 pm.
Utilising a less flowy ink, the spacing could probably be reduced and the feature density
increased further.

5.4 Fully 3D printed capacitive bending sensor

A completely 3D printed bending sensor was created using the printing techniques developed
in section 5.3, with its dimensions guided per the developed models discussed in section 5.1.
The main advantage of 3D printing is that a much thinner device can be created with a longer
form factor, which gives a linearly controllable increase in the capacitance. For the sensors
produced using FDM moulding there was a practical limit to how long the plates could be
made (w) and how close they could be positioned, which had a significant influence on
the total capacitance. Furthermore, the sensors can easily be created by printing without
significant defects such as air bubbles.

5.4.1 Dielectric constant evaluation

As the printed silicone was reinforced with fumed silica, a small experiment was carried out
to determine if this reinforcement had any influence on the dielectric constant. UVE225-R5
silicone was doctor bladecast at a gap of 200 um with a very slow speed of 1 mm/s after which
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it was cured by UV exposure for 5 minutes. The surface was then activated using the Zepto
plasma cleaner at maximum power (60 W @ 40 kHz) for 1 minute. The silicone surface was
wetted using DI water and a PET stencil mask of a 20x20 mm? plate was placed on top before
drying the surface again. Undiluted Chimet silver paste was then bladecast on top using a
razor blade until a solid plate was achieved. The ink was cured by placing the sample on a
hotplate at 120°C for 30 minutes before repeating the same procedure on the other side of
the cast PDMS film. In this way a rudimentary capacitive stack was created. Using an Agilent
Technologies E4980 Precision LCR Meter the capacitance was recorded for three samples at
a frequency of 100 kHz and voltage difference of 1 V. The thickness was measured for each
sample, by micrometer at 3 seperate points, just outside of the conductive plate. Applying the
parallel plate capacitor theory (C = gpe, A/ d), the dielectric permittivity (¢,) was calculated
for all samples at a value of 3.46+0.28. This value is slightly increased from the unreinforced
PDMS at a value of 3.31. The range of error, due to the uneven thickness of the bladecast
silicone, can probably be reduced further by improving the fabrication of the capacitive stack.
This could be performed either through printing the entire stack using the nScrypt, or even
more so by spincoating to achieve a high degree of film uniformity.

5.4.2 Design, dimensions and fabrication flow

A miniaturised version of the sensor developed in Section 5.1.3 was created by printing it
completely using the nScrypt. The sensor is entirely composed out of UVE225-R5 silicone,
with a baselayer, four pyramdical structures, and an encapsulation covering six slanted silver
plates created from an infill and top cap. The design with all the relevant dimensions is shown
in Figure 5.37.

The plates of the sensor were each 12 mm long, with a programmed spacing of 800 um in-
between plates. Its design was based on maximising the capacitance while maintaining a flat
sensor that could be easily placed on the body. Guided by the analytical model, the expected
capacitance was in the range 0f 2.06+0.06 pF.

The fabrications steps needed to realise this sensor are shown in Figure 5.38 . First a double
layer of 140 um UVE225-R5 silicone base layer is printed and cured for 3 minutes using the UV
LED at 100% power. Pyramids were printed one after another from 10 layers of silicone, at 700
pm in height, and with a subtraction of 60 pum per layer of the sloped side and 120 um on the
short edge. After printing, each pyramid was cured for 3 minutes at 100% power before the
next pyramid was printed, for a total of four pyramids with a spacing of 800 um between them.

The pyramidical structure was removed from the printer and its surface was activated by
oxygen plasma at a power of 150 W (@ 13.56 MHz) for 1 minute. Then the structure was placed
back in the printer and aligned using prefabricated cross-hair marks. Using a 30 gauge (0.15
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Figure 5.37 — Design and dimensions of the fully DIW printed bending sensor, with and without
the encapsulation step.

mm) needle, silver plates were printed on the slanted sides before curing it at 120°C for 30
minutes on a hot plate. The dimensions of these plates had a width (w) of 12 mm and a length
(Lp) of about 920 um, which was dependent on slope of the pyramid. The connectors on the
top were 750 um long, which resulted in a spacing between the top plates of about 420 pm.

To encapsulate the device, an infill was printed on top of the cured silver in the shape of a V
groove with an bottom spacing of four layers, 280 um in height, and a spacing of 120 um at the
bottom that opened up into a 720 pm spacing on the top. The infill was designed to follow the
shape of the pyramids exactly and were all printed before being cured simultaneously for 3
minutes at 100% power. A final silicone cover was printed on top of infill and the pyramids to
fully encapsulate the sensor and cured for a duration of 5 minutes at 100% power to ensure
that the entire structure was fully cured. The fully printed sensors is shown in Figure 5.38.

5.4.3 Static behaviour of the printed sensor

The prototype was connected to a readout circuit to measure the capacitance of the plates
in parallel using a USB CapMeter. Undeformed the sensor had an average capacitance of
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Figure 5.38 — The printing steps to create the fully 3D printed capacitive bending sensor
including photographs of the sensor after production.

2.36%0.06 pF. This is slightly higher ( 15%) than the predicted capacitance. However, this
increase is likely due to any fabrication errors as well as any additional capacitance due to
connectors that could not be properly grounded.

To evaluate the sensing of the bending direction, the sensor was placed on a PMMA cutout
with a either a negative or positive bending radius of 30 mm. As shown in Figure 5.39 a, when
the plates bend towards each other (positive bending) the capacitance increased by 193.9+72.8
fF (8.2+2.4%). When the plates bend away from each other (negative bending) the capacitance
decreased by 52.9+34.5 fF (-2.3+1.2%). This matches the same behaviour as was seen in the
prototype produced through FDM moulding.

To quantify the sensitivity of the sensor (Figure 5.39 b), it was actuated several times from a
stationary position to several preset actuation angles using a bending setup (Figure 5.39 c).
The sensor matched the bending FEM model well for negative bending with a sensitivity of
2.50+0.04 fF/° (0.11+£0.00 %F/°) using a linear fit (R?=0.998). With an accuracy of 4 fF for the
CAPMeter, the bending angle will have an error of 1.6°.
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Figure 5.39 — Evaluation of the fully DIW printed bending sensor with a) its assymetric sensing
ability demonstrated by a 30 mm bending radius, b) evaluation of the sensor sensitivity by
bending at several angles, and c) the bending setup used to evaluate the sensitivity.

5.4.4 Dynamic behaviour of the printed sensor

To test the dynamic performance, the sensor was automatically bent using the automated test
setup shown in Figure 5.39 c, and by mounting it on a human joint. The results of these tests
are shown in Figure 5.40.

Figure 5.40 a shows the capacitance change (AC/Cp) for actuation angles up to 15 and 22.5°
and actuation speeds of 0.2 and 0.5 Hz. For either angle, a difference of less than 0.25% of
the peak-baseline capacitance difference was measured when increasing the actuation speed
from 0.2 to 0.5 Hz, showing that the speed has little influence on the performance for these
angles. However, at a speed of 0.5 Hz the sensor doesn’t have time to fully return to its relaxed
state, likely due to the relaxation time of the silicone sensor body.

To evaluate the applicability of real-life use for the sensor, it was attached to an elbow and
tested to detect the capacitance change when extending and and flexing the arm several times
(Figure 5.40 b). Starting from a flat position with the palm facing outward towards the ground,
the elbow was flexed up to about 90 degrees and extended back several times. Using the
sensitivity determined in the static test, the sensor estimated an angular change of between
70-85°. From this data we can infer that the sensor is able to keep up with an angular speed
of 87.6+9.1°/s, which is sufficient to be able to track the gait for paralympic athletes when
walking and running[184].

5.4.5 Realised sensor comparison to state of the art and limitations

A fully 3D printed sensor was produced with six plates each of a length of about 920 pm, width
of 12 mm which had an internal and external spacing of 800 and 420 pum, respectively. The
full sensor had a height of 1.12 mm, making it flat and easy to unobtrusively mount on a
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Figure 5.40 - Dynamic test done with the fully DIW printed silicone capacitive bending sensor
with a) actuation at 0.2 and 0.5 Hz. b) Capacitance change of the sensor due to flexion-
extension of an elbow with angle estimation. ¢) Picture of the the sensor mounted on an
elbow.

person. The sensor was characterised to have a sensitivity of 2.50+0.04 fF/° (0.11+0.00 %F/°)
for negative bending, which correspond to a normalised sensitivity of 7.55 fF/°cm?. With
the smaller form factor of the sensor it was 2.7 time more sensitive, when normalised to the
surface area, than a much larger two part wearable capacitive sensor[177]. Moreover, this is
the first time a bending sensor was demonstrated which had asymmetric sensing behaviour
and could distinguish between a positive and negative bending deformation.

The sensitivity of our device was higher than a wearable inkjet printed carbon based strain
gauge which had an angular sensitivity of 0.086%/°[96]. Still, more bulky wearable devices
equipped with resistive flexural sensors showed much higher sensitivities up to 1.2+0.2%/°[185].
It is likely that using a small form factor will always result in a reduced capacitance. However,
by employing nanostructuring gold films a sensitivity up to 1.25 %/° was previously demon-
strated[178]. Nano- or micro structuring could, therefore, be applied to increase the base
capacitance and increase the sensitivity.

One limitation of the current design is that the plates are orientated at a starting angle of
around 40°. By increasing this angle, a steeper slope can be generated such that the baseline
capacitance is higher and the sensitivity becomes increased for negative bending. However,
this requires the development of a process to print even steeper slopes. Possible methods
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could include increasing the layer thickness of the layers of the pyramids, or by utilising a
smaller printing tip to allow for smaller printed lines and a reduced offset between them.

While the simulations did not account for this, a range of motion of 90° was able to be tracked
by testing it on the body, making it suitable for the dynamic evaluation of the knee[175].
This measurement, is however, not without error due to the CAPMeter used to read out the
capacitance. This device has an error of 4 fF, resulting in an error in measurement of 1.6°.
This error could be further reduced with more robust electronics, or by increasing the base
capacitance, such as by printing a wider sensor. Even so, errors in angular detection are
regularly demonstrated at a level of 2.7-3° [7], [174], indicating a small improvement with
regards to the state of the art for wearable devices. However when using MEMS based Inertial
Measurement Units (IMU) this error can be brought down to as low as 0.7° [186]. It should
be noted that these results are only for static evaluation, and that the tracking of dynamic
movements could introduce further errors. However, to evaluate this for our sensor a more
comprehensive study is required of its dynamic performance.

5.5 Summary and Conclusion

In this chapter, the design and simulation of a capacitive bending sensor with a novel sensing
mechanism, that could be enabled by 3D printing, were discussed. Based on this design, DIW
printing techniques were realised to be able to fully print a sensor prototype.

The capacitive bending sensor was based on the idea of having parallel plates with an angle
between them which changed by a bending motion. By separating the plates, due to an
increased angle (negative bending) the capacitance decreases while, when the angles come
closer (positive bending), the capacitance increases. By spacing multiple plates with a differ-
ence in their horizontal spacing between the bottoms and tops of the plates, a bending sensor
design was created with bi-directional angle sensing capabilities. An analytical model was
constructed and compared with Finite Element Analysis (FEM) models to evaluate the sensor
mechanism, which showed good agreement in-between all models. Verification of these
models was performed by creating a prototype sensor from UV curable silicone by moulding it
with a FDM printed mould and evaluating its capacitance.

The commercially available UV curable UV Electro 225-1 (UVE225) silicone was reinforced with
5 wt% fumed silica to create a gel-like shear thinning ink suitable for 3D printing. Using Design
of Experiments (DoE), an analysis was performed for this ink to understand the influence
of the printing parameters on the thickness. With a 25 ym clearance between printing tip
and , the pressure and speed were shown to have a direct linear influence on the thickness
for pressures between 1.38-2.21 bar (20-32 psi) and speeds between 10-40 mm/s. Through
further optimisation a set of parameters was found to print films with a consistent thickness
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0f69.5+1.7 um.

Multiple square layers from the silicone ink could be stacked with a cross-hatched pattern
to form 3D square structures. By reducing the surface area of each subsequent square layer,
angular features could be created on their sides. Using an offset of 60 pm on one side and 120
pm on the other, stacks with an angular face of 41.2+2.3°, with respect to the substrate, were
achieved. By printing a silver paste, a conductive slanted plate could be printed on this slope
with a thickness of around 30 pm.

Using the models, the dimensions of a flat 3D printable design were determined. By using the
developed printing techniques a fully 3D printed version was created with a capacitance of
2.36+0.06 pF. This version too showed the desired directionality and was demonstrated to
have a sensitivity of 2.50+0.04 fF/° (0.11+0.00 %F/°), which agreed well with the bending FEM
model. By normalising it with regards to the plates and their size, a sensitivity of 7.55 fF/°cm?
was found. Using the CAPMeter, the error of measurement for this device is now 1.6° which
could be further reduced with more robust electronics.

By testing the sensor in dynamic situations it showed a repeatable response for the same
angular deformation, and the ability to measure the angles of a body part up to at least 90°.
With this sensor we have for the first time demonstrated a fully 3D printed capacitive bending
sensor suitable for motion monitoring.

While the sensor design shows potential, sources of noise, such as the connections, can still
influence the sensor performance. These are currently created out of standard parts and not
miniaturised. Future versions of the sensor should include all connections and shielding to be
integrated. Errors resulting from certain production steps influence the sensor performance,
which could also be reduced by performing the surface activation and curing steps in-situ, in
a fully automated fashion.

166



Design and evaluation of a fully 3D
printed insole demonstrator
for human gait analysis

A growing demand exists for more accurate and personalised health monitoring systems[187]-
[189] from clinicians, athletes, and sports enthusiasts alike[189], [190]. To address this demand,
personalised soft wearable sensing systems are under development that provide physiological
health metrics over extended time[187] without sacrificing the comfort of the user[191], [192].
One target application for continuous health monitoring is gait analysis, which can provide
insight into overall health[193], aging[194], [195], and sports performance and injury recov-
ery[196]. The current gold standard for measuring gait uses stationary instrumentation[192],
[197], which limits the data collection and usage. Extensive gait monitoring could be better
performed with a personalisable wearable system.

Advances have been made in wearable development[187], [191], but no complete gait mon-
itoring solutions exist that can be easily custom personalised. While the sports industry
has expressed much interest in such wearables[4], research on their fabrication and char-
acterisation has been lagging behind. Elastomeric smart plantar gait sensing systems have
previously been developed using integrated capacitive[120], [198], piezoresistive[199], and
triboelectric[200], [201] sensors. However, such systems have been produced using conven-
tional manufacturing workflows[202]-[204] that cannot meet the demands for personalisation.
Creating personalisable insoles with integrated sensors for gait sensing remains an open
manufacturing challenge, that could be solved by utilising 3D printing to enable their rapid
manufacturing[2], [23].

Using the materials systems and mechanical sensors discussed in Chapter 4, developed in
partnership with ETH Zurich and EMPA, we produced an elastomeric insole with embedded
piezoresistive sensors. The design considerations, real-time data monitoring, and results from
several free-living tests are discussed in this chapter.

This chapter is partially adapted from a scientific article submitted for peer review based on
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the work produced within the D-Sense project?.

6.1 Gait analysis using smart insoles

Using the piezoresistive sensors developed in Chapter 4, we set out to create a fully 3D printed
insole with embedded normal and shear sensors to enable plantar pressure and shear force
measurements. In this section the design consideration of the insole layout and its fabrication
are discussed. We also discuss the usage of a wearable electronics system for monitoring the
sensor response during physical activities.

6.1.1 Insole design, layout, and fabrication

The outer shape of the smart insole was designed to fit inside of a Asics® GT-2000 running
shoe which has a flat bottom once the supporting insole is removed. The flatness of the
shoe reduced non-normal deformations and allows for more accurate calibration, which was
performed on a pull tester with a flat testing bed.

Anatomical normal pressure maps were made for a test subject at The Lausanne University
Hospital (CHUV) to determine the best positions for the sensors, as shown in Figure 6.1 a, with
the sensor postions indicated in yellow. This placement was verified in agreement with the
researchers from CHUYV, based on bony markers in the feet. This resulted in the design shown
in Figure 6.1 b, with the interconnect network created to read out the sensors separately, and a
common ground running along the border of the insole.

Since we wanted to determine both normal and shear forces, we used the piezoresistive normal
and shear forces sensors design from Chapter 4 and placed these at the positions of interest.

Fabrication

The insoles were fabricated at the Complex Materials Laboratory by our partners on a custom
build StepCraft 420 3D printing platform with integrated Direct Ink Writing tools and a Relyon
plasma gun.

The fabrication flow to DIW print the insole was as follows. First a smooth base layer was
printed and cured onto which the interconnects of the design shown in Figure 6.1 were printed.
At the predetermined positions, piezoresistive strain gauge elements were printed to be able
to determine the normal pressures. Two sets of piezoresistive strain gauges designed for shear

4Digital Manufacturing of Personalised Shoe Insoles with Embedded Sensors by Marco R. Binelli and Ryan
van Dommelen, Yannick Nagel, Jaemin Kim, Rubaiyet Haque, Gilberto de Freitas Siqueira, André R. Studart, and
Danick Briand
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Figure 6.1 — a) Pressure map for a test subject, with bones in the foot (plantar view) and sensor
positions indicated (yellow). b) The design of the DIW printed insole with the sensors positions
according to skeletal positions of interest.

sensing were printed towards the heel and front of the foot to evaluate shear difference at
these locations. The normal pressure gauges were covered with a DIW printed circular 1.1 cm?
bump to aid with force transfers and prevent shear, and the shear gauges were covered with a
DIW printed square 1 cm? bump. As a last step, an encapsulation layer was printed on top of
the entire insole to protect the sensors and interconnects from interaction with the foot.

The base layer was printed from three layers of 5 wt% Crystalline Nanocellulose (CNC) rein-
forced Sylgard 184 silicone (CNC-PDMS) at a pressure of 5 bar resulting in a thickness of 1.5
mm. The ink was deposited using a preeflow EcoPen (ViscoTec GmbH, Germany) precision
dispensing tool to finely control the flow of the ink. A flowrate of 175 pm/min, printing speed
of 10 mm/s, tip distance of 500 um, infill orientation of 90° and linespacing of 600 pm were
used to print this layer.

After printing, the substrate was cured for 1 hour at 80°C in an oven. Then, using the Relyon
Plasma Gun, the surface was treated at 70% of its maximum power supplied at a plasma
frequency of 54 Hz, a working distance of 20 mm, linespacing of 5 mm, and a scanning speed
of 70 mm/s. After the plasma treatment, all electrodes were printed from thinned (10 wt%)
Ag520EI Silver paste (Chimet S.p.A.) by depositing it through a 250 pm needle twice at a
printing pressure of 2.4 bar, printing speed of 10-20 mm/s, linespacing of 250 um, and tip
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distance of 100 um. The electrodes were cured in an oven at 120°C for 30 minutes which
resulted in them having an average thickness of 50 pm.

A second plasma treatment was performed to increase the adhesion between the silicone
substrate and the silver electrodes with the to be printed piezoresistive strain gauges of the
sensors. Two layers of the 4 wt% carbon black (CB) composited Sylgard 184 (CB-PDMS)
reinforced with 10 wt% fumed silica (FS) were printed using a conical 0.41 mm plastic nozzle
at a pressure of 1 bar, printing speed of 5-8 mm/s, tip distance of 200 um, and linespacing of
200 pum, resulting in strain gauges with a thickness of 400 um. The gauges were then cured in
an oven at 80°C for a duration of 4 hours.

The sensors were finalised by performing another plasma treatment before printing the bumps
on top of the gauges to aid with force transfer. Three layers of 12.5 wt% CNC-PDMS were
printed to form the bumps using a 0.41 mm plastic conical nozzle at a pressure of 5 bar, a
flowrate of 70 um/min, a printing speed of 10 mm/s, tip distance of 250 um, infill orientation
of 90° and linespacing of 400 um. The resulting bumps of 900 pm in thickness were cured for 1
hour at 80°C in an oven.

To finalise the insole, an encapsulation layer with a thickness of 300 um was printed from 5
wt% CNC-PDMS on top of the entire insole to protect it from wear and tear. The same printing
parameters were used as for the substrate and the material was cured for 1 hour at 80°C in an
oven.

All materials used in the production of the insole, and the dimensions of the printed parts, are
shown in Table 6.1.

Table 6.1 — Parts, material types, and thickness values of the fully DIW printed insole.

Part Material type Thickness

Base layer 5 wt% CNC-PDMS 1.5 mm (3 layers)
Interconnects Ag520EI Silver paste (10 wt% thinner) 50 um

Strain gauge 4wt% CB-PDMS with 10 wt% FS 400 pm (2 layers)
Bump 12.5 wt% CNC-PDMS 900 um (3 layers)
Encapsulation layer 5 wt% CNC-PDMS 300 pm (1 layer)

6.1.2 Influence of encapsulation and cross-talk

The encapsulation layer printed on top of the insole protects the traces from any damage
caused by pressure or friction from use. Since this layer modifies the shape of the bumps of
the sensors, and adds additional material, we retested the static response of the piezoresistive
normal sensors as per testing methodology outlined in Section 4.3.1. The responses of two
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sensors tested before and after encapsulation are shown in Figure 6.2.
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Figure 6.2 — Piezoresistive normal sensors tested on their static response before and after
encapsulation with a 5 wt% CNC-PDMS layer.

The encapsulation layer adds a stiffening effect and increases the sensor response during static
compression. The sensitivity increased to 16.8+1.5 Q/kPa (0.25+0.03%/kPa) from 13.4+0.7
Q/kPa (0.224+0.03%/kPa) before encapsulation. The sensor were slightly more responsive
when encapsulated, most likely due to the stiffening effect of the additional CNC-PDMS. This
effect likely results in a small compression, leading to a change in the initial resistance of the
sensors from 4.7+0.7 kQ before encapsulation to 6.7+0.3 kQ after encapsulation.

As the encapsulation layer is monolithic, we suspected it could introduce cross-talk into the
insole. Therefore, the cross-talk was evaluated by compressing one sensor repeatedly up to
1000 kPa at 20 kPa/s and reading out the response of those in its proximity (Figure 6.3 a).
The resistance of the sensors in proximity shows a small increase in resistance as shown in
Figure 6.3 b. The response shows a resistance change of less than 2% as shown in Figure 6.3 c,
which is much smaller when compared to the actual sensor response.

6.1.3 Electronic sensor readout system and calibration

Previous sensor measurements were performed with a stationary multimeter. However, to
make the insole mobile, an electronic readout system was developed by an electronics engi-
neering intern in our lab to monitor the sensor response in real-time. The system consists of
a low power Arduino compatible Feather 32u4 Bluefruit (Adafruit, NY, USA) microcontroller.
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encapsulation, with in green the actuated sensors, and in red and orange those measured. b)
The resistance response before and after encapsulation, and the c) relative response versus
the sensor being actuated.

This controller board has multiple pins that were connected to the piezoresistive sensors using
a separate PCB with voltage dividers (Figure 6.4 a) to measure the change in resistance by the
change in voltage. The microcontroller gave a digital voltage output with a bit value between 0
and 1023.

A simple C++ script was uploaded to the device by USB cable to control the readout of the
pins. Using the same USB cable, voltage data was transferred to a laptop with a python
script (Figure 6.4 b) that allows for the recording and display of the voltage data per sensor.
The voltages were normalised by selecting load resistors (Rjaq) with respect to the range of
resistance. The module also comes with bluetooth capability that would allow the information
to be read out on a smartphone, but which requires a compatible app for data storage and
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long-term monitoring. The formula to select the reference resistor is given as

Rload = \/Rsensor,O : Rsensor,max (6.1)

where Rgensor,0 and Rsensor,max are the resistance values of the sensor at zero and maximum
load, respectively.

v,

'sensor

reference

Figure 6.4 — Components of the readout system. a) Voltage divider PCB layout. b) Adafruit
microcontroller with in the top right the voltage divider PCB. Voltage data is transferred from
this device by USB cable to a laptop with a python script.

6.2 Sensing results of real-life gait

By connecting the insole to a prepared laptop we were able to read out the signals of each
sensor and store the data. In this way we were able to record responses of free-living activities
such as walking and going up and down stairs. The physical activities were carried out by a
post doc to keep the gait consistent during all tests. The results are all reported in the digital
voltage output of each sensor, which is a bit value between 0 and 1023, and is thus reported as
an arbitrary unit (a.u).

6.2.1 Normal load distribution

The first activity performed was the testing of the sensors to see if we could detect any changes
in the normal load. This was tested by letting the test subject start from a sitting down position
and then stand up to see if we could detect the plantar pressure distribution. Table 6.1 shows
the detected pressure distributions for a person of around 70 kg. The highest pressure distribu-
tions occurs in the rearfoot where 57.1+1.7% of the weight was located, while 42.8+2.6% of the
weight was located in the forefoot. These values are in agreement with other measurements
made using an external plantar pressure measurement device[205].
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Table 6.2 — Sensor location and weight distribution using sensor data of a person standing on
the printed insole.

Location Foot part Position Weight Distribution [%]
Midfoot S1 20.6+2.3
Forefoot Right S2 4.14£0.5
Forefoot Distal Forefoot S3 3.8+0.1
Forefoot S4+S5 10.7+0.2
Forefoot Left S6 3.6+0.1
Heel Left S7 16.6+0.4
Heel Rearfoot S8+S9 27+0.4
Heel Right S10 13.5+1.3

A visualisation of these the normal pressures is shown in Figure 6.5.

Figure 6.5 — Plantar pressure distribution over the sole determined from the sensor readout.

6.2.2 Walking on slopes

Subsequently we tested gait detection changes of the test subject walking with our insole
inside of the shoe on a treadmill. As the treadmill could be adjusted to simulate the climbing
of mountains, it would allows us to see how the plantar pressure distribution changes when
walking on steeper slopes. To test this, the test subject was walking at a relaxed walking pace
of 2 km/h for 2 minutes, before pausing for 1 minute to let the insole recover, before starting
over at an incline increase of 15°. The same test was performed again at a slope of 30°. Using
the shear sensors, we could see how the shear forces changed due to this slope as well. Results
from these tests are shown in Figure 6.6.

The normal pressure distribution does not significantly change for the sensors that already
experienced very little load. However, the sensors located at the front clearly show that, as the
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Figure 6.6 — Digital voltage plots for the data captured by the insole for a walking test at slopes
with angles of 0, 15, and 30°.

slope becomes steeper, more load is being put on the front foot as the test subject compensates
for the slope by changing the stance of their feet. Similar developments have been shown with
external plantar pressure sensing devices on a treadmill[156].

This change in stance is especially evident from the shear forces. On a flat surface, both shear
forces are of the same magnitude at around 6.3+0.9 a.u. which is in the direction of the toes
for the forefoot and in the direction of heel for the rearfoot. This type of response is similar to
shear force measured in an insole using optical sensors[153].

However, when the slope is increased, the shear on the forefoot becomes less unidirectional.
The amplitude of shear forces detected in the heel decreases by about 18% at a 15° incline, and
becomes irregular at a 30° incline. This is likely due to a perturbation in the gait due to the
increase in the incline, which changes the step length and cadence[206].

These differentials were created as per Equation (4.3), with the differential (ARgpear) being
determined by subtracting the signal of the "back" gauge from the "front" one, such that when
a positive shear is applied the resulting differential is also positive. To calculate the differential
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its formula was expressed as

ARghear = ARpack — ARfront = (Rpack — Rback,O) — (Rfront — Rfront,O)r (6.2)

6.2.3 Staircase climbing

Going up and down a staircase presents a unique type of gait motion. When either descending
or ascending, almost the entire load of the body of the person is on the front of the foot causing
large shear forces. We tested this hypothesis by letting the test subject walk down the staircase
at a slow pace, pause at the bottom, and mount it again. The digital voltage changes of this
test are shown in Figure 6.7.
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Figure 6.7 — Voltage plots for walking up and down of the stairs focusing on the front sensors.

A clear difference can be seen between normal plantar pressure distributions when going
up stairs and down the stairs. When the test subject is walking up the stairs, high pressures
are exerted at the front of the foot, as the whole body needs to be lifted up to place the other
leg on the next stair. This does not result in intense shear forces, which in contrary, are very
strongly present when the test subject is walking down the stairs. This is the result of the
subject landing with their full weight on the front of the foot before stabilising, which results
in a shear motion in both directions of the foot. Similar shear behaviour was seen for walking
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at incline angles of 30° in Section 6.2.2. In contrast, for going up the stairs, there are significant
shear forces in the heel towards the back of the foot. When the heel strikes the next stair, the
heel is the first part of the foot to touch the stair.

6.3 Summary and Conclusion

In this chapter the design, fabrication, and captured sensor signals of a soft fully 3D printed
insole were presented. This insole had embedded piezoresistive shear and normal pressure
sensors to allow for real-time sensing while inserted in a shoe. The sensor layout of the insole
was adapted to the pressure map of a test subject to target skeletal areas of interest for gait
monitoring. Due to the digital nature of the manufacturing process, the sensor layout could
easily be adjusted either for another person or to monitor different areas of gait. Furthermore,
the sensor density and even the shape of the insole could be modified to increase the data
density of the gait or even enable correction of the gait. A custom made electronic wearable
interface was created to be able to readout and transfer the sensor response to an external
electronic device for storage and analysis.

The insole was encapsulated with a secondary layer to protect the silver interconnects from
wear and tear during gait. This additional layer increased the initial resistance to 6.7+0.3 kQ
and resulted in an increased sensitivity of 16.8+1.5 Q/kPa. Its monolithic nature was a cause
of concern for cross-talk, but only resulted in the response of the unloaded sensors changing
by less than 2% when a sensor in close proximity was actuated.

A test subject wore the insole to measure their plantar normal forces and shear forces during
different types of static and dynamic physical activities. The normal pressure distribution
over the insole due to the weight of the test subject were 57.1+1.7% and 42.8+2.6% for the
rearfoot and forefoot, respectively, which are in agreement with other measurements made
using external devices[205].

Using our insole, we were able to detect the normal pressure and shear force changes due to
change in gait when walking on different inclines. In this test we saw a clear difference from
both the pressure distribution and the shear force amplitude with the weight being shifted
towards the front foot at steeper inclines. In a test with the subject descending and ascending
a staircase, a clear distinction could be made in-between the two gaits. Normal pressures were
quite evenly distributed when mounting the staircase, while they were more concentrated on
the forefoot when going down. Furthermore, shear forces were higher in the forefoot when
descending as the full weight of the test subject landed on this part.

Further tests should be performed with the insole to understand where improvements can
be made. More dynamic tests such as running or jumping would allow us to tell if the sensor
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are able to accurately tell the difference between such activities and those with less load.
Furthermore, the current data is presented in terms of digital voltage and its change from the
baseline voltage. By coupling this data to a calibration step, the normal pressure and force

data could be extracted.

However, these results suggest that our digitally manufactured insole could prove useful for
both clinicians and sport enthusiasts. The extensive gait data that can be collected could be
used to improve the health of patients with gait problems or to improve the sports performance
of athletes.
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Conclusion and Outlook

In this thesis several aspects of the state of art are advanced with respect to the 3D printing
of mechanical sensors designed to monitor human motions. Advancements were presented
on development of novel materials, fabrication techniques, and sensor designs. Here the
conclusions of this thesis are highlighted in a summarised fashion and an outlook is provided
on the remaining challenges and opportunities.

7.1 Summary and conclusion

7.1.1 Integrating highly conductive and piezoresistive features into 3D printed
materials

Highly conductive flexible silver inks printed by Direct Ink Writing (DIW), which required ther-
mal processing, were integrated into thermosensitive materials printed by Fused Deposition
Modelling (FDM). The thermal mismatch between the FDM printed material, and the temper-
atures required to anneal the silver ink, made it not possible to use thermal curing procceses
such as sintering in an oven. Therefore, an in-situ laser sintering technique was developed
using a low-cost commercial laser diode which could sinter and solidify the inks straight after
printing. Through a study of the laser parameters, a low resistivity value of 58.2+7.7 pQ2 cm was
achieved for single line features. Using the same methodology, DIW printed silver conductors
were embedded within flexible FDM printed Thermoplastic Polyurethane (TPU). These films
had a thickness of below 100 um and a resistivity of 104.2+21.0 uQ2 cm after sintering. This
value is about a factor 100 above that of bulk silver, however, the achieved resistivity is several
orders of magnitude lower than any conductive layer that can be currently created by FDM
printing.

A piezoresistive silicone composite ink (CB-PDMS) was realised that could be DIW printed
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by giving it the necessary shear thinning properties by reinforcing it with 10 wt% fumed
silica. This reinforcement allowed it to flow during printing but stabilise after deposition. The
piezoresistive properties were introduced by adding carbon black (CB) microparticles into
the silicone mixture. To disperse the CB particles throughout the composite a solvent was
required, for which we selected pentanol. This solvent did not evaporate during printing but
could be evacuated during curing of the material, resulting in a homogeneous dispersion of
the CB particles in the cured composite. The network of CB inside the material ensured a
pressure sensitive percolation that led to its piezoresistive properties. By tuning the CB loading
of the material between 3 and 5 wt%, the resistivity could be tuned between 18.3+5.2 and
0.87+0.1 Qm. Setting the CB loading of CB-PDMS composite further allows for the sensitivity
of a strain gauges printed from this material to be tuned. For our application we chose a 4 wt%
CB loading which allowed for a piezoresistive sensor with a gauge factor of 34. As this ink is
silicone based, it was easily integrated with other DIW printable silicone inks we developed for
structural parts of sensors. Adhesion between the materials was ensured using plasma surface
activation.

7.1.2 Material and process development towards achieving three-dimensional
geometries with conductive features

A thermally curable crystalline nanocellulose (CNC) reinforced Sylgard 184 silicone (PDMS)
was developed in collaboration with our partners at the Complex Materials Laboratory at
ETHZ and the Cellulose and Wood Materials Laboratory at EMPA. Using their methodology, a
DIW printable CNC-PDMS ink was realised that exhibited ideal shear thinning properties. This
allowed for the 3D printing of self-supporting multilayer three-dimensional structures that
could be thermally cured after deposition. By adjusting the CNC content of the ink, mechanical
properties of the cured material such as the tensile modulus, ultimate tensile strength, and
surface roughness could be tuned. CNC-PDMS inks with a low CNC content (5 wt%) produced
flowy, soft, and smooth materials, while those with a high content (>10 wt%) produced more
rigid self supporting features. This property we exploited in the fabrication of sensors printed
from these materials. Using 5 wt% CNC-PDMS, smooth surfaces were DIW printed, onto
which silver paste is easily printed to achieve either flexible conductive features on top and
embedded within the soft CNC-PDMS. Other more rigid structures, such as multilayer bumps
to aid with force transfer, were printed using a 12.5 wt% CNC-PDMS.

A second strategy was explored by reinforcing a UV curable silicone (Silopren UV Electro 225-1)
with fumed silica. By adding 5 wt% of fumed silica, a gel-like ink was created that could be
DIW printed and cured within 5 minutes of UV light exposure. A Design of Experiments (DoE)
analysis was performed to understand the influence of the printing pressure, speed, flow, and
linespacing towards repeatably DIW printing sub 100 pum films. Through this analysis and
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extensive optimisation, silicone films were realised with a consistent thickness of 69.5+1.7
pm. Films were stacked on top of one another, with the printing orientation changing by 90°
each layer change, and then cured in one shot to create three-dimensional 3D printed features.
First printing and curing a supporting layer and then printing a pyramidical structure on top,
with a reduction of 60 um of the sides, resulted in non-planar faces with a maximum angle of
41.24+2.3°. Printing silver paste on top of these angular features allowed for slanted conductive
plates with a separation of about 500 pm in-between them.

7.1.3 Development of fully 3D printed mechanical sensing devices

Using the developed CB-PDMS and CNC-PDMS formulations, piezoresistive normal sensors
were created with tensile strain gauges from a 4 wt% ink and evaluated in terms of their
performance. This metric is expressed by the resistance change from zero load to maximum
load at 1000 kPa, and determined using a linear fit. A sensor sensitivity of 14.9+0.4 Q/kPa
(0.216+0.065 %/kPa) was achieved after application of preconditioning to reduce effects of
material relaxation. Using the data from several sensors, a gauge factor of 34.0+0.1 was
calculated, making it more sensitive than any other fully DIW printed normal pressure sensor
reported previously. By preconditioning the sensors, the hysteresis was also reduced as the
sensor response was stabilised. Lastly, we evaluated the dynamic performance of the sensor
which showed repeatable behaviour over 25 minutes of testing at actuation frequencies of
0.5, 1, and 2 Hz, and pressures up to 1000 kPa which showed at most a 5% peak drift. An
analysis of the dynamic response showed that the applied pressure had a significant influence
on the amplitude of the signal. In contrast, the actuation speed had a negligible effect on the
peak of the response but did lower the amplitude slightly. This made the developed sensor
most suitable for the sensing of high dynamic force loads. However, reducing the viscoelastic
behaviour of the PDMS composites could help to reduce the effects of material relaxation, to
further decrease the hysteresis of the sensors.

Furthermore, a capacitive parallel plate normal pressure sensor was DIW printed from CNC-
PDMS. We compared this sensor to the piezoresistive ones, to evaluate its applicability for the
sensing of high normal loads and evaluate its suitability for gait sensing. The capacitive sensor
had a lower but more approximately linear static response of 0.41+0.02 fF/kPa (0.052+0.007
%/kPa). This sensor did not require any preconditioning, had a lower hysteresis of 29.8+10.0%,
and was able to accurately follow a dynamically changing force. Unfortunately, due to high
parasitic noise, this sensor could not be easily used for human gait monitoring without a
significant design revision.

Using the 4 wt% CB-PDMS formulation, two opposing piezoresistive strain gauges with
chevron shapes were integrated into CNC-PDMS to create a shear force sensor. Using this
design, shear forces could be distinguished in combination with a normal pressure of at least
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400 kPa, and a sensitivity of the single elements was evaluated to be 2.64+0.37 %/N. A differ-
ential taken from the resistance change between the two gauges showed clear directionality of
the direction of the applied force. A sensitivity of 326.3+36.2 kQ/N up to 15 N of shear force,
independent of its direction, was found. However, the magnitude of the shear force could not
be reliably determined.

Both piezoresistive normal and shear force sensor were integrated into a wearable insole
demonstrator to evaluate the technology for real human gait detection. Relative plantar
pressure and shear force changes were measured for a set of static and dynamic activities,
such as walking on inclines and ascending and descending a set of stairs. As 3D printing
allows for easy sensor layout adaptation on an individual basis, this opens up a way for smart
personalised wearables with embedded sensors.

Lastly, the capacitive transduction mechanism was explored further for the use of a bending
sensor which was able to sense the direction of bending. A design for a sensor exploiting
3D topology, in which the capacitance increases when the plates bend towards each other,
and reduces when bending away from each other, was realised. This design was modelled
both analytically and through Finite Element Modelling (FEM) to validate its design. Using
a prototype, these models were validated and used to design a truly fully 3D printed sensor.
This completely DIW printed sensor was produced using the UV curable ink with conductive
slanted plates which were encapsulated. Manual and automatic testing revealed the desired
directionality and a sensitivity of 2.50+0.04 fF/° (0.11+0.00 %F/°). The sensor could be used
to accurately track the bending of a limb, and its design could be adapted to track specific
bending motions.

7.2 QOutlook

This doctoral thesis provides a framework for the design and fabrication of fully 3D printed
elastomeric sensors using piezoresistive and capacitive sensing mechanisms suited for the
monitoring of a range of human motions. Materials and processes have been realised to allow
for the 3D printing of these types of devices by either a single or multiple techniques. Further-
more, features with 3D topology have been realised that are either difficult or not possible to be
fabricated without 3D printing technology. These 3D structures were used to developed novel
methods to produce sensors as well as leading to a novel bending sensor design. However,
further improvements can still be made to the material composition, processing methodology,
and sensor design.

The developed laser sintering technique still warrants further investigation. At this time the
actual temperatures during sintering are unknown. Improving their measurement, such as
by capturing the temperature on the underside of the substrate, could yield a clearer idea of
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these. By developing a model of the temperature profile during sintering, linked to the laser
exposure, the sintering process could be further optimised to result in less damage to the ink
and substrate and lower resistivity values. While silicone is not thermally sensitive, utilising the
laser sintering process for the silver ink used in our 3D printed sensors would reduce the need
for thermal processing. In a printer such as the nScrypt the annealing is now a slow process
due to the large thermal capacity of the heated printing bed which accommodates large prints.
By utilising in-situ laser sintering of the printed inks, it could speed up the thermal processing
and device fabrication speeds.

For the piezoresisitive normal pressure sensors a significant amount of hysteresis was observed.
A large part of this is likely due to the viscoelastic behaviour of the silicone which introduces
material relaxation[207]. Addition of carbon black already stiffens the material and reduces
this effect[208], but also leads to increased conductivity which lowers their sensitivity. It
would be of high interest to replace the fumed silica in the CB-PDMS composite with CNCs to
reduce the effects due to material relaxation but retain printability[57]. This reinforcement
could reduce the hysteresis to make the piezoresistive sensor perform better for dynamic
loads. However, reinforcing polymers with natural fibers can stiffen the material[209], which
warrants improvements to the shear sensor design to make it more sensitive.

One major problem in 3D printing remains the repeatability between prints which can in-
troduce errors from one printed device to the next[166]. Improvements could be made by
printing the CNC-PDMS material using the nScrypt 3D printer due to its high degree of control
and precision. Using the improved CNC-PDMS formulation, a capacitive sensor with a thin
dielectric could be envisioned. Furthermore, improvements could be made by creating a
CNC-PDMS based on a UV curable silicone. This would reduce the processing time for the
printing of PDMS, which currently takes a full hour. By printing this material using the nScrypt,
both the printing quality and processing speed could be improved.

Improvements could be made for the 3D printing of conductive features on angular faces as
well, as this is currently unoptimised in terms of the nozzle used for printing, the programmed
printing path, and layer thickness. Through printing the UVE225-R5 ink with a higher layer
thickness and the same offset, it might become possible to create even more inclined slopes.
This could help with extending the bending range and improving the sensitivity of the capaci-
tive bending sensor. By optimising its geometry, adding micro-structuring, and synthesising
anew silicone based silver ink better suited for DIW printing. Conductive plates could then
be printed in closer proximity, with a higher degree of accuracy and fidelity, leading to higher
capacitive values and sensor sensitivities. Combining these improvements would further open
up possibilities for other novel capacitive sensor designs with 3D topologies as well.

Finally, as the nScrypt is equipped with all necessary equipment to perform surface activation,
laser curing, and UV curing, it makes for an ideal platform to utilise all developed fabrication
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techniques in a single machine. This would allow for the printing, processing, and sintering
of materials, and would enable the in-situ fabrication of digitally printed sensors. These
processes and their influence on both materials and sensors would need to be investigated
before devices can be produced. However, if such a fabrication approach were to be developed,
it would enable the realisation of personalised custom tailorable smart wearables for human
motion monitoring with embedded low-power mechanical sensors.
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