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Abstract

Transient electronics have emerged as a promising class of devices, capable of breaking down with-
out harmful side effects to their environment. They have tremendous potential as bioresorbable electronics for
temporary applications in the human body, and as disposable or biodegradable eco-friendly devices. However,
transient materials are challenging to pattern, due to their sensitivity to heat, humidity and solvents. Additive
manufacturing techniques can help solve this challenge, and allow for large-area fabrication of electronics on
sensitive substrates with a reduced environmental footprint. Moreover, their adaptability enables the fast pro-
totyping and customization of electronic devices. In this thesis, several advances in printed transient electron-
ics are presented, leading to devices integrating sensing functions for biomechanical, environmental and bio-
chemical monitoring.

Firstly, a novel two-step sintering process for screen-printed zinc is introduced. Combining electrochemical
and photonic methods results in unprecedented conductivity (5.6-108 S/m). The process is compatible with
bioresorbable substrates such as polylactic acid (PLA) and polyvinyl alcohol (PVA). The degradation of zinc
on PLA is studied, demonstrating exceptional electrical stability in air. Fully bioresorbable implantable pressure
capacitive sensors are fabricated, using (poly(octamethylene maleate (anhydride) citrate); POMaC) as a soft
dielectric. The integration of these sensors into a chipless wireless configuration as well as a power receiver
is also demonstrated.

Next, we fabricate bioresorbable and ecoresorbable temperature sensors enabled by the zinc hybrid sintering
process, respectively on PLA and paper. The influence of photonic sintering parameters on the temperature
coefficient of resistance (TCR) is carefully studied to enhance the stability and linearity of sensor responses to
temperature changes, leading to a TCR of 0.00316 1/°C. The use of a degradable beeswax encapsulant offers
protection against the interference of humidity allowing the sensors to operate reliably from -20°C to 40°C.

As a next study, we fabricate organic electrochemical transistors (OECTSs) from degradable materials, fully by
printing on a PLA substrate. Highly electrically conductive zinc interconnects are integrated with a water-re-
sistant carbon-shellac composite as contacts and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS) to form the channel of the transistor. The disposable OECTSs are evaluated as biochemical sensors
for ion and glucose detection, exhibiting sensitivity to ion concentration changes in the order of 10 %/dec and
a limit of detection of 5 uM for glucose.

Lastly, we explore the 3D digital printing of customizable transient bioelectronics using direct ink writing. A
meticulous process optimization enables the printing of 3D structures using UV-curable POMaC pre-polymer
ink. Flexible conductive patterns made of carbon-shellac ink are embedded in POMaC constructs. We demon-
strate fully 3D printed capacitive sensors capable of detecting pressures up to 1500 kPa and strain sensors
that operate for axial deformations of up to 20%. Electrode arrays with impedance below 10 kQ at 1 kHz offer
potential applications in transient neuromuscular interfaces.

In conclusion, this research advances the additive manufacturing of transient electronics, opening new ave-
nues for post-surgical monitoring, regeneration applications, and sustainable electronics.

Keywords: Bioresorbable electronics, green electronics, additive manufacturing, 3D printing, digital fabrica-
tion, sensors, biochemical sensing



Résumé

L’électronique transitoire est une nouvelle classe de dispositifs ayant la capacité de se dégrader
sans effets nocifs sur leur environnement. Elle présente un potentiel considérable pour des applications tem-
poraires dans le corps humain, ainsi que comme électronique jetables ou biodégradable. Cependant, les ma-
tériaux transitoires sont difficiles a structurer en raison de leur sensibilité a la chaleur, & I'humidité et aux
solvants. Les techniques de fabrication additive peuvent aider a résoudre ce défi et permettent une fabrication
plus durable, a grande échelle et sur des substrats sensibles. De plus, ces méthodes permettent un prototy-
page rapide et une personnalisation des dispositifs électroniques. Dans cette thése, plusieurs avancées dans
le domaine de I'électronique dégradable imprimées sont présentées, aboutissant a des capteurs bioméca-
nigues, environnementaux et biochimiques.

Tout d'abord, une méthode de recuit pour le zinc imprimé en sérigraphie est introduite. La combinaison de
mécanismes électrochimiques et photoniques conduit a une conductivité sans précédent (5.6-10% S/m). Le
processus est compatible avec des substrats biorésorbables tels que I'acide polylactique (PLA) et I'alcool po-
lyvinylique (PVA). La dégradation du zinc est étudiée, démontrant une stabilité électrique exceptionnelle dans
I'air. Des capteurs capacitifs de pression entiéerement biorésorbables sont fabriqués, utilisant le poly(octamé-
thyléne maléate (anhydride) citrate) (POMaC) comme diélectrique souple. L'intégration de ces capteurs dans
une configuration sans fil est également démontrée.

Ensuite, nous présentons des capteurs de température biorésorbables et écoresorbables, fabriqués respecti-
vement sur du PLA et du papier. L'influence des parametres du recuit photonique du zinc sur le coefficient de
température de résistance (TCR) est soigneusement étudiée, aboutissant a un TCR de 0.00316 1/°C. L'utili-
sation d'un encapsulant en cire d’abeille biodégradable offre une protection contre I'humidité, permettant aux
capteurs de fonctionner de maniére fiable de -20°C a 40°C.

Dans une autre étude, nous réalisons des transistors organiques électrochimiques (OECT) a partir de maté-
riaux dégradables, par impression sur du PLA. Le zinc est intégré avec un composite carbone-shellac résistant
a I'eau en tant que contacts et du poly(3,4-éthylénedioxythiophene) polystyrene sulfonate (PEDOT:PSS) pour
former le canal du transistor. Les OECT jetables sont évalués en tant que capteurs biochimiques pour la
détection d'ions et de glucose, montrant une sensibilité a la concentration ionique de 10 %/décade et une
limite de détection de 5 uM pour le glucose.

Enfin, nous explorons l'impression 3D numérique de dispositifs dégradables personnalisables en utilisant une
technique d’écriture directe et digitale. Une optimisation méticuleuse permet I'impression de structures 3D a
l'aide d'une encre de POMaC. Des motifs conducteurs flexibles en encre de carbone sont intégrés dans le
POMaC. Nous démontrons des capteurs de pression capables de détecter jusqu'a 1500 kPa, et des capteurs
de déformation pouvant fonctionner jusqu'a 20%. Des réseaux d'électrodes avec une impédance inférieure a
10 kQ a 1 kHz offrent des possibilités dans les interfaces neuromusculaires transitoires.

En conclusion, cette recherche présente la fabrication additive de capteurs dégradables, ouvrant de nouvelles
perspectives pour les mesures post-opératoires, les applications de régénération et I'électronique durable.

Mots-clés: Electronique biorésorbable, électronique écologique, fabrication additive, impression 3D, fabrica-
tion numérique, capteurs, détection biochimique
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Chapter 1 Introduction

1.1 Background and motivation

Transient electronics refer to devices and components that break down into their constituent parts in a given
environment, after a short and controlled lifetime, without any harmful effects on that environment. This concept
has emerged, principally in the last 10 years, in the biomedical field. Temporary bioelectronics with monitoring,
stimulation or actuation capabilities can be implanted and fulfill their function for a controlled period of time and
then resorb in the body through endogenous or exogenous triggers [1-3]. This concept has generated interest
thanks to the potential to circumvent the need for re-operation [4], therefore potentially reducing the risk for the
patient while allowing for unprecedented functionality, for instance in the context of post-operative monitoring.
Moreover, the degradability of the implant could facilitate integration in the body, reducing short- and long-term
foreign body response [5], the inflammatory reaction of the body to the introduction of a foreign material. More
recently, the concept of transient electronics has attracted attention in response to the growing challenge of
electronic waste. Indeed, 53.5 megatons of electrical and electronic equipment is discarded each year, repre-
senting the fastest growing stream of waste, and less than 20 % of it is recycled [6]. This comes with dire
consequences on the environment and the health of the communities that are exposed to the unrecycled waste
[7]. These components are largely based on materials such as fiberglass, fossil-based plastics and rare metals,
with environmental degradation times of several decades or more [8]. Efforts have been undertaken to render
the fabrication of some electronic devices by using more sustainable manufacturing techniques such as print-
ing, which is an additive fabrication process [9]. More recently, there has been a notable focus in replacing
these materials with environmentally benign or degradable alternatives, in particular for applications where a
short lifecycle is acceptable or even desirable.

The concept of transient implants originates with absorbable sutures [5], that have been made from biomateri-
als (e.g. catgut, wound animal intestine) or synthetic polymers such as polyvinyl alcohol or polyglycolic acid
[10]. In more recent years, various resorbable structural implants have been proposed, such as orthopedic
screws and attachments [11] as well as stents [12], which were developed with the aim to prevent vessel
remodeling and late-stage thrombosis. Moreover, bioresorbable materials have been incorporated in non-tran-
sientimplants for mechanical support, for instance to facilitate the manipulation of extremely thin brain implants
[13], or to permit the insertion in the brain of a neural probe through the dura without buckling [14]. However,
the fabrication of functional electrical devices fully with bioresorbable materials poses a radical challenge.
Indeed, the reactivity of these materials and their instability under certain process conditions (solvents, humid-
ity, temperature, light, etc.) renders their manufacturing into complex devices difficult. This is particularly true
for MEMS (microelectromechanical systems) fabrication methods, which, while having revolutionized the field
of bioelectronics [4], rely on the use of photolithography for the patterning of functional electronics. Several
methods and workarounds have been proposed to address this challenge, which are detailed in Chapter 2.
Among these methods, additive manufacturing presents several advantages which are of interest for the fab-
rication of transient electronics. Additive manufacturing refers to fabrication methods that consist in the addition
of material to attain the desired shape and function. Typically, the addition of material is performed in a layer-
by-layer fashion in order to create thin film devices or 3D structures. Additive manufacturing presents the
following advantages [2,15]:

e Only the necessary amount of material is deposited, thereby participating in reducing costs and leading
to more sustainable fabrication;

e By avoiding subtractive fabrication methods such as etching, it allows to considerably reduce the use
of solvents and higher temperatures;

e 2D & 3D digital additive manufacturing enables straightforward customization of bioelectronics and
implantable systems based on in silico optimization performed in a patient-specific way. This
customization process is illustrated in Figure 1.1.
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Figure 1.1: Digital manufacturing of bioresorbable implants with customizable form and function.

Despite these advantages, the fabrication of transient implants and electronics using additive manufacturing
remains sparsely investigated. Indeed, digital additive fabrication of transient implants requires the joint opti-
mization of the materials, inks, layer deposition, post-processing methods and device architecture. Structural
and functional material inks must be developed while ensuring the compatibility between the materials and
solvents as well as the potential treatment that is applied to the printed inks. As such, fully 3D printed transient
bioelectronics have not yet been proposed. For this aim to be achieved, the following challenges must be
addressed:

e Materials stability: The materials that can degrade within the human body without generating harmful
byproducts in a reasonable amount of time are in general, by definition, more sensitive to
environmental and process conditions which may cause a degradation of the materials properties
during processing and operation.

e Ink formulations: While commercial inks are available for various 3D printable structural and
conductive materials [16], transient polymeric and metallic inks remain challenging to formulate in a
stable manner [17]. Moreover, the rheology of the ink must be adapted to the chosen printing
technique. Finally, the choice of the ink solvent is important, as it must be compatible with the layer
the ink is printed on and have sufficient wetting.

e Layer printing: As transient materials represent a new frontier in additive manufacturing, their printing
behavior is mostly unknown and must be characterized. Due to the limited choice of transient
materials, printability may be a challenge.

e Layer treatments: The printed layers may require heat or light curing/annealing. The post-treatments
of the layers must be appropriately optimized or developed and studied, as the treatment is paramount
for achieving printed layers with the desired properties, and their treatment may affect the properties
of the underlying materials.

1.2 Thesis objectives and contributions

The overarching objective of this thesis is the study and development of methods for the additive manufacturing
of transient materials for the realization of bioresorbable electronics, embedding sensing features. The trans-
lation of these technological developments and results to ecoresorbable sensing devices was also addressed.
Methodologies for the reliable printing of transient electronics with a controlled lifetime are currently limited,
and we sought to establish and optimize methods that allow this to be achieved. Studies are needed to better
understand the current material and process limitations regarding printed transient electronics and overcome
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them. The bioresorbable electronics that are produced as an outcome are to be characterized in terms of their
sensing behavior and functional lifetime. By achieving multi-material 3D printing of structural and electrically
conductive degradable materials, the fields of additive manufacturing and transient electronics can be ad-
vanced, leading to the facile fabrication of customizable transient electronic implants. In order to tackle this
challenge, several sub-objectives for this thesis were explored and are outlined below, separated into two
sections pertaining to processes investigation and devices development.

To tackle these objectives, several investigations were conducted. This includes the development of printing
inks and study of processing/curing methods that are compatible with degradable materials and temperature
sensitive substrates. Furthermore, with these methods established, devices were fabricated and characterized,
to ensure the appropriateness of the fabrication methods for the creation of functional sensors with different
sensing modalities and functional lifetimes. Physical sensors based on resistive and capacitive mechanisms
as well as organic electrochemical sensors for biochemical sensing were fabricated and characterized. The
degradation kinetics and the deterioration of the devices and materials’ performance were studied in relevant
test environments. Finally, the advancements mentioned previously were integrated together for the 3D print-
ing of transient bioelectronics and sensors that advantageously leverage the possibilities of digital additive
manufacturing. The outcomes of these investigations are summarized in several submitted or accepted publi-
cations, which are presented in the next section and will form the structure of this thesis.

1.3 Thesis outline

Following the current chapter that serves as Introduction, the thesis is organized in the following way:

Chapter 2: This chapter aims to cover the state-of-the-art of transient electronics, with a focus on bioresorba-
ble electronics. A perspective is provided for the application of additive manufacturing for transient electronics.
The main discoveries and achievements from the published literature are summarized, and the challenges for
the advancement of the domain are presented. It concludes with an outline of the contributions to the field of
transient electronics that are presented in this thesis.

Chapter 3: This chapter reports on the development and use of a screen printable high conductivity zinc-
based ink for the realization of transient sensors, interconnects and antennas. In order to circumvent the need
for high annealing temperatures for the zinc layer, which are incompatible with low-temperature degradable
substrates, a two-step annealing process combining electrochemical and photonic sintering is developed and
studied. The first step is based on the use of acetic acid to trigger an electrochemical sintering of zinc, involving
the reduction of the zinc hydroxide/oxide layer, and self exchange of zinc ions at the particles interface. This
process relies on the open circuit voltage of zinc in acetic acid being at levels where the passivation layer can
be reduced and Zn deposition can occur, as presented previously [18]. The second step relies on photonic
delivery of energy in the form of intense pulsed light with a xenon lamp. We demonstrate that the reduction of
the native oxide on the zinc micropatrticles is crucial to facilitate photonic sintering, allowing to reach the highest
conductivity in the state of the art for printed transient metal (>5-10% S/m). The process is compatible with
bioresorbable substrates with a limited thermal budget and with the integration of multiple solution-processible
materials. The flexibility of the transient devices is characterized down to a radius of 2 mm and under cycling
conditions. The resistive transducers are tested as temperature and strain sensors. We demonstrate biore-
sorbable capacitive wireless force sensors based on printed zinc on PLA and utilizing a soft polymer, poly(oc-
tamethylene maleate (anhydride) citrate) (POMaC) as dielectric layer. The sensors are implemented in chip-
less configuration on a small footprint by taking advantage of the high conductivity of the zinc. The zinc-based
electronics on a transient polymeric substrate (PLA) are assessed in terms of functional lifetime in phosphate-
buffered saline at 37 °C over one month.

Paper I: This chapter is based on the following article: N. Fumeaux and D. Briand, “Zinc hybrid sintering for
printed transient sensors and wireless electronics,” npj Flex. Electron., vol. 7, no. 1, p. 14, Mar. 2023, doi:
10.1038/s41528-023-00249-0.
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Contribution: As main author, | contributed to all the aspects of this work. This includes the original idea of
hybrid sintering to improve the properties of printed zinc, studying and optimizing the process, designing and
fabricating the devices, performing the sensing and degradation experiments, analyzing the data and writing
the manuscript.

Chapter 4: This chapter is dedicated to further investigating the properties of the printed zinc presented in the
previous chapter to develop resistive temperature detectors (RTDs) for environmental monitoring. The influ-
ence of the sintering process parameters, in particular the light pulse energy and count, is studied to maximize
the linearity and temperature coefficient of printed zinc resistors on paper. The ecoresorbable zinc resistors
on paper reach a TCR of 3160 ppm/K (80% of that of bulk zinc) and a highly linear temperature response is
obtained (r2 > 0.99). The relative sensitivity of the zinc RTDs is lower than that of biodegradable sensors based
on carbonized silk or porous carbon [19,20], but higher than that of magnesium-based transient RTDs [21]. A
biodegradable beeswax encapsulation is applied to the paper and zinc sensors by dip-coating, in order to
extend the lifetime of the sensors and offer protection against the interference of ambient humidity. The re-
sistance temperature detectors are shown to operate accurately for temperatures ranging from -20 to 40 °C at
relative humidity between 30 and 70 %rH.

Paper II: This chapter is based on the following article: N. Fumeaux, M. Kossairi, J. Bourely, and D. Briand,
“Printed ecoresorbable temperature sensors for environmental monitoring,” Micro and Nano Engineering, vol.
20, p. 100218, Sep. 2023, doi: 10.1016/j.mne.2023.100218.

Contribution: As main author, | contributed to all the aspects of this work. This includes designing the experi-
ments to study the influence of sintering parameters on the TCR, fabricating and characterizing the tempera-
ture sensors, implementing and evaluating the beeswax coating and writing the manuscript.

Chapter 5: This chapter focuses on the development of biochemical sensors made of biocompatible, degrada-
ble and environmentally benign materials. The developments in terms of solution-processible substrate and
conductive materials presented in the last chapters are built upon for the development of degradable organic
electrochemical transistors based on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
printed on an eco- and bioresorbable polylactic acid substrate. Due to the oxide layer of the printed zinc and
the PEDOT:PSS forming a Schottky barrier, a carbon-shellac ink is used to create an interface. The fabrication
and design of the OECTs is optimized as a function of the gate dimensions and material, and the adhesion of
the PEDOT:PSS channel to the substrate is ensured thanks to a silanization process. We characterize the
electrical behavior of the transistors and their usability for the detection of ions and glucose, and their degra-
dation in soil is demonstrated. The transistors show a linear sensing behavior to ions, with relative responses
in the order of -10%/dec and can detect glucose for concentrations between 5 yM to 1 mM. The obtained
sensitivity for ions and limit of detection for glucose are in a similar range to previous investigations on OECT-
based sensors [22,23].

Paper IlI: This chapter is based on the following article: N. Fumeaux, C. P. Almeida, S. Demuru, and D. Briand,
“Organic electrochemical transistors printed from degradable materials as disposable biochemical sensors,”
Sci. Rep., vol. 13, no. 1, Art. no. 1, Jul. 2023, doi: 10.1038/s41598-023-38308-1.

Contribution: As main author, | contributed to all the aspects of this work. This includes studying and optimizing
the processibility of PEDOT:PSS on PLA, fabricating the samples, measuring the electrical and sensing be-
havior of the transistors and writing the manuscript.

Chapter 6: This chapter presents the fully digital fabrication of bioresorbable electronic implants by 3D printing.
The printability of inks presented in previous chapters, namely POMaC and the carbon-shellac composite, is
studied for direct-ink writing (DIW). DIW allows the highly customizable multi-nozzle printing of a wide range
of materials and inks. The deposition by printing of the POMaC pre-polymer is studied and optimized for the
realization of 3D structures, and the degradation of the prints in phosphate-buffered saline is studied. The
carbon ink is integrated with the POMaC as electrical tracks, and their flexibility over 10’000 cycles is charac-
terized. The physical degradation of both the POMaC and carbon materials is studied in phosphate-buffered
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saline. Exploiting the possibilities offered by the multi-material printing, force sensors based on a parallel plate
capacitor design are fabricated and assessed for applications in knee joint monitoring. Finally, electrodes for
electrophysiology are fabricated, leveraging the high effective area and electron transfer characteristics of the
carbon composite.

Paper IV: This chapter is based on the following article: N. Fumeaux, A. Schlegel, D. Briand , “Digital manu-
facturing of customizable 3D bioresorbable electronics,” Manuscript in preparation.

Contribution: As main author, | contributed to all the aspects of this work. This includes the idea for the biore-
sorbable electronics manufactured by 3D additive manufacturing, conducting the study and optimization of the
deposition processes, the degradation tests, performing the devices design, fabrication and characterization
and writing the manuscript.

Chapter 7: This chapter concludes the thesis, summarizes the results that were presented, and provides an
outlook on future research that this project enables.
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Chapter 2 State of the art

This chapter covers the state of the art of the manufacturing of transient electronics, with a focus on
implantable bioresorbable systems and addressing transient materials and their additive manufacturing. It aims
to provide sufficient context for this thesis work having the goal of developing printed bioresorbable electronics.
First, we introduce the transient materials that have been used for the fabrication of degradable electronics,
and provide operative definitions for the terms that describe these degradable components, and rapidly outline
their most common mechanisms of degradation. Secondly, we present examples of functional transient de-
vices and systems with a focus on the fabrication methods employed, highlighting the inherent challenges of
multi-material fabrication of transient electronics. The next section focuses on the additive manufacturing of
transient electronics. An introduction is given on additive manufacturing, with particular interest for the use of
printing techniques for the development of 3D, soft and/or implantable sensors, and the limited existing exam-
ples of printed bioresorbable electronics are presented. Finally, the challenges that emerge from the current
state of the research are summarized, in order to highlight the contributions this thesis aims to achieve.

2.1 Materials for transient electronics

A large set of materials has been utilized for the fabrication of transient electronics. To better understand the
field of transient electronics, however, we need to provide some definitions and distinguish these materials by
their environment of application. The concept of transient electronics was championed by the group of Prof.
John Rogers, where they developed very thin silicon membranes (silicon nanomembranes; SiINMs) which can
dissolve in physiological solutions over a period ranging from hours to days [1]. The SiNMs can be used as
conductors or semi-conductors for transient electronics. In this work, transient electronics are described as
“systems that physically disappear at prescribed times and at controlled rates”. Therefore, transient electronics
describe degradable systems with an electrical function, that will physically break down in a controlled amount
of time, triggered or accelerated by a specific environmental stimulus [1,24]. Stimuli or environmental causes
for the degradation include light, heat, moisture, bacteria, water, enzymes, etc. [25]. Degradable or transient
electronics can be further divided as a function of the desired environment of use. Biodegradable or ecoresorb-
able electronics describe transient electronics which degrade in the natural environment, e.g. in soil, or in a
controlled composting system, without harm to that environment [26]. To be considered biodegradable, a ma-
terial must have broken down by at least 90 % in a period of 6 months [27]. Bioresorbable, or bioabsorbable
[28] in turn, refers to material that undergo degradation through metabolic or hydrolytic processes, without
eliciting harmful effects in the body [5]. Usually, it is admitted that the use of “-resorbable” or “fully degradable”
refers to systems that entirely degrade into their simplest possible building blocks or derivatives such as mon-
omers, metabolism byproducts, water-soluble metal oxides/hydroxides, etc. In opposition, some materials or
composites are considered partially degradable, that is, they break down in their constituent parts, such as
matrix and active material. We focus the following review on bioresorbable materials, and touch on their deg-
radation mechanisms and rates. Ideally, these materials should provide a level of function that is comparable
to their non-degradable counterparts.
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Figure 2.1: Mechanisms of degradation and bioresorption of various types of materials that have been used for implantable
transient bioelectronics. Adapted with permission [29]. Copyright (2019), Springer Nature Limited. Natural bioresorbable
polymers degrade mainly through the action of enzymes such as proteases secreted by macrophages or giant cells (in the
case of silk for example). Their degradation can be modulated by reactive oxygen species. Synthetic bioresorbable poly-
mers generally degrade by hydrolysis, sometimes catalyzed by enzymatic processes. As a function of the dimensions of
the polymer, the degradation rate of its functional group and its water diffusivity, surface or bulk degradation may occur
[30]. Metals degrade as the result of corrosion processes to oxides, hydroxides and hydrogen. lons present in the solution
influence the degradation process and degradation products can be metabolized by phagocytes.

2.1.1 Substrate and dielectric materials

Materials most commonly used as transient substrates are polymers, both natural and artificial [5,25,31]. They
may also be used as encapsulation layers for the devices, with the degradation rate of the polymer being
critical in determining the lifetime of the system [32]. Both synthetic and natural polymers exist, and their deg-
radation mechanisms are illustrated in Figure 2.1.Synthetic water-soluble polymers include poly(vinyl alcohol)
(PVA) and polyvinylpyrrolidone (PVP), which can also serve as binding additives in printed inks [25] and dis-
solve very rapidly in water (minutes to hours). Metabolizable synthetic polymers, such as poly(lactic acid) (PLA)
[33], poly(glycolic acid) (PGA) [34], poly(lactic-co-glycolic acid) (PLGA) [35], polycaprolactone (PCL) [36] are
also used. Their degradation usually relies on the hydrolysis of the ester linkages in their backbone in water or
biofluids, and the rate of breakdown (over several months) can be adjusted by controlling the molecular weight.
Bioresorbable elastomers have been engineered, generally through cross-linking of polymer chains made of
absorbable monomers, e.g. poly(1,8-octanediol-co-citrate) (POC) [37], poly(octamethylene maleate (anhy-
dride) citrate) (POMaC) [38] and poly (glycerol sebacate) (PGS) [39]. These thermoset elastomers generally
require heat curing from the pre-polymer state (before cross-linking), and the presence of vinyl bonds in
POMaC grants it a dual curing mechanism, where both thermal and UV curing can be used to cross-link the
polymer [38]. Similar modifications have been proposed for PGS, rendering the polymer photocurable by acry-
lation [40], methacrylation [41] or by addition of a cinnamate reactive group [42]. These modifications, however,
complexify the synthesis and require the use of toxic reagents. The degradation of bioresorbable elastomers
is similar to other degradable polyesters, with full degradation being observed after several months [43], and
lifetime can be adjusted by modifying chain length or chemical composition. This is the case for POMaC, for
instance, where a higher proportion of maleic anhydride in the synthesis slows down degradation [38]. Various
degradable biomaterials have also been investigated as substrates or encapsulants.

Silk is a natural bioresorbable polymer produced by the larvae of the silkworm Bombyx Mori [44]. Transient
films can be formed from the fibroin protein extracted from the natural silk, and their degradation time is ad-
justable from seconds to weeks with post-treatments that modify their crystallinity [45]. Silk-based biomaterials
have been investigated in great depth by Prof. Kaplan at Tufts University, and post-treatments based on eth-
anol or methanol immersion [46] or water vapor annealing [47] have been studied. The mechanical properties
of silk fibroin can be adjusted by controlling their hydration state [48] or by addition of plasticizers such as
glycerol [49]. Beeswax, largely composed of wax esters, hydrocarbons and fatty acids, is a material of interest
for lifetime-controlled transient electronics, owing to its excellent water barrier properties and relatively slow
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degradation [50]. Beeswax has been used as an encapsulant for ecoresorbable electronics and several pub-
lications study the complex mechanisms of its degradation in soil [51]. Beeswax has also been used as binder
in printable inks [52] and its degradation was characterized in conditions reproducing an implanted setting,
indicating full degradation in 80 days. Other bio-derived bioresorbable polymers include shellac [53] and chi-
tosan [54], derived from lac bug secretions and crustacean shells, respectively. Shellac benefits from favorable
water-barrier properties [55] and degrades by surface hydrolysis (at a rate of 0.5% weight loss per hour at
room temperature [56]). Polyhydroxyalkanoates (PHAS) are transient polyesters produced by various micro-
organisms, and the most investigated are polyhydroxybutyrate (PHB) and poly(3-hydroxyvalerate) (PHV) and
their co-polymers. PHAs degrade in vivo by hydrolysis, and their degradation is influenced by molecular weight,
chain length, crystallinity and formulation [57]. Cellulose derivatives are widely used as green polymers for
degradable electronics [58] and their degradability in soil or a composting setting have been thoroughly inves-
tigated [59] and largely depend on the composition of the paper and crystallinity of the cellulose fibers [60]. Its
degradation in soil or compost requires the presence microbial and fungal enzymes [61]. To be bioresorbable,
they must be rendered water soluble via etherification, as is the case for sodium carboxymethylcellulose (Na-
CMC) [62]. The organic substrates mentioned above have also found applications as dielectrics [63] or tribo-
electric friction layers [64] or in some cases as piezoelectric transduction or sensing layer [65]. Inorganic die-
lectrics commonly used in microelectronics such as silicon dioxide (SiO2) and silicon nitride (SisN4) show suf-
ficient degradation rates in physiological solution to be used in ultrathin films [37,66]. Silicon dioxide, in partic-
ular, showed promise as encapsulation for transient implantable devices, as its slow degradation rate allows
to precisely control the functional lifetime of the device and limit water permeation [32]. Magnesium oxide has
been used as well, due to its high temperature stability and optical transparency [25]. Thanks to their processa-
bility in thin film forms, these materials have been used as dielectrics for degradable transistors [3,67]. The
most prominent transient substrate materials for the fabrication of eco- and bioresorbable electronics are
shown in Table 2.1, with their most relevant properties.

Table 2.1: Bioresorbable substrate materials and their relevant characteristics.

Complete name Cc;]r:nr:;)n E [MPa] €break [%0]  Oyied [MPa] p [g/lcm®]  Tm [°C] Tg [°C] Degradation Printable References
Poly(lactic acid) PLA 350-3500 2.5-6 21-60 1.21-1.25 150-162 45-60 Hydrolysis 2D/3D [25,33]
Poly(l-lactic acid) PLLA | 2700-4140 3-10 15.5-150 | 1.24-1.3 | 170-200  55-65 Hydrig’\s,'g A2 5pmp [33,34]
Poly(d, I-lactic acid) PDLLA 1000-3450 2-10 27.6-50 1.25-1.27 am 50-60 Hydrolysis 2D/3D [33]
Polyglycolide PGA 6000-7000 = 1.5-20 60-99.7 | 150-1.71 220-233 = 35-45 Hydr102|yvsv|)s 6 5pmp [33,34]
PO'V(""‘CZ'ICC}Z‘)"Q'VCO"C PLGA 2000 3-10 41-55 1.2-1.7 am >37 Hydm's’v?s Y1) [34,35]
Poly(vinyl alcohol) PVA 700 37 1.19-1.31 200 85 Hydrolysis 2D/3D [68-70]
Polycaprolactone PCL 210-440 300-1000 20.7-42 1.11-1.15 58-65 (-60)-(-65) Hydrolysis 2D/3D [25,33]
Polyhydroxybutyrate PHB 3500-4000 5-8 40 118126 162-182 155  Bactera Ma- - ,pan 1 a3 29 79)
crophages
Polyhydroxybuty- ) .
rate/polyhydroxyvale- =~ PHB/PHV Different blends EEIEEE, LS - [71]
rate crophages
Polybutylene succinate PBS 250-650 170-380 17-40 1.24-1.26 84-115 Bacteria 2D/3D [73]
Enzymiatic de-
Silk fibroin Silk 2000-4000  1.9-3.9 47.2-100 = 250-350 17 gradation, hy- ' op, any 1) 75)
drolysis (tu-
nable)
Shellac Shellac 340 3 - 1.04-1.11  75-80 45-56 Hydrolysis 2D/3D [76,77]
Sodium carboxymethyl ACIED
YmEyl - Na-cmc >250 10.54-17.67 14,18-27.10 - - - Hydrolysis  (compo- [78]
cellulose .
sites)
Poly(octamethylene Hydrolysis (tu-
maleate (anhydride) cit-© POMaC | 0.03-1.54 48-534  0.245-0.994 1.08-1.17 - - Y na‘éle) - [38,79]
rate)
5.3 Hydrolysis,
Poly(glycerol-sebacate) PGS 0.08-2.3 60-510 0.25-1.5 - :ﬁ 6é <80 tunable, upto  2D/3D [39,80]
' ~60 d
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2.1.2 Conductive and semiconductor materials

Most bioresorbable electronic devices make use of metals as conductors, specifically those that are present
in a normal human adult diet and naturally occur in the body [66]. So far, magnesium (Mg), iron (Fe), zinc (Zn),
tungsten (W) and molybdenum (Mo) have been used for the fabrication of electrodes and interconnects [81].
They present the advantage of much higher conductivities and more stable properties than conductive poly-
mers. Their electrical dissolution behavior (based on the measured change in electrical resistance) was sys-
tematically studied by Yin et al. [82]. The mechanism for dissolution of transient metals in biofluids is corrosion,
which is dependent on the salts present in the solution, the temperature and the grain sizes, porosity and
general morphology of the metal film [28,82,83]. In general, the metals will convert to water-soluble oxides or
hydroxides that can be metabolized or excreted by the body [29]. Magnesium dissolves in water and forms
water-soluble Mg(OH)2. Zn dissolves at a slower rate and forms principally the water-soluble and non-toxic
ZnO and Zn(OH)2. The corrosion of iron in biofluids is more complex [66] and the products are not water-
soluble. Zinc and iron have been combined in bilayers for transient electronics [84], with the presence of iron
causing galvanic corrosion of the zinc, thereby speeding up its otherwise relatively slow dissolution rate. While
the aforementioned metals and their alloys have been proposed for implantable resorbable stents or screws
[85], tungsten remains a less investigated bioresorbable metal. Tungsten has been used in neural probes [86],
and its corrosion rate was found to be ~100 pym/year in vivo, with the rate of degradation increasing with the
presence of oxygen and hydrogen peroxide. Finally, molybdenum has been recently studied for in vivo degra-
dation in a rat model, with an approximate rate of degradation of 13.5 um/year, and no significantly elevated
amount of Mo was found in the kidney or liver of the animals. The electrical degradation rates measured by
Yin et al. are reported in Table 2.2 below, the in vivo degradation rate (if known) as well as the normal serum
levels for each metal and their upper daily intakes, which provide guidelines for their application to bioresorb-
able electronics. The local tissue tolerance for hydrogen must also be considered (<10 pL/(cm?-day)), as the
corrosion of the aforementioned metals releases hydrogen gas [87]. We note that these metals are usually
deposited with methods stemming from the semi-conductor industry, such as e-beam evaporation and mag-
netron sputtering, and additive manufacturing has been scarcely used thus far. In general, Mg and Zn are
favored as they are easier to process and generally better tolerated [66]. However, Mo and W exhibit lower
degradation rates and are more amenable to applications where a longer lifetime is needed, or direct contact
with biofluids is required. Bioresorbable metals generally display a negative electrode potential, indicating their
tendency to corrode in a pH neutral aqueous environments, with the exception of tungsten, whose corrosion
is aided by the presence of oxygen [88].

Table 2.2: Transient metals with their relevant degradation characteristics, tolerance in the human body and most common
deposition methods used.

Normal blood  Upper daily

Bulk Conducti- Electrical disso- In vivo dissolu- ; -
Metal vity [S/m] lution rate [um/h] tion rate [um/h] serum level intake Deposition methods References
Y W . [ug/dL] [mg/day]
_ Electron-beam evapora-
Mg 2.15-107 48+22 =10 1700 - 2200 350 tion, sputtering [1,66,82,89]
Electron-beam evapora-
Fe 1.04-107 =2.10* - 50 -175 40 - 45 tion, magnetron sputte- [66,82,90,91]
ring
Zn 1.68-107 0.3+0.2 =5.10° 60 - 120 23 -40 Magnetron sputtering [82,92,93,66]
Mo 1.91-107 (2+0.3)-10™ =~0.0015 8-30 1.2-2 Magnetron sputtering [66,82,94-96]
w 1.82:107 (8+2)-107° =0.01 0.1-0.3 - Magnetron sputtering  [66,82,86,91,95]

Conductive polymers, although they exhibit much lower conductivities, have been synthetized in water-soluble
forms and proposed for use as transient materials [25]. Despite these polymers not being inherently bioresorb-
able, they are biocompatible and have been deposited on or blended in bioresorbable matrices for uses in
tissue regeneration [97]. Conductive polymers polyaniline (PAni) [98], polypyrrole (PPy) [99] and in particular
poly(3,4-ethylenedioxythiophene) (PEDOT) [100] are the most researched. PEDOT is usually found in a
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mixture with polystyrene sulfonate (PSS), which acts as dopant for the PEDOT. Although biocompatible and
degradable, there is no evidence that these polymers dissolve in the body into metabolizable elements. PE-
DOT:PSS is insoluble in water but was found to break down in the presence of moisture [101] and hydrogen
peroxide has been hypothesized to cause degradation of PEDOT:PSS [102]. Moreover, although the potential
mechanisms of degradation of PEDOT:PSS in vivo are unclear, it was shown to cause only minimal glial scar-
ring when implanted in the brain on a bioresorbable substrate (polycaprolactone) [103] and is considered for
transient implantable electronics [104]. Polyaniline is not fully bioresorbable, and adverse effects (cytotoxicity,
reactive oxygen species) has been observed during in vivo breakdown [105]. Polypyrrole, in the form of de-
gradable PPy nanoparticles-PLA blends, has been hypothesized to be cleared renally without harmful effects
[106]. A strategy to better control the breakdown of conductive polymers is to combine them with the some of
the aforementioned materials used as bioresorbable substrates (e.g. as block copolymers) [97] at the cost of
conductivities orders of magnitude lower.

Carbon-based materials have also been considered for the fabrication of bioresorbable electronics, as well as
for environmentally-friendly devices [107,108]. Graphite and carbon particles have been used for the develop-
ment of biodegradable printable inks [17,55]. Graphite and carbon are natural environmentally benign materi-
als and are compatible with composting [109]. Carbon is largely considered to be biocompatible and edible
[110], it is however bioinert and its fate in the body if used in bioresorbable implants remains to be investigated.
Carbon nanotubes have been used in the biomedical field, yet their biocompatibility and degradability remain
to be further investigated as they are known to be cytotoxic [111], although functionalization approaches had
some success in fostering enzymatic degradation [112]. Their use in bioresorbable electronics requires further
research on approaches to render them biocompatible and to enbale their degradation or disposal from the
human body.

Finally, some research efforts have also focused on semiconductor materials, for the realization of more com-
plex bioresorbable systems featuring e.g., transistors or diodes. Silicon (Si) exhibits low hydrolysis rates,
which, in the case of ultrathin membranes, is significant enough for it to be considered bioresorbable [1]. Ger-
manium (Ge) and SiGe alloy [37] have also been used, as well as zinc oxide (ZnO) [25]. The group of Zhenan
Bao synthesized biocompatible and degradable semi-conductors with mobility values comparable to standard
organic semiconductors (0.34 cm? V-1 s71) [58,113]. However, the fact that their dissolution has been observed
only in acidic solutions makes their use in bioresorbable electronics less straightforward. A wide array of natural
and bioresorbable materials, including glucose, indigo and beta-carotene, have been proposed, and they are
limited by their low mobilities (in the order of 102 cm? V-1 s71) [114].

2.2 Bioresorbable devices and systems

Bioresorbable implants are already present in the clinic, as for bioresorbable sutures, which have been used
for more than 50 years [31]. This is also the case for degradable stents, which were developed to avoid late-
stage thrombosis and vessel remodeling [115]. These stents can be made of magnesium and its alloys or
bioresorbable polymers, usually PLLA [116], although other transient metals have been investigated as well,
such as zinc [12]. Analogously, bone screws made of bioresorbable metals have been proposed [117]. Biore-
sorbable materials have been used as part of long-term implants, as is the case in [13], where a silk film serves
as support to deliver ultrathin polyimide-based electronics onto the brain. Relatively stiff transient polymers,
with fast degradation times (minutes to hours) have been used as insertion guides for neural probes, to avoid
buckling issues when penetrating the dura [14,118].

Of more interest to us in the context of this work are bioresorbable implants that comprise active electronics.
State-of-the-art bioelectronics are increasingly fabricated with techniques from the semi-conductor and micro-
electromechanical systems (MEMS) industries, allowing unprecedented resolutions and thin layers, to create
minimally invasive implants. However, the application of such techniques to transient electronics is challenging
due to the unique properties of the materials [25,111]. Indeed, their increased reactivity precludes their pat-
terning by conventional microfabrication steps due to their low thermal budget (e.g., during baking steps) and
their limited solvent resistance (e.g., during etching or developing) [111]. To circumvent these challenges,
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several methods have enabled the fabrication of multilayer, complex and functional transient implants. These
methods can be characterized in four categories [25]: conventional microfabrication in combination with trans-
fer techniques, vacuum-based deposition through a shadow mask, hybrid assembly of films and foils and
solution-based processing. For the most part, the first three methods have been used in combination to create
functional bioresorbable devices, although, as we will see in Section 2.3, additive manufacturing holds promise
for that purpose.

Functional electronic devices based on degradable materials have been proposed in a 2010 paper from Irimia-
Vladu et al., using bio-derived semi-conductors to fabricate organic field effect transistors [114]. Boutry et al.
presented an early concept of wireless degradable and implantable device based on blends of conducting and
biodegradable polymer blends (PLA, PCL and PPy) [119,120]. Another early example of bioresorbable elec-
tronics came from the group of Mark Allen. In this work, Luo et al. [84] fabricated a wireless pressure sensor
with a combination of transfer by embossing, stencil evaporation and electrodeposition. As introduced before,
John Rogers’ group pioneered the development of degradable metal-oxide-semiconductor field-effect transis-
tors (MOSFETS) based on bioabsorbable metals and very thin membranes of silicon (silicon nanomembranes;
SiNMs) as the semi-conductor [1,82]. The fabrication of these devices relies on a combination of the first two
methods mentioned above. The SiNMs are patterned on a silicon-on-insulator wafer by reactive ion etching,
released by wet etching in HF and transferred on the transient substrate film of silk fibroin. The transfer of the
active components to the transient substrate relies on the aforementioned transfer technique, based on con-
trolled adhesion to an elastomeric stamp [121]. The electrodes and dielectric (Mg and MgO, respectively) are
evaporated through high-resolution stencil masks by e-beam evaporation. This made the development of sev-
eral transient components possible, such as transistors, diodes, capacitors, inductors and interconnects
[1,122]. Variation of the methods presented in this paper have enabled the fabrication and in vivo assessment
of a variety of bioresorbable sensors and systems, such as a degradable radio-frequency (RF) heater [123],
or temperature, pressure and pH sensors for the brain [124] and an electrocorticography array with multiplexing
capabilities [125]. The RF heater presented in [123] relies on the same processes for the patterning of Mg and
MgO on silk, and the wireless heater is assessed in mice for the mitigation of bacterial infections. The same
group developed a multi-sensor platform for the brain [124] based on SiNMs on PLGA. Despite these impres-
sive developments, they highlight some of the challenges with transient electronics. This includes controlling
the lifetime of the devices, which in these cases degrade fast (a few hours) and are therefore limited to acute
experiments. Yu et al. [125] present a bioresorbable electrocorticography (ECoG) array for the recording of
brain surface activity. The array relies on highly-doped SiNMs as interconnects and electrodes and SiO: as a
dielectric interlayer. Increasing the thickness of the SiNMs and SiO: interlayer is shown to allow for a functional
lifetime of one month for the device in an implanted setting. The SiNMs electrodes degradation is also shown
to be dependent on the presence of protein and calcium ions in the solution, and compared to Mo electrodes,
which undergo relatively fast functional degradation in vivo by cracking and fragmenting [24]. Silicon is a very
versatile material and can exhibit a wide range of properties as a function of its doping and crystallinity, and
the silicon nanomembranes are exploited for the realization of optical waveguides [126]. SiO: is also used in
further work as a flexible encapsulant to increase the lifetime of implantable pressure sensors [32]. Shadow-
mask evaporation and hybrid assembly techniques have been used for the fabrication of bioresorbable elec-
tronics. Xu et. al [127] presented a system for brain pressure sensing and electrophysiology based on PLA/PCL
as substrate and shadow-mask sputtered Mo as electrodes and interconnects. Ouyang et al. [128] developed
a cardiac pressure sensor based on a bioresorbable triboelectric sensor made of laminated PLA and chitosan
films. Curry et al. [129] presented a piezoelectric force sensor based on PLA with laser-cut molybdenum foil
electrodes. A wireless bioresorbable air-gap pressure sensor was also proposed [130], leveraging electron-
beam evaporated magnesium and using melted PCL as adhesive to assemble the sensor. The range of ap-
plications for bioresorbable systems has expanded considerably in recent years, spanning various sens-
ing/stimulation mechanisms and targets: nerve stimulation for regrowth [131] or pain suppression [132], re-
mote-controlled drug delivery [133-136], cardiac electrical stimulation [137], impedance sensing at wound site
[138], electrostimulation for bone healing [139] etc. The fabrication methods have also been expanded, with
the use of direct laser ablation to pattern bioresorbable functional materials on a transient substrate [140], or
the development of foundry-compatible fabrication techniques for transient electronics [141].
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Figure 2.2: Examples of bioresorbable implantable electronics, where the main method used for fabrication is clean-room
processes (a-c), shadow-mask evaporation (d-f), lamination of films and foils (g-i). (a) Mg and Si transient electronic circuit
on silk. Reproduced with permission [1]. Copyright (2012), the American Association for the Advancement of Science. (b)
Silicon electronics as implantable sensors. Reproduced with permission [124]. Copyright (2016), Macmillan Publishers
Limited. (c) Bioresorbable ECoG array. Reproduced with permission [142]. Copyright (2016), Macmillan Publishers Limited.
(d) Intracranial wireless pressure sensor based on electrodeposited Zn on evaporated Fe. Reproduced with permission
[84]. Copyright (2013), IEEE. (e) Electrodes and pressure sensor from evaporated Mo. Reproduced with permission [127].
Copyright (2019), Wiley-VCH GmbH. (f) Wireless intracranial pressure sensor relying on evaporated Mg and assembled
with PCL-based adhesive. Reproduced with permission [130]. Copyright (2019), Wiley-VCH GmbH. (g) Bioresorbable pi-
ezoelectric force sensor from laminated Mo and PLA. Reproduced with permission [129]. Copyright (2018), National Acad-
emy of Sciences. (h) Triboelectric generator fabricated from laminated Mg foil and gelatin and PLA films. Reproduced with
permission [143]. Copyright (2017), Elsevier Ltd. (i) Wireless pressure sensor for cardiovascular monitoring, where the
antenna and electrodes are made from laser-cut Mg foil. Reproduced with permission [144]. Copyright (2019), Copyright
(2019), Springer Nature Limited.

In some cases, it is necessary for medical implants to be able to stretch and deform, following the natural
movements of the body, and avoiding a mismatch with soft tissue [145]. Hwang et al. [37] fabricated wavy
SiNMs that confer stretchability by design to structures transferred onto bioresorbable elastomer POC. Follow-
ing a simpler fabrication approach (molding and evaporation of the conductive layer, or alternatively using
laser-cut metal foils), researchers from Stanford University created a strain sensor and an arterial pulse sensor
[144,146] whose performance was assessed in vivo in rats. To address the issue of device powering, various
approaches have been proposed, such as bioresorbable wires [124], self-powered implants (piezoelectric
[147], triboelectric [148]), wireless power transmission [122,131,149,150] or batteries [151] or supercapacitors
[91]. Examples of bioresorbable biosensors are scarce and limited to our knowledge to the pH sensor in [124]
and recent examples using a silk-PEDOT composite [152,153], whose bioresorbability has not been fully
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demonstrated. Some limited examples of transistors for biochemical sensing also exist on eco/bioresorbable
substrates such as PLA [63], PLGA [154] and diacetate cellulose [155]. However non-transient silver or gold
electrodes were used in these investigations. lllustrations of some of the aforementioned bioresorbable elec-
tronic devices are provided in Figure 2.2.

In conclusion, solution processes are generally limited to the casting of substrates and encapsulation, although
some conductive transient polymers have been solution-processed, and examples of transient electronics ad-
ditive manufacturing are scarce. The publications where additive manufacturing is used are described in more
detail in Subsection 2.3.2.

2.3  Additive manufacturing for bioresorbable electronics

Additive manufacturing, or printing, refers to fabrication techniques that rely on layer-by-layer manufacturing
by addition of a material ink. These methods generally benefit from being more cost-efficient and sustainable
[156], as only the needed amount of material is deposited, and the process can be performed under atmos-
pheric pressure and ambient conditions. The methods are also, in general, characterized by their high scala-
bility, and the capability to fabricate large-area devices [157]. Moreover, with the simplified processes resulting
from printing, the possibility for customizable digital additive manufacturing emerges. The design can be per-
sonalized to a specific use case to optimize the geometry of the implant to maximize functionality, conformality,
etc. [158]. Finally, as printing processes take place at ambient temperatures with limited amounts of solvent,
they may prove to be suitable for the fabrication of functional devices from fragile and reactive bioresorbable
materials [25]. Additive manufacturing has been used to fabricate wearable and implantable bioelectronics,
taking advantage of its benefits and flexibility. In Subsection 2.3.1, we present examples and introduce the
commonly used printing techniques in this context. Despite these advances, the field of bioresorbable elec-
tronics is still relatively new, and only limited demonstrations of printed bioresorbable electronics exist. They
are presented in Subsection 2.3.2, and a perspective on the printability of bioresorbable materials is given.

2.3.1 Ink formulation and printing methods

Printing in the context of flexible electronics usually requires two distinct steps: the material deposition in the
form of an ink and the densification or curing of the material [159]. The formulation of stable and printable inks
or pastes is a crucial challenge in itself [160,161], and their properties must be adjusted in relation to the
printing technique to be used. Inks for the printing of dielectrics, conductors and semi-conductors have been
developed. Organic materials can often be directly printed in solution with a compatible solvent, provided the
appropriate rheological properties can be attained. When this is not the case, or for inorganic materials, inks
can be separated in two categories: particle dispersions and precursor inks. In the case of precursor inks, the
solution contains compounds that will react during or after printing to form the desired component. An example
of such is copper formate, which self-reduces to copper metal under heat [162]. Particle inks consist of micro-
or nanoparticles, dispersed in a solvent with the aid of a polymeric dispersant or surfactant [160]. A polymeric
binder may be included, or the particles covered with ligands, to maintain the physical integrity of the layer of
printing. In both cases, the particle size, viscosity, water tension and density are informed by the chosen print-
ing method.

The printing techniques used differ chiefly by the deposition mechanism, the ink viscosity range, the attainable
resolution, and the possibility to realize 3D structures (see Table 2.3). Although many printing techniques exist,
we focus in this brief review on the most commonly used for the fabrication of flexible or soft electronics for
wearable or implantable applications: screen printing, inkjet printing, aerosol jet printing, stereolithography/dig-
ital light processing, and direct-ink writing. Screen printing is a versatile technique where a paste or slurry
(typically loaded with functional particulates) is dispensed through a metallic or polymeric mesh with the aid of
a squeegee. Viscous micro- or nanoparticles dispersions are generally used, resulting in layers in the order of
a few microns to dozens of microns. The minimal feature size is limited by the openings in the printing mask
and the shape fidelity of the ink and is generally found around 50 um. Comparably to similar techniques such
as flexographic or gravure printing, screen printing is suitable for large-area, high throughput manufacturing
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(roll-to-toll production) but requires the use of a pre-fabricated mask or pattern. Screen printing has been widely
used for the fabrication of flexible electronics, e.g. biosensors [163] or implantable pressure sensors [164].

Inkjet and aerosol jet printing both rely on lower viscosity ink that are jetted in a non-contact configuration. Due
to the low viscosity of inks required, nanoparticles are generally used to maintain ink stability and avoid nozzle
clogging. In the case of inkjet or drop-on-demand techniques, distinct droplets of ink are created (typically from
a piezoelectric or heated element) [165]. The printability of inks by inkjet printing has been studied in great
depth and can be predicted by the values of dimensionless numbers related to the surface tension, density
and viscosity of the ink [166]. The thickness of printed layers is in the order of hundreds of nanometers, with
resolutions down to dozens of micrometers, as a function of the ink surface tension and rheology, as well as
surface wetting and roughness. In the case of aerosol jet, a mist is created from the ink and carried to the
substrate by a carrier gas through a nozzle, where aerodynamic focusing allows for the obtention of higher
resolutions, down to 10 um [167]. Resolution is limited by overspray, i.e., functional material particles that are
outside of the desired zone of deposition. The thickness of printed layers is generally in the order of one
micrometer or less. Both techniques allow for digital additive manufacturing, where a design can be printed
without the creation of a mask or modifications to the process. Inkjet printing is a more established technique
and has been used to print a variety of devices, such as implantable glucose sensors [168], organic electro-
chemical transistors [169] and electrocorticography (ECoG) arrays [170]. AJP allows for a wider range of vis-
cosities and is particularly suited for printing on curvilinear surfaces. However, as a less established technique,
it faces more issues in terms of process standardization and process drift [167]. As examples, flexible micro-
hotplates [171] as well as pH sensors [172] have been fabricated aerosol jet printing.

Table 2.3: Printing methods mentioned in this review with their figures of merit, numbers from [15,16,161,173,174].
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Inkjet printing Aerosol jet printing Direct ink writing
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Digital additive manufacturing techniques that allow to produce 3D objects are of interest to unlock a new
degree of customizability. Stereolithography (SLA) refers to a family of technology where solid 3D objects are
obtained from a photocurable resin. Digital light processing (DLP) is similar to SLA except that the light is
delivered through a projected light source instead of a laser. Although the techniques are fast, inexpensive
and amenable to the construction of complex 3D shapes, limited material choice is available [16] and multi-
material printing requires complex modifications [175]. SLA has been used for the creation of soft robots [16]
and structural or drug-loaded passive implants [176]. Finally, direct ink writing (DIW) consists in the extrusion
of a viscoelastic ink through a nozzle. This is similar to the more common fused deposition modelling (FDM),
but differs in that a fluid ink is used, allowing for more versatility and higher resolutions. Pressure for extrusion
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is generated through a piston or pneumatically [15]. A key characteristic of DIW inks in order to achieve high
shape fidelity is shear-thinning. This refers to non-Newtonian fluids for which viscosity decreases with increas-
ing shear. This is typically determined by oscillatory rheology measurements, where the cross-over point be-
tween the loss and storage moduli determines the transition between a solid paste to a fluid. DIW benefits from
the most versatility in terms of materials for printing, with the possibility to print substrate, conductive and even
biological materials [177]. Recently, Afanasenkau et al. [158] presented customizable electrodes for neuro-
muscular interfaces relying on a combination of direct ink writing and inkjet printing. Table 2.3 shows a sum-
mary of the printing methods mentioned above, with their attainable smallest features, layer thicknesses and
ink viscosities.
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Figure 2.3: Examples of printed biosensors and bioelectronics. (a) Screen-printed strain sensor for cardiovascular moni-
toring. Reproduced with permission [178]. Copyright (2019), IEEE. (b) Fully inkjet-printed organic electrochemical transis-
tors, with a PEDOT:PSS channel, graphene gate and silver contacts. Reproduced with permission [23]. Copyright (2022),
American Chemical Society. (c) Combination of direct ink writing and inkjet printing for the fast prototyping of neuromus-
cular interfaces. Reproduced with permission [158]. Copyright (2020), Springer Nature Limited.

Often, materials require post-treatment following printing to solidify the material and/or achieve a sufficient
degree of functionality. Polymeric inks may necessitate curing for cross-linking, while particle inks need treat-
ment to vaporize polymeric additives that may impede layer functionality or to enhance particle contact via
sintering. Sintering refers to the densification of particles by the introduction of energy by thermal, optical or
electrical means [18]. As is the case for deposition methods, there exists a wide array of post-treatment tech-
niques used in the context of additive manufacturing. Often, thermal heating is the preferred post-treatment for
printed inks. However, many commercial conductive printable inks are sintered by thermal heating at temper-
atures superior to 200 °C [25]. Thus, in the context of degradable electronics, methods where higher temper-
atures are avoided are preferred. In the frame of this review, we focus on two types of methods: delivering
energy selectively through light, and leveraging chemical reactions to achieve curing. Ultraviolet (UV) light is
often used in the context of photopolymerization of polymeric printable inks [177], although UV-curable con-
ductive silver inks have been developed for inkjet printing [179] and for screen printing [180]. Photonic sinter-
ing, or flash lamp annealing, consists in the application of high-intensity pulsed light delivered on a short time-
scale (in the order of milliseconds). The light is generally in the visible or near-infrared range. This allows to
rapidly heat the printed layer while maintaining a much lower temperature in the substrate, preventing damage
to temperature-sensitive polymeric or cellulosic substrates [181]. This is dependent on the heat conduction of
each layer and their respective thicknesses. This method has been used for the sintering of a wide range of
materials from metals [181], metal oxides [182], graphene [183] and ceramics [184]. Laser sintering achieves
the same aims, also relying on rapid heating from energetic photons to locally weld the metal particles [185].
As opposed to photonic sintering, laser sintering used a coherent light source, and requires scanning of the
surface. This can be detrimental to throughput, but allows for more localized sintering. Finally, chemical ap-
proaches have been developed to achieve metallic particles coalescence, triggered for example by contact
with oppositely charged polymers or electrolytes [186,187]. Chemical oxide reduction strategies have also
been developed to achieve densification of particles films for metals such as copper, e.g. by exposure to formic
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acid [188] or silver, in HCI vapor for example [189]. Figure 2.3 shows examples of functional printed bioelec-
tronics incorporating various sensing functions.

2.3.2 Printed bioresorbable electronics

Until very recently, additive manufacturing of bioresorbable implants has been limited to the 3D printing of
structural polymers or metals. Polymeric materials have been 3D printed with multiple techniques, and there
is a large collection of published papers on manufacturing resorbable metallic orthopedic implants with selec-
tive laser sintering (SLS) [190,191]. Functional materials are printable as well, with satisfying performance
through the use of innovative sintering techniques. There are only limited examples, to our knowledge, of
integration of functions into a fully printed bioresorbable device or system.

Transient polymers are solution-processible low melting point materials, and they lend themselves well to var-
ious forms of printing. Of course, PLA, PLGA and PCL and various composites have been printed, also for
medical implants, with fused deposition modeling, inkjet or direct ink writing techniques [33,63,192]. Silk has
been inkjet-printed [193,194] and 3D printed in methanol [195] as well by aerosol jet printing [196]. The extrac-
tion of silk fibroin from the silkworm cocoon typically results in a 7-9 % aqueous solution of silk fibroin [44]. The
characteristics of that solution in terms of surface tension lend themselves well to low-viscosity printing, after
dilution to 3 % [193] and the bio-derived inks can be functionalized with antibodies, enzymes, nanopatrticles,
etc. As mentioned in Subsection 2.1.1, silk fibroin requires treatments that modulate its degradability in aque-
ous solution. Rider et al. [194] used inkjet printing to deposit silk protein as well as for the subsequent methanol
treatment, allowing to locally control crystallinity and avoid potential damage when curing the entire film in a
methanol bath. PGS has found various applications in the biomedical field in the form of scaffolds for cell
culture or in vivo regeneration, some supported by additive manufacturing techniques [197]. Methacrylated
photocurable PGS was 3D printed into cell scaffolds [198] by -photon polymerization to form resorbable scaf-
folds for cell culture. Yeh et al. [199] reported on the 3D printing by direct-ink writing of acrylated PGS to form
stretchable biocompatible and bioresorbable scaffolds. The same authors also introduced norbornene-modi-
fied PGS for fast UV curing [200], and fabricated scaffold with direct ink writing under constant UV illumination.
Finally, digital light processing has been used for the 3D printing of acrylated PGS networks with features
below 100 um. POMacC is readily UV-curable, although its vinyl bonds result in a slower polymerization than
the chemistries used in the aforementioned modified PGS polymers [201]. Its printability by DIW has been
assessed recently, however in the form of poly(ethylene glycol) diacrylate copolymers [202].

Organic conductors are amenable to solution processing and printable inks are available. Conductive polymer
inks based on PEDOT:PSS, PANi and PPy have been used for the fabrication of devices on degradable sub-
strates [8]. PEDOT:PSS has been printed on biodegradable and bioresorbable substrates such as PLA [63],
paper [203] or PLGA [154] for the realization of biochemical sensors or electrocardiography (ECG) electrodes.
PPy has been used in combination with electrochemically sintered zinc to fabricate supercapacitors which
were shown to degrade in vivo with no adverse effects [204]. Carbon materials conductive and semi-conductive
printable inks have been formulated and used in ecoresorbable or edible devices. When targeting applications
in eco-friendly electronics, the components of the ink are chosen carefully, preferring water as a solvent and
renewable binders [205,206]. To address the challenge of stable electrical properties despite using degradable
materials, Poulin et al. presented a carbon particles/graphite loaded shellac ink, which maintains conductivity
in water and reaches values in the order of 103 S/m [55]. This has enabled the fabrication of biodegradable
devices such as batteries [107] or humidity sensors [108]. Williams et al. introduced fully-printed thin film tran-
sistors using carbon nanotubes as channel, graphene as conductor and a crystalline nanocellulose dielectric
on a paper substrate [207].

Examples of printed and degradable inorganic semi-conductors in the literature are scarce. Solution-pro-
cessing of ZnO and sintering at low temperatures has been demonstrated with laser-sintered ZnO NPs
[208,209] as well as with various ZnO precursors inks [210,211], although not on bioresorbable substrates.
Relatively low-temperature methods have been developed for the printing and sintering of ZnO (150 °C) which
could be applicable to the more temperature-resilient bioresorbable substrates, such as silk or Na-CMC, for
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the fabrication of thin film transistors [25]. Silicon inks have been developed as well from nanoparticles [212]
or precursors [213] as well. However, depending on the printing method used, a timely degradation of the
silicon appears incompatible with the thicknesses obtained.
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Figure 2.4: Examples of printed bioresorbable conductors and devices. (a) Electrochemical sintering of printed zinc metal,
relying on the conversion of zinc oxide and self-exchange of zinc to form bridges between the particles. Reproduced with
permission [18]. Copyright (2017), Wiley-VCH GmbH. (b) Laser sintering of printed zinc and demonstration of an antenna
using this process. Reproduced with permission [214]. Copyright (2019), Wiley-VCH GmbH. (c) Isotropic conductive paste
made of tungsten metal and beeswax. Reproduced with permission under the CC BY-NC-ND license.
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The first example of screen-printed bioresorbable metallic conductor are W and Zn microparticles (uPs) pastes
that was used for the transient PCB shown in [62]. Conductivity for these pastes is however orders of magni-
tude lower than the bulk materials, due to the limited contact between the microparticles. The conductivity of
the W paste is much higher than that of the Zn paste (in the order of 102 S/m versus 10-2 S/m). Further exam-
ples of screen-printable bioresorbable metal (Zn, Mo, Fe) pastes have been shown, with conductivities below
108 S/m. Zn or Fe generally show lower conductivities than those based on W or Mo, due to the lower electro-
negativities of Zn and Fe causing them to form thicker oxide layers. That being said, other parameters will
influence the conductivity of a composite paste, such as volume fraction of metal, particles size and particles
morphology [62]. Screen-printable composite pastes based on Mo pastes based on a degradable polyanhy-
dride and metal mixture have also been proposed, with conductivities reaching in the order of 102 S/m [215].
More recently, Kim et al. [52] formulated W and Mo pastes with beeswax as a binder, which reach maximal
conductivities of 6:10° S/m. The use of beeswax allows to increase the functional lifetime of the bioresorbable
tracks in solution which is a known problem with bioresorbable electronics [82]. The aforementioned examples
of printable pastes have been principally used as soldering paste for connections.

To improve conductivity, sintering, post processing that aims to compact or coalesce the particles in the ink,
can be applied [25]. The challenge with these processes is to perform sintering at a low enough temperature
so that it is compatible with bioresorbable substrates. This is compounded by the rapid oxidation of transient
metals in air and the high melting temperature of their oxides (e.g., ZnO: 1975 °C). The main strategies used
for bioresorbable materials include flash sintering and laser sintering, which were described above. These
methods have enabled the fabrication of various devices, from humidity sensors to organic electrochemical
transistors (OECTS), on substrates with very low glass transition temperatures such as PLA [63,216,217]. In
terms of sintering transient printed metals, efforts have focused on zinc, due to its wide availability at low-cost
in micro- and nanopatrticles form and relatively low melting point (419.5 °C). As a first example of printed
bioresorbable conductor, a Zn nanoparticles (NPs) ink was deposited on a glass slide and evaporated with a
laser under an inert atmosphere to avoid oxidation. The method is compatible with writing on Na-CMC sub-
strates [218] and yields a satisfying electrical conductivity in the order of 10® S/m. Analogously, Zn microparti-
cles were sintered directly on Na-CMC substrates using short laser pulses under argon atmospheres [185],
yielding a conductivity in the same order of magnitude. Aerosol-jet printed Zn NPs on resorbable substrates
were sintered on Na-CMC using flash sintering, albeit with lower conductivity (~10% S/m) [219]. This is likely
due to thinner layers deposited with AJP (1 ~um) limiting the energy that can be delivered before excessive
heating is caused on the substrate. More recently, an approach was introduced using photonic sintering to
vaporize printed zinc NPs from a donor substrate, allowing for freeform conductive zinc deposition with a con-
ductivity reaching 3-10° S/m [220].
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Room-temperature sintering approaches have also been developed for Zn, making use of acids in the ink to
dissolve the native passivation layer [18,221]. The concept of zinc electrochemical sintering was introduced
by Lee et al. [18], relying on the interaction between the native oxide layer on the particles and acetic acid.
Indeed, acetic acid dissolves the passivation layer and shifts the open-circuit voltage of zinc in water toward
the Zn/Zn?* redox reaction. This results in self-exchange of zinc and local welding of the particles. In a similar
approach, propionic anhydride, which converts to propionic acid in the presence of water, was also used [221].
Propionic acid is similar to acetic acid, and the use of an acid anhydride allows to activate the reaction with
water vapor, reducing potential damage to the zinc traces from the direct acid dispense. To address the same
problem, a zinc NPs inkjet printable ink was formulated and the acetic acid solution dispensed by inkjet as well
for in situ electrochemical sintering [222]. For all these approaches, the conductivity remains lower than with
photonic or laser sintering, reaching values of around 1-3-10° S/m. Another downside of this method is that
the electrical properties of the printed layers are unstable and degrade in hot or humid environments [222],
likely due to insufficient densification of the particles. These printing and sintering strategies have been utilized
to fabricate devices and components such as interconnects or antennas [91,218,221,222]. Some of these
processes and devices are illustrated in Figure 2.4. Table 2.4 summarizes recent efforts dedicated to the
development of conductive bioresorbable inks, with the printing and sintering strategies used and the resulting
electrical conductivities.

Table 2.4: Conductive pastes based on transient metals, with the particle size as well as the printing and sintering methods
used, and the conductivities obtained.

Metal Particles size [um] Printing method Sintering method Conductivity [S/m] Reference
Fe <10 Screen printing Electrochemical 10 [18]
4-6 Screen printing Drying in air 3.5-10° [62]
v 0.5 Screen printing Drying in air 6.4-10° [52]
<10 Screen printing Electrochemical 6-10? [18]
Mo 1-5 Screen printing Drying in air 1.4-10° [215]
5-100 Screen printing Drying in air 1.2:10° [223]
4-10 Screen printing Drying in air 2.4.10° [62]
0.065 - 0.075 - Laser evaporation 1.1-108 [218]
<10 Screen printing Electrochemical 3-10° [18]
0.5 Screen printing Heat + phptonic sinte- 6-10* [224]
ring
Zn 0.05 Aerosol jet printing Photonic sintering 3.5-10* [219]
15 Screen printing Laser sintering 9.7-10° [185]
0.05 Screen printing Electrochemical 7.2-:10* [221]
0.04 - 0.06 Inkjet printing Electrochemical 1-10° [222]
0.035 - 0.045 - Flash lamp evaporation 3.5-10° [220]
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2.4  Summary and contributions

This chapter reviewed the state of the art on bioresorbable electronics, with a perspective on using additive
manufacturing techniques for the development of bioresorbable implants embedding electronic functionalities.
We introduced the transient materials that can be used, the fabrication methods that have found prevalence
in the research on bioresorbable electronics so far, and examples of devices and systems that show their
potential in applications where a transient behavior is desirable. Subsequently, we examined additive manu-
facturing as an alternative approach to fabricate these devices, comprehensively reviewing the techniques
employed for the production of implantable and/or degradable electronics. Examples of printed degradable
materials and devices were shown, highlighting the approaches that have been taken to circumvent the chal-
lenges inherent to the use of these materials. Finally, to conclude this chapter, we will outline the challenges
that remain in the field, and the contributions this thesis makes towards digital additively manufactured biore-
sorbable electronics.

2.4.1 Status of the research on printed bioresorbable electronics

Although a wide range of transient materials has been studied and utilized in the development of both eco-
and bioresorbable electronics, fabricating these devices remains in general challenging. Existing methods for
overcoming this multifaceted challenge rely on adapting fabrication methods from the semiconductor industry
at the cost of scalability. These approaches combining them with assembly processes such as lamination,
transfer stamping or using laser-cut metal foils. While, the potential of additive manufacturing techniques for
the fabrication of transient electronics has been recognized in recent literature [25,159], examples of functional
transient devices remain scarce. Process reliability and repeatability in additive manufacturing remain a prob-
lem with respect to more established techniques. Moreover, printed materials often come with lower perfor-
mance than their conventionally fabricated counterparts, due to imperfections during the deposition or the
heterogenous nature of the printed composite layers. These challenges are of course compounded by the use
of transient materials, for which inks and processes are not well established. Advancing additive manufacturing
for transient materials requires complex optimization and new developments spanning multiple fields: material
science, chemistry and ink formulation, printing, electronics, etc. This may explain the relative lack of com-
pletely solution-processed functional transient devices that incorporate sensing or actuation functions. Further-
more, the applicability and performance of the printed transient devices shown so far is only minimally charac-
terized, and their functional lifetime is not always clear. Finally, one of the most significant promises of additive
manufacturing is the use of digital methods for fast prototyping and customization of transient electronics.
Devices can be designed and fabricated seamlessly, without the need for mask fabrication or process adjust-
ment, facilitating the rapid characterization of prototypes. More importantly, 3D digital additive manufacturing
allows to create customized devices in terms of form and function, for instance adapting to the complex geom-
etry of internal organs. Despite this, there is no demonstration of the fully digital printing, in a single machine,
of multi-material transient bioelectronics.
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2.4.2 Research approach and contributions

As highlighted previously, the potential for bioresorbable and ecoresorbable electronics is undeniable, and this
novel class of devices may contribute to solving pressing challenges in the next years. The look we had at the
state of the art of the research in printed electronics has also highlighted the potential additive manufacturing
holds for the cost-effective, facile, scalable, sustainable, and customizable fabrication of transient electronics.
In order to realize this vision and address these gaps in the current research, and in agreement with recent
reviews [25,159], the following challenges must be addressed:

e New transient inks must be developed, and their printing and post-processing optimized,
notably for metallic layers to reach higher electrical conductivity, repeatability and stability as
a goal. So far, the best printable transient metal methods presented in the literature only reach less
than 10 % of the conductivity of bulk zinc, which is still insufficient when compared to the performance
of materials deposited by physical vapor deposition. Printed materials exhibiting high electrical
conductivity and stability are necessary for the realization of performant antennas, interconnects,
electrodes, etc.

e The range of functionalities for printed bioresorbable electronics must be expanded to go
beyond the properties of the materials themselves and include more sophisticated functions
like sensing and actuating. To construct more complex devices, we aim to use several bioresorbable
materials (substrates, conductors, dielectrics, encapsulants) integrate them together using additive
manufacturing, despite the challenges caused by potential chemical and processing incompatibilities.

e We aim to achieve the fully digital additive fabrication of bioresorbable electronics. This would
allow to exploit the full potential of 3D digital printing in terms of customizability and versatility. Direct
ink writing and treatment parameters need to be thoroughly studied and optimized for the realization
of high-resolution structures, with flexible or soft materials that can conform to the inner geometry of
the human body.

e The fabricated functional devices need to be assessed for shelf-life, functional lifetime and
mechanical reliability. The lifetime of transient devices is a key element to determine their
applicability as biodegradable or bioresorbable electronics. Previous early reports have shown that
printed transient electronics show increased sensitivity to ambient humidity for instance [222]. Further
investigations are needed into the topic, and, if necessary, encapsulation/passivation strategies should
be developed to ensure sufficient mechanical and electrical stability.

To tackle these challenges and advance the field of printed transient electronics, we carefully evaluated the
portfolio of available materials in terms of processibility and printability, and developed printable inks from the
resulting selection. A two-step process for the sintering of screen-printed zinc was developed, circumventing
the difficulty of achieving high conductivity caused by the native oxide layer, and achieving record conductivity
in the published state of the art. The process was confirmed to be compatible with bioresorbable substrates,
such as PLA and PVA. We studied the mechanical behavior and the degradation of the electrical properties of
the zinc on PLA in air and in saline solution at 37 °C. This demonstrated that the hybrid sintering process
results in outstanding electrical stability compared to state-of-the-art electrochemical sintering. The process
was utilized to fabricate fully bioresorbable implantable pressure capacitive sensors. We employed a combi-
nation of printing and folding techniques, and used POMaC as a soft dielectric layer. These sensors were
implemented in a chipless wireless configuration, benefiting from the high electrical conductivity of the pro-
cessed zinc tracks. A wireless receiver for power transfer was also demonstrated, and an LED and capacitor
are integrated on the degradable circuit.

The stability of the printed zinc was exploited for the fabrication of a set of other components such as strain
sensor, coils, antenna, interconnects, and, notably, fully degradable and printed resistive temperature sensors.
The influence of the photonic sintering parameters on the temperature coefficient of resistance of the printed
zinc was studied. They were optimized to maximize the stability and linearity of the response of the sensors to
temperature changes. Bioresorbable sensors made of zinc encapsulated in PLA were developed, and shown
to appropriately measure temperatures in the physiological range (from 36 to 40 °C) when compared to a
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commercial sensor. The sensors were further implemented in an ecoresorbable configuration, on paper with
a degradable beeswax encapsulant. The sensors were shown to operate reliably in humid environments from
-20° to 40 °C, owing to the beeswax protective coating.

Furthermore, the highly electrically conductive zinc layer was integrated as interconnects with water-resistant
carbon-shellac composite and PEDOT:PSS. The fabrication by screen printing and inkjet printing was adapted
to produce organic electrochemical transistors (OECTS) on biodegradable PLA substrates. Their electrical
characteristics (transistor behavior and transconductance) were found to be in line with those from the non-
disposable devices already reported in the literature. These transient OECTs were evaluated as biochemical
sensors for ions and glucose detection and shown to degrade in soil over a month. The disposable OECTs
were studied with NaCl, KCI, and CaCls, and could detect ion concentration changes from 0.1 to 100 mM with
a Nernstian response. We also tested the OECTSs for enzymatic glucose detection, and a limit of detection of
5 um was found.

Finally, the fully 3D printing of transient electronics and sensors by direct ink writing was demonstrated. Mate-
rials were assessed for the ink development and carbon the previously introduced carbon-shellac ink was
chosen for its resistance to aqueous solution over weeks, allowing functional interfaces in direct contact with
bodily fluids. A careful process optimization was conducted to print 3D structures from a UV curable POMaC
ink. Multi-material printing was implemented to embed carbon conductors in a POMaC elastomeric matrix.
Flexibility of the printed carbon on POMaC at a radius of 3 mm and up to 10000 cycles was demonstrated.
The printing process was used to create fully 3D printed multilayer pressure sensors to detect forces up to
1500 kPa. Electrodes array with impedance below 10 kQ at 1 kHz that could be applied for recording of elec-
trical potentials or stimulation for neuromuscular interfaces were also fabricated.

33



Chapter 3 Zinc hybrid sintering for printed
transient sensors and wireless electronics

HOA~A~~

N 'S .

ot ; L

) N
@'0/ 2 Sl ZnO_' = .
- : p,cOOH  Photon
Degradable Zn ink Printing C ;pr ay sintering

Bioresorbable electronics

(177

/

Printing integration with
transient polymers

Biodegradable sensors

Transient electronics have emerged in recent years as a potential solution for the increasingly pressing issue
of electronic waste, and have shown promise for novel applications in implantable bioelectronics. In this work,
we report on a scalable, innovative method, synergistically combining chemical and photonic mechanisms, to
sinter printed Zn microparticles and obtain high electrical conductivity. After deposition, the oxide layer around
the zinc particles, which impedes patrticle fusion and conductivity, is reduced using an acidic solution. The
removal of the high-melting zinc oxide is followed by a photonic sintering treatment, delivering high-intensity
light pulses to the samples, which permits the agglomeration of the zinc particles into a continuous layer. The
sintered Zn patterns reach electrical conductivity values as high as 5.62-10% S/m. The process allows for re-
duced energy use and is compatible with temperature-sensitive polymeric and cellulosic substrates. The me-
chanical flexibility and electrical stability in air and phosphate-buffered solution of the sintered zinc layers are
studied. The unprecedented electrical conductivity and durability of the printed zinc traces enable, for the first
time, the fabrication of biodegradable sensors and LC circuits fully by printing: temperature, strain, and chipless
wireless force sensors, and radio-frequency inductive coils for remote powering. This scalable process enables
new avenues for the additive manufacturing of biodegradable electronics and transient implants.
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3.1 Introduction

Transient electronics, i.e. electronic components and devices that fully degrade in a given environment without
generating harmful byproducts [1,3], show potential in reducing electronic waste [26,225,226], and enable
novel bioresorbable implants, eliminating the need for a re-operation [25,31,81]. Different materials such as
dissolvable metals [18,82,223], degradable semi-conductors [1,113,227], substrates and dielectrics
[24,39,44,63,228] have been proposed. These developments have led to various devices being demonstrated,
including batteries [107,151,229], heaters [135,230], transistors [122,142], energy harvesters [64,147], as well
as pressure [84,129,144], strain [146], and temperature sensors [21]. Most of these functional biodegradable
components and devices rely on microfabrication techniques stemming from the semiconductor industry, and
the use of shadow-mask techniques [147] or transfer printing [121] to circumvent the difficulty to pattern func-
tional layers directly onto temperature and solvent-sensitive biodegradable substrates [2]. As an alternative,
additive manufacturing techniques have shown promise for the fabrication of flexible transient electronics,
especially in domains where large area, cost-effective and low-waste manufacturing is desired. Digital additive
manufacturing also presents the advantage of allowing freeform printing on 3D curvilinear surfaces [15] and
seamless integration of multi-sensing paradigms [173]. This expands the design possibilities to customizable,
deformable or highly conformal sensor networks, which can be self- or remotely powered. These manufactur-
ing methods have the potential to open new possibilities for the fabrication of functional degradable electronic
devices, but require joint optimization of printable ink formulation, deposition processes, and post-treatment
methods. After deposition of a transient metal micro- or nanoparticles ink, the conductivity is in general very
low or non-existent and a sintering step, i.e., a densification of the material without melting to the point of
liquefaction, is required [231]. This is especially challenging due to the reactivity of these materials and their
tendency to naturally form an oxide layer in air. Only few approaches have been proposed to achieve sintering
of printed biodegradable electrically conductive layers. These approaches focus on zinc because of its low
melting point and owing to its widespread availability in micro- and nanoparticle forms at affordable prices
[18,218,232,219,185,221,222]. Methods applied so far to sinter zinc particles can be classified into two main
categories: photonic and electrochemical. Photonic methods are based on the use of high-power lasers or
lamps [185,218,219] to selectively heat the metallic layer while minimizing the interaction with the substrate.
They are usually restricted by the high-melting (Tm = 1950 °C) native oxide layer of the Zn particles, which
prevents efficient particle agglomeration by maintaining the metallic zinc in a solid shell [214]. Even by applying
sintering pulse intensities superior to 10 J/cm?, the electrical conductivity reached remains limited [219]. Elec-
trochemical sintering of zinc is a room-temperature method that leverages the interaction between acetic acid
[18,222], or analogues such as propionic acid [221], to convert the native oxide layer to Zn ions. The metal
ions redeposit between the particles, thereby forming a conductive path. Electrochemical sintering usually
yields lower conductivity values (in the order of 1-3-10% S/m) due to the minimal bridging achieved between
the particles and the presence of residual binder in the layer. Finally, a recurrent challenge that arises when
fabricating complex flexible devices with transient metals is that their reactivity precludes the use of multiple
post-processing steps which may damage the metal traces. As a consequence, robust processes need to be
developed for the additive manufacturing of eco- or bioresorbable metal traces, compatible with post-pro-
cessing steps and yielding stable devices with a sufficient time of operation.

In this work, we present a hybrid method for the scalable and additive manufacturing of highly conductive
transient metallic zinc traces. After deposition by printing, the native oxide shell of zinc microparticles is re-
duced by means of an acetic acid solution. The reducing agent is delivered via an optimized spray coating
process, with the aim of mitigating the downsides of previously presented dispensing methods [222]. Flash
lamp annealing (also referred to as photonic sintering) is used to further sinter the metallic patterns. This ap-
proach permits to reach unparalleled electrical conductivities for printed transient metal, up to 5.62-108 S/m,
only about three times less than the conductivity of bulk zinc (16.6-10% S/m). As an added benefit, the energy
delivered to the sample is considerably lower than in previous studies concerning zinc photonic sintering
[185,219]. This allows for increased compatibility with lower thermal budget substrates. The mechanical flexi-
bility of the printed traces as well as their stability in environments relevant to their operation are demonstrated.
The fabrication of multilayer devices requiring further curing or deposition steps is enabled by the robustness
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of the transient metal traces. A set of printed physical sensors, including resistive strain and temperature sen-
sors, as well as a wireless capacitive force and pressure sensor are reported. The process presented in this
work advantageously leverages chemical and physical mechanisms to obtain highly conductive (comparable
with heat-cured copper or silver inks [233]) transient metal traces. These advances unlock new avenues for
environmentally friendly internet-of-things components and bioresorbable electronic implants fabricated by ad-
ditive manufacturing.

3.2 Results and discussion

3.2.1 Hybrid sintering of printed zinc films

The sintering method that is presented here is compatible with commercially available microparticles obtained
through a powder atomization process, and no further step such as ball milling is necessary. These zinc mi-
croparticles (2 um average diameter) are mixed with polyvinylpyrrolidone (PVP) as a binder and pentanol as
a solvent to form the printable ink. The hybrid sintering relies on a two-step process as follows (Figure 3.1(a)):
(i) acetic acid treatment by spray coating, to reduce the oxide layer and (ii) photonic sintering, where energy
in the form of high intensity pulsed light is delivered to achieve particle agglomeration into a continuous metallic
trace. SEM imaging (Figure 3.1(b)) is used to show the evolution of the microstructure of the zinc printed layer
between the processing steps. Separated particles can be clearly observed just after printing and solvent
drying. The acid sintering only slightly modifies the microstructure, with conductive bridges formed between
particles in the order of a few hundreds of nanometers, as observed in previous work [18]. Conversely, after
the application of pulsed light, microparticles are shown to have fused and aggregated into a continuous layer.
Preliminary experiments conducted on printed zinc resistors on polyimide show that photonic sintering delivers
an improvement in conductivity by more than one order of magnitude compared to solely using electrochemical
sintering (Figure 3.1(c)), whether conducted under air or nitrogen atmosphere. The synergistic interaction
between those treatments, i.e. the removal of the oxide layer and the formation of bridges between the particles
considerably enhances the effect of the photonic sintering, allowing unprecedented conductivity for printed
biodegradable metallic films. The results in air and N2 atmospheres are comparable, although a higher con-
ductivity (~50 % higher) is reached in an inert atmosphere. This method of sintering is compatible with various
substrates used in standard, paper, and degradable electronics (Figure 3.1(d)). This versatility as well as the
remarkable electric conductivity that is achieved with the hybrid sintering process makes it suitable for the
fabrication of degradable radio-frequency devices. Notably, we demonstrate the first fully printed bioresorbable
LC circuits applied to chipless pressure sensing as well as a degradable wireless power receiver (Figure
3.1(e)).
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Figure 3.1: Description of the hybrid zinc sintering process. a) lllustration of the steps of the hybrid sintering process (i)
deposition by printing (ii) acetic acid spray coating (iii) photonic sintering. Scale bars: 100 um. b) Microstructure of the Zn
by SEM after each processing step. c) Measured conductivity (with standard deviations) of Zn traces at different pulse
energies and under air or nitrogen atmosphere. Scale bars: 10 um. d) Printed Zn resistors on polyimide, paper, and pol-
ylactic acid substrates. e) (left) Bioresorbable radio-frequency chipless pressure sensor (right) wirelessly powered LED
circuit based on a Zn secondary coil on a degradable substrate. Scale bars are 10 mm.

3.2.2 Optimization of sintering parameters

A first study on the process parameters used for the electrochemical and photonic sintering steps was per-
formed on resistors printed on polyimide substrates. Firstly, we examined the electrochemical treatment of the
printed layers by acetic acid spray coating. The use of spray coating relies on limited and uniform acid depo-
sition to avoid the partial dissolution of the unsintered zinc patterns, which is a known issue when using a drop
coating process to deliver the acidic solution [221]. Moreover, the electrochemical sintering process occurs in
a short timeframe (less than one minute) [18]. We observed that fast drying (on a hot plate or by application of
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a stream of N2) was critical to avoid damage to the metal traces from prolonged exposure to the aqueous
solution. As a consequence, several coatings and drying cycles must be applied to reach a plateau conductivity
in the order of 2:10% S/m. As shown in Figure 3.2(a), the improvement in conductivity can be obtained only by
alternating the application of acetic acid with a drying step in N2. As can be seen, the resistance initially in-
creases after dispensing, as the porous track is soaked with the acid solution, and nitrogen drying causes the
solution to dry and the Zn ions to depose between the particles. A saturation in conductivity is reached after
the application of 5 to 6 of these cycles (Figure 3.2(b)). The concentration of the PVP binder in the inks has
an influence not only on its printability but also on the conductivity achieved following the electrochemical
sintering step, as observed previously [221]. Therefore, keeping the solvent to solid material ratio constant,
the effect of the chain length and the concentration of PVP with respect to the amount of metallic powder on
the conductivity of the films was evaluated (Figure S3.1, Supporting Information). The chain length was shown
to have minimal influence on the conductivity in the chosen range. On the contrary, the concentration of binder
was shown to influence the obtained electrical conductivity. A ratio of 0.04 g of PVP per g of Zn was deemed
to be optimal and was chosen for further inks formulation. The conductivity obtained with the spray treatment
is comparable with results previously obtained with electrochemical methods in the literature [18,221,222]. The
conductivity reaching a plateau serves as a validation of the dissolution of the oxide layer, as no more oxide is
converted to metallic zinc. This is critical for achieving efficient particle agglomeration and high conductivity by
photonic sintering. The cycling of the acid treatment could be seen as a limiting factor for the scalability of the
process. However, it is likely that the dispensing could be optimized for throughput outside of a research set-
ting. Moreover, the reducing agent may be incorporated to the ink in future work, to circumvent the necessity
of spray dispensing altogether.
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Figure 3.2: Study of the sintering process on screen-printed zinc layers. a) Real-time measurements of the resistance of a
Zn line under subsequent acetic acid spray coatings and nitrogen drying. b) Conductivity of Zn resistors (with standard
deviations) on polyimide after electrochemical treatment cycles. ¢) Conductivities of Zn resistors treated with electrochem-
ical and photonic sintering, for 1 and 3 pulses of various energies. d) Influence of the numbers of pulses on the conductivity
of sintered Zn for a given pulse energy of 6559 mJ/cm? (n = 7 per pulse).
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The second step of the hybrid process, photonic sintering, was studied varying the pulse energy and the num-
ber of pulses delivered (Figure 3.2(c)). The study was conducted under a nitrogen atmosphere, to avoid re-
oxidation effects, notably when studying the effect of multiple photonic pulses. Moreover, as shown above,
sintering in a nitrogen atmosphere leads to higher conductivities, which we hypothesize arise from the fact that
the inert atmosphere allows to limit zinc oxidation, which may hinder conductivity [234]. As can be seen in
Figure 3.1(c), higher pulse energies appear to be necessary to reach maximal conductivity in the case where
sintering is conducted under an inert atmosphere. This is however likely due to the increased distance from
the lamp caused by the sealed chamber used, therefore decreasing the effective energy delivered to the sam-
ples. The energy delivered in one pulse of photonic sintering depends on the voltage supplied to the xenon
lamp and the irradiance profiles of the pulses applied are given in Figure S3.2 in the Supporting Information.
The timing between the spray coating and the photonic sintering steps is of importance, however, a precise
study of its influence is difficult as it would depend on the exact drying conditions of the acid (atmosphere,
flow), as well as on the morphology of the printed layer, notably dimensions and porosity. We observed that if
photonic sintering was conducted after more than one hour of drying in ambient air after the acid application,
the electrical conductivities obtained started to decline, as a result of the oxide layer reforming. We hypothesize
that residual acidic solution in the metallic microparticles layer is critical to avoid re-oxidation before the pho-
tonic sintering step. Applying photonic sintering generally increases the electrical conductivity of the zinc traces
by one to two orders of magnitude compared to samples that underwent only electrochemical sintering, and
the increase is more marked when several light pulses are delivered (Figure 3.2(c)). The conductivities that
were measured reached average values as high as 5.62-10% S/m, when 3 pulses of 6559 mJ/cm? were deliv-
ered. To our knowledge, this is the highest conductivity value obtained for printed zinc layers (Figure S3.3,
Supporting Information). The values obtained for the highest studied pulse energy (7299 mJ/cm?2) are not con-
sidered as this level of energy was causing partial destruction of the resistors and inferior yield. At this pulse
energy, a yield of 25% was observed versus near 100% for lower energies. Indeed, increasing the pulse energy
will lead to increased sintering as the metal layer approaches its melting point [235], but an energy that is too
high will lead to considerable melting and flowing of the metal, which causes interruptions in the conductive
line. Conductivity values for samples sintered above 7300 mJ/cm? could not be measured due to damages
and cracks occurring in the layers at these high levels of energy, as observed through optical microscopy.Using
several light pulses was observed to improve conductivity for the same pulse energy, however, the improve-
ments started to plateau after two to three light pulses (Figure 3.2(d)). This behavior could be explained by an
equilibrium being reached between the damage caused to the tracks by further energy being delivered and
the improved particle cohesion with more pulses. The variability in conductivity between samples is in line with
previous studies on photonic sintering [219], and could be further reduced by using smaller metal particles or
a more controlled acid dispensing technique. When observing the cross-section of the sintered Zn thick films
under a scanning electron microscope, the particles display a degree of agglomeration that varies across a
gradient, with the first 5 to 10 um forming a cohesive layer independent of thickness (Figure S3.4). We note
that a more than twice higher conductivity is obtained for screen printed lines (17 um average thickness) com-
pared to stencil printed lines (41 um thickness, see Figure 3.1(c)), which was measured to be 2.55-10% S/m.
This may be due to enhanced sintering on the uppermost zinc layer; however, the process is demonstrated to
be amenable to varying pattern thicknesses. As can be expected, the energy required for optimal sintering of
the thinner layers is lower. In order to verify that the resolution of the lines is maintained throughout the process,
the profile of the lines was compared between each treatment step (Figure S3.4) and no significant difference
in area was observed. Moreover, good adhesion between the sintered zinc layer and polyimide, paper and
PLA substrates was observed with a standard peeling scotch test (Figure S3.5). In order for this method to be
usable for films printed with other deposition methods, it would require to be compatible with the use of nano-
particles, as methods such as aerosol-jet printing, inkjet printing or direct ink writing require smaller particle
sizes. We hypothesize our method to be compatible with the processing of nanoparticles films, in particular
because photonic methods are amenable to the sintering of nanoparticles [185,219], as the reduction in particle
size comes with a reduction of the melting point, and, as a consequence, of the required energy to attain
efficient sintering. Preliminary tests with 500 nm Zn particles were conducted and conductivities reaching
3.3:10% S/m were obtained, with the same ink formulation as the one aforementioned and using a lower pulse
energy (5.1 J/cm?).
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3.2.3 Flexibility and stability of fully degradable zinc traces

Importantly, to take full advantage of this process to sinter transient metal, it needs to be compatible with
temperature- and solvent-sensitive bioresorbable and biodegradable substrates. This is possible with the two-
step sintering method presented here, thanks to the use of flash sintering, which allows to selectively heat the
metal tracks with minimal energy being directly transferred to the transparent polymeric substrates [236] as
well as cellulosic substrates [237]. Moreover, the use of spray-coating to dispense the acid is also beneficial
by limiting the amount of aqueous solution on the water-sensitive substrate, compared to methods such as
drop-casting for instance [18]. The hybrid method we introduce here is compatible with flexible paper sub-
strates, which are of interest in the context of biodegradable and eco-friendly electronics [238]. Printed Zn
traces processed on paper reach an average electrical conductivity of 2.00-108 S/m (Figure S3.6). Further-
more, we study the sintering of zinc on thin layers of bioresorbable polymers. The results of zinc hybrid sinter-
ing poly(vinyl acetate) (PVA) and polylactic acid (PLA) are shown in Figure 3.3(a). Similar maximal mean
conductivities of 2.61 and 2.43-10% S/m are obtained, respectively for PVA and PLA, following three light pulses
with an energy of 8390 mJ/cm2. Remarkably, these high values in electrical conductivities are similar to the
results achieved on polyimide. The slight reduction in terms of conductivity that is observed may be due to a
degradation of the interface substrate-zinc layer, which could cause deformation and cracking of the zinc re-
sistors.
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Figure 3.3: Hybrid sintering of Zn and durability of the traces on transient substrates. a) Electrical conductivity (with stand-
ard deviations) for sintered Zn traces as a function of energy and number of photonic pulses, on PVA and PLA. b) Evolution
of the resistance for unencapsulated Zn samples (n = 14 per condition, 40 x 0.3 mm) stored at ambient conditions, as a
function of the sintering protocol. c) Change in resistance for sintered Zn lines on PLA (n = 5 per condition, 50 x 0.5 mm,
with a ~40 um thickness), for radii of 5 mm and 10 mm, with and without PLA encapsulation. d) Evolution of the resistance
for encapsulated and unencapsulated sintered Zn tracks (n = 8 per condition, 40 x 0.3 mm) in PBS at 37 °C.
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Ideally, transient electronic devices would display stable function during their lifetime and rapid degradation
upon the introduction of a specific stimulus or at the end of the desired lifecycle [67]. Experiments for zinc
samples made on PLA were conducted to assess the electrical durability of the traces in conditions reproducing
the operating environments for applications such as biodegradable electronics (e.g., for smart packaging or
environmental monitoring) and bioresorbable electronics (e.g., smart implants for post-surgical monitoring). In
the case of samples that were only sintered electrochemically, the conductivity of the Zn traces changes in a
non-linear way after a week, and a tenfold increase in resistance is already attained after 300 to 500 hours of
exposure to ambient air. Conversely, the Zn traces that were fabricated with hybrid sintering and without en-
capsulation display a much more stable electrical conductivity for the period of measurement (31 days) with
the resistance increasing by a factor of 1.4 only, in air at ambient conditions (Figure 3.3(b)). This difference
can be explained by the increased aggregation of particles in the case of hybrid sintering, which reduces the
impact of the reoxidation process, resulting in a lower relative loss of conductivity. For Zn traces that were only
electrochemically sintered, the smaller bridges formed between particles are converted back to ZnO, thereby
reducing the conductivity of the layer. The proposed mechanism is illustrated in Figure S3.7. When aiming for
real-world electronic applications, encapsulation is often needed and hybrid sintered Zn samples that were
encapsulated with blade-cast PLA displayed an average loss of conductivity of 12 % after 31 days at ambient
conditions (Figure S3.8). With the aim to study the usability of the process in the fabrication of transient im-
plantable electronic, the durability of hybrid sintered Zn lines was assessed in a sealed vial containing phos-
phate-buffered solution (PBS) at 37 °C, which emulates in vivo experiments (Figure 3.3(d)). The conductivity
of unencapsulated zinc traces degrades by an order of magnitude within 46.6 h on average, as they disinte-
grate rapidly in an aqueous medium [82]. With a 30 um encapsulation considerably reducing water permeation,
the resistance gradually increases, and it takes on average 28 days to reach a loss of conductivity of 90%. In
line with previous work, the degradation of transient metal is rapid in bodily fluids and the choice of the encap-
sulation with respect to its water permeability and degradation speed is key to maintain function for the amount
of time required by specific applications [24]. It is important to note that the degradation in conductivity in the
porous metallic layer does not directly correspond to physical degradation. The rate of zinc corrosion in various
environments has been characterized in other studies [82,84]. Considering a layer of zinc with a thickness of
40 um without encapsulation and a constant mass loss rate per unit area rate in PBS at 37°C of 0.025 mg/(cm?
h) [84], the time for the full resorption of the zinc layer could be estimated to 48 days.

In order to fabricate reliable transient devices, the mechanical flexibility of the metallic interconnects is an
important feature. In the case of inks that are only chemically sintered at room temperature, the presence of
binder in the layer may contribute to the flexibility of the conductive patterns by acting as a plasticizer [221].
However, here, the flash sintering step likely vaporizes the PVP binder [239]. The hybrid sintered Zn tracks
can be bent down to a radius of 3 mm without loss in conductivity (Figure S3.9 in the Supporting Information).
The mechanical flexibility of the printed Zn lines, with and without encapsulation, was also evaluated by apply-
ing repeated bending cycles (Figure 3.3(c)). As expected, encapsulated samples exhibit better resilience to
repeated bending, as the neutral plane is shifted closer to the metal line, and the polymeric encapsulation likely
reinforces the porous metallic layer [18]. Indeed, in the case of encapsulated samples bent at a radius of 10
mm, the resistance increases by 9 % after 1000 cycles at 0.5 Hz, as shown in Figure 3.3(c), while the resistance
of unencapsulated samples more than doubles after 1000 bending cycles. The increase in resistance under
fatigue bending is attributed to the formation and propagation of micro-cracks in the metallic line [240].
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Figure 3.4: Transient resistive physical sensors fabricated from printed Zn encapsulated in PLA (Ro = 89.6 £ 56.4 Q, n =
4). a) Zn strain sensor submitted to compressive and tensile cycles (insets). b) Zn temperature sensor in a vial of PBS,
with a reference temperature sensor. Scale bars are 10 mm. ¢) Zn resistance change (blue) following an increasing tem-
perature in PBS (orange). d) Zn resistance change (blue) with an arbitrary change in PBS temperature (orange) around
physiological temperatures.

3.2.4 Resistive and capacitive wireless transient sensors

The enhanced electrical conductivity, electrical stability, and flexibility, reached with the hybrid sintering method
of the printed zinc films can be exploited to fabricate simple transient resistive sensors on PLA. Figure 3.4(a)
shows a resistive strain sensor undergoing repeated bending in compression and tension. The resistance
value varies by approximately +0.2 % and returns to the baseline value upon release of the sensor. The tem-
perature behavior of the zinc degradable resistors was studied with the aim of fabricating resistance thermom-
eters. The change in resistance for temperatures up to 60 °C was measured (Figure S3.10, Supporting Infor-
mation). Zn lines that underwent hybrid sintering show a stable behavior under temperature changes, as op-
posed to electrochemically sintered traces. A linear relationship between the changes in resistance and tem-
perature was observed for Zn resistors. The temperature coefficient of resistance (TCR) of the printed zinc
after hybrid sintering was calculated to be high at 0.00316 1/°C, which is close to the TCR of bulk zinc [241]
(0.00385 1/°C) as well as that of standard platinum-based temperature sensors [242], further validating the
efficiency of the hybrid sintering method. Figure 3.4(b) shows such a temperature sensor operating in PBS
solution placed on a hotplate, with the temperature in the solution controlled with the aid of a commercial
temperature sensor (Sensirion). The change in resistance of the two sensors was measured for variations of
temperature around 37 °C. The resistance varies linearly with the temperature and the sensors are sensitive
enough to detect small changes in temperature within the physiological range (Figure 3.4(c)). The fully de-
gradable zinc-based resistors demonstrate good tracking of the temperature in agreement with the reference
data (Figure 3.4(d)). Although the proposed resistive sensors are sensitive to various physical inputs, strate-
gies have been proposed to address this challenge [243]. In our case, different designs could be used to obtain

42



Chapter 3: Zinc hybrid sintering for printed transient sensors and wireless electronics

different sensitivities to temperature and strain for instance [244] (e.g. meander and serpentines), with the aim
to fabricate a fully bioresorbable multi-sensor platform.

Finally, we demonstrate that the zinc layers as sintered here are compatible with the fabrication of advanced
devices requiring further curing and assembly steps, such as multilayer soft wireless sensors. The hybrid sin-
tering of the zinc layer is implemented to realize original device designs, such as those shown in Figure 3.5.
Transient capacitive pressure sensors relying on a soft bioresorbable elastomer poly(octamethylene maleate
(anhydride) citrate) (POMaC) [38] as a dielectric layer are presented. The POMaC pre-polymer was synthe-
sized as in previous works and an exemplary *H-NMR spectrum is shown in Figure S3.11 in the Supporting
Information. POMacC is a soft elastomer which has been used in past publications as an transient encapsula-
tion, substrate or structural material [79,144,146,201], owing to its stretchability and ease of processing by
ultraviolet (UV) photopolymerization. The design of the uniaxial pressure sensor is based on a parallel plate
capacitor architecture, with the POMacC layer acting as a deformable dielectric, which compresses under pres-
sure leading to an increase in capacitance. A facile fabrication process was developed, leveraging the dual
cross-linking mechanism of POMaC and the flexibility of the substrate and printed layers. As shown in Figure
3.5(a), the metallic plates and contact pads for the capacitive sensors were printed and treated on PLA, with
the POMacC pre-polymer deposited on top by blade casting. The pre-polymer was cured by UV photopolymer-
ization, yielding a solid but tacky polymeric layer. The assembly was then folded with the POMaC layer on the
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Figure 3.5: Bioresorbable capacitive sensors based on zinc hybrid sintering and soft elastomer POMaC. a) Schematic of
the fabrication and picture of the Zn-POMaC capacitive sensor. Scale bar: 10 mm. b) Capacitive response of the pressure
sensor under compressive load. ¢) Relative change in capacitance over 10 cycles for forces up to 7 N. d) Cycling of a
capacitive sensor for 10000 s (0-4 N, 40 s period). €) Schematic and picture of the Zn-based RLC sensing circuit. Scale
bar: 10 mm. f) Response of the wireless pressure sensor in resonant frequency change under compressive load.
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inside and further allowed to cure and bond at 80 °C for 48 h. The Young’s modulus of POMaC after UV and
heat curing was measured to be 1 + 0.2 MPa and its relative permittivity er was estimated to be 6.9 £ 0.4. The
sensors were tested for forces up to 10 N and the response in capacitance followed the applied force closely
and maintained a stable baseline (Figure 3.5(b)). The capacitive devices shown here had an initial capacitance
of 15.5 + 3.4 pF (n = 5) and the change in capacitance was linear (R?= 0.997) with the force applied, with a
sensitivity of 71.4 fF/N (Figure 3.5(c)). This corresponds to a relative sensitivity of 0.00035 1/kPa, which is on
the lower end of the state of the art for bioresorbable pressure sensors [245]. However, these sensors rely on
micro-/nanostructured dielectrics that could be implemented in future developments to reach higher sensitivity.
The device was also evaluated under cycling conditions for 2500 cycles with a duration of 40 seconds and an
amplitude of 4 N (Figure 3.5(d)). The maximal value of capacitance recorded during the whole cycling period
varied by 0.36 % and the baseline by 0.27 %. The change of performance of the sensors over longer periods
of time would depend on the evolution of the viscoelastic properties of the POMaC dielectric [246]. This would
in turn depend on the encapsulation of the sensor and the conditions of operation [32], and more research on
the degradation of bioresorbable elastomers is needed to systematically evaluate the long-term performance
of the sensors. Bioresorbable sensors are envisioned for applications in post-operative monitoring or regener-
ation, and while transient metallic wires and connections can be used to interface them [124], wireless power-
ing and communication are a desirable option to minimize invasiveness. Therefore, a similar design with a zinc
coil in series was fabricated (Figure 3.5(d)), relying on the same folding process. The sensing relies on the
shift in the resonant frequency of the series RLC circuit formed by the Zn-POMaC capacitive element charac-
terized above and the Zn antenna. This allows to create a fully bioresorbable chipless circuit to sense forces
and pressures, taking advantage of the higher conductivity obtained with the hybrid sintering process. Figure
S3.12 in the Supporting Information shows the return loss (S11) of typical devices as measured with a custom-
made silver antenna on FR4, and they have a resonant frequency of 154.7 + 3.3 MHz. The response is com-
parable to the soft capacitors shown above, with the resonant frequency shift (320 kHz/N) being proportional
to the applied force (Figure 3.5(e)). A similar process was applied to manufacture the degradable wireless
power receiver shown in Figure 3.1(e). In order to demonstrate the possibility to integrate silicon-based dies
with the degradable electronic receiver and board, an LED and a capacitor were soldered using a room-tem-
perature cure degradable Zn-based paste. The double-sided Zn coil separated with a POMacC layer was meas-
ured to have an inductance of 3.2 pH and the LED could be powered at a distance of up to approximately 60
mm. A similar setup shown in previous research was used to drive the primary coil [131], and the peak-to-peak
voltage elicited in the biodegradable receiver as a function of the distance to the primary coil is shown in Figure
S3.13.

3.3 Conclusions

The hybrid approach for the sintering of printed transient metal traces presented in this work addresses several
challenges related to the fabrication of degradable electronic devices on temperature and water-sensitive sub-
strates. The combination of two complementary sintering approaches, namely electrochemical and photonic,
allows to overcome the disadvantages of each method and achieve outstanding particle agglomeration. In-
deed, hybrid sintering enables the highest electrical conductivity shown thus far for printed transient metal, as
well as a high temperature coefficient of resistance, owing to the enhanced particle cohesion. The latter results
in electrically durable conductive traces exhibiting unparalleled stability in air, even without encapsulation. The
reliability of the sintering process in combination with the stability of the printed zinc enable the realization of a
wide range of original and both fully printed and biodegradable physical sensors, notably transient temperature
and wireless pressure sensors, as well as RF coils and antennas. The study presented here paves the way to
cost-efficient and eco-friendly printed sensors and transducers for applications such as supply-chain or envi-
ronmental monitoring as well as transient implants processed using digital additive manufacturing.
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3.4 Experimental section

Preparation of Zn-based inks

Zn micropatrticles (2 pm average diameter, Sigma Aldrich), polyvinylpyrrolidone (Sigma Aldrich, Mw=360K or
2000K) and Pentanol (Sigma Aldrich) were mixed at varying weight ratios (25:1:5 for the final formulation). The
ink was homogenized with a planetary mixer (Thinky ARE-250) at 300 rpm for 30 minutes. It was stored at 4
°C and brought to room temperature and homogenized at 300 rpm for 10 minutes before printing.

Preparation of substrates and encapsulation layer

The substrates used in this study are polyimide (DuPont, Kapton® 125 pum), biodegradable paper (Arjo-Wig-
gins Powercoat XD, 200 pum), polylactic acid (Ingeo™ Biopolymer 4032D) and polyvinyl alcohol (Sigma-Al-
drich, Mowiol 4-88). For the preparation of PLA films, pellets were dissolved in 1,4 dioxane (Sigma-Aldrich)
overnight at 50° C under stirring to obtain a 15 wt% solution. Films of PLA were prepared by blade-casting the
solution on a standard 4-inch single-side polished silicon wafer at a speed of 2 mm/s with a gap of 1000 um to
obtain films of 70 um in thickness, after overnight drying. 25 wt% solutions of PVA were prepared by dissolving
PVA for 3h in DI water under stirring. The PVA films were cast as described above, with a gap of 600 um to
obtain films with a thickness of 75 um. Before printing, all substrates, except the paper, were first activated
with an oxygen plasma treatment for 60 seconds at 200 W at 40 kHz (Diener). For the encapsulation of the
sintered Zn traces, the same PLA solution was blade-casted with a gap of 500 um, to yield an encapsulation
of approximately 35 um in thickness.

Printing of Zn patterns

For the stencil printing, one-sided polyethylene adhesive tape (Nexus G20, 80 um) was cut with the desired
patterns with a CO: laser (Trotec Speedy300). The Zn ink was applied with a silicone squeegee and left to dry
for 1 hour, after which the stencil was peeled off from the substrate. For screen printing, custom stainless steel
meshes (Serilith) were used, and the ink was applied through the stencil with a silicone squeegee, at a distance
of 500 um from the substrate. The traces were left to dry for one hour before further processing.

Treatment of Zn patterns

Acetic acid (10 vol% in de-ionized water) was spray-coated on the Zn traces using an airbrush (Harder &
Steenbeck, 0.2 mm nozzle, at a distance of approximatively 10 cm from the substrate) supplied by 2 bar N2
pressure, followed by 2 minutes drying under nitrogen. This spray-coating/drying cycle was repeated a total of
5 times. In the case where the process atmosphere was controlled, the samples were placed in a custom
chamber that was purged with nitrogen for 45 seconds. The photonic sintering treatment (Novacentrix Pulse-
Forge 1200) comprised pulse energies ranging from 3107 to 12867 mJ/cm? and between 1 and 6 pulses were
delivered.

Material characterization

The thickness and morphology of the printed Zn patterns were characterized using a laser scanning confocal
microscope (Keyence VK-X1000). The microstructure of the lines with different treatments was inspected by
SEM (JEOL JSM-7500TFE). For SEM inspection of sintered Zn thick films, printed patterns were cleaved after
rapid cooling in liquid nitrogen. The resistance of the Zn lines was measured using a tabletop multimeter
(Keysight 34401A). To avoid contact resistance effects, 4-wire measurements were performed with custom
Kelvin probes. For bending tests, Zn lines were stencil-printed, sintered, and encapsulated as described above
if required, the outlines of the samples were laser-cut and the samples were peeled off from the silicon wafer.
A custom setup consisting of clamps and a linear motor was used. The adhesion test was performed according
to ASTM F1842-15, on 2 x 2 mm? sintered Zn squares on polyimide, paper and PLA. For the degradation
tests, Zn lines were fabricated as described above and soldered to the pads of ZIF connectors using silver
epoxy (Epotek E4110). The connection was encapsulated in epoxy resin and the samples were released and
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placed in phosphate-buffered saline at 37 °C, while the resistance values were measured with a data logger
switching unit (Keysight 34970A).

Temperature coefficient of resistance measurements

Zn resistors were patterned by screen printing and sintered using the two-step process presented above. The
resistance was monitored continuously with a digital multimeter (Keysight 34401A), and reference temperature
was acquired using a commercial sensor (Sensirion SHT4x). The temperature was varied in a custom-made
chamber (or a plastic vial in the case of experiments conducted in PBS) with the help of a hot plate.

Pressure sensors fabrication and characterization

The different designs for the pressure sensors were printed with a laser-cut stencil and treated with the afore-
mentioned sintering process. POMaC was synthesized as previously described. Maleic anhydride, citric acid
and 1,8 octanediol (all from Sigma-Aldrich) were mixed at a molar ratio of 3:2:5 in a three-necked flask. The
mixture was heated to 160 °C (under nitrogen flow and 200 rpm stirring) until the reagents were fully melted
and then reacted at 140 °C for 3 hours. The pre-polymer was dissolved in THF and purified by drop-wise
purification in DI water, decanted and dried. The pre-polymer was mixed with 5 wt% of the photoinitiator
Irgacure 2959. The POMaC pre-polymer/photoinitiator mixture was then blade-cast with a gap of 500 pm and
a speed of 3 mm/s and cured under UV (Proma 140001, 60 W, 365 nm) for 20 minutes. The outlines of the
sensors were then cut with a laser engraver (Trotec Speedy 300), they were then gently peeled from the silicon
wafer, folded, and cured at 80 °C for 48 h. Concerning the sensor behavior, uniaxial pressures were applied
with a pull-tester (Instron 3340) and the capacitance values were recorded using an LCR-meter (E4980A) at
2 MHz. For reference, the Young’s modulus of the POMaC was measured with a standard stress-strain test
(ASTM D412) and the relative permittivity was estimated by measuring the capacitance of POMacC layers in a
parallel plate capacitor configuration with sputtered gold electrodes. In the case of the wireless Zn sensors,
the S11 coefficient was measured with a vector network analyzer (NanoVNA V2) with the aid of a custom-
made reader coil (silver on FR4). The resonant frequency of the sensor was extracted with a custom script
algorithm written in python.

Wirelessly powered circuit

A similar fabrication process to the one described above for the wireless pressure sensors was used. POMaC
was used as a bonding layer and was separately blade-cast on a silicon wafer with a polyacrylic acid sacrificial
layer. The POMaC was cured under UV, laser-cut, released in DI water, and laminated on the bottom half of
the PLA coil. The top half was limited onto the POMacC layer after filling the vias with silver epoxy, and the
assembled sensor was cured at 80 °C for 48 h to allow the POMacC to fully polymerize. Finally, the SMD
components (green LED and 470 pF capacitor) were connected to the Zn lines using the Zn ink described
above mixed with 10 vol% acetic acid.
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Figure S3.1: Electrical conductivity of lines treated by electrochemical acetic acid sintering as a function of the weight of
PVP per weight of Zinc in the solution.
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Figure S3.2: Pulses delivered by the PulseForge 1200 photonic sintering lamp as a function of lamp voltage, given as
irradiance during the pulse delivery time.
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Figure S3.3: Electrical conductivity of the hybrid sintered Zn traces from this work compared to the conductivity of bulk zinc
and to examples from the literature for printed zinc using different sintering methods.
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Figure S3.4: Study on profile geometry and microstructure for sintered screen-printed traces. (a) Area and average height
of screen-printed profiles after printing, acetic acid sintering, and photonic sintering. (b) SEM cross-section of sintered Zn
on polyimide, after freezing in liquid nitrogen and cutting. The sintering and agglomeration of the particles are gradual and
localized, particularly in the top 5-10 pm.
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Figure S3.5: Peel test according to ASTM F1842-15 on polyimide, paper and polylactic acid substrates. The sintered zinc
layer demonstrated good adhesion properties with the substrates with a classification ranging from 5B to 4B. In the case
of paper, the surface part of the substrate peeled during the test, and the zinc layer remained attached to the paper.
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Figure S3.6: Optimization of the hybrid sintering process for paper substrates. (a) Conductivity measured from printed Zn
resistors on paper after hybrid sintering, as a function of flash energy and number of pulses. (b) Zn tracks on paper con-
nected to an LED.
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obtained with hybrid sintering decreases the impact of the zinc reoxidation on the electrical conductivity.
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Figure S3.8: Relative change of resistance for Zn lines on PLA after hybrid sintering in air over a period of 31 days, with
and without encapsulation.
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Figure S3.9: Bending of a printed and encapsulated Zn resistor on PLA (50 x 0.5 mm) at different bending radii. All scale
bars are 20 mm.
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Figure S3.10: Temperature behavior of Zn lines as a function of the sintering process. (a) Heating and cooling of acid
sintered only Zn resistor. (b) Heating and cooling of hybrid sintered Zn resistor. (c) Change of resistance with respect to
difference from room temperature for a lamp voltage of 250 V and 3 pulses applied.

51



Chapter 3: Zinc hybrid sintering for printed transient sensors and wireless electronics

2.50 DMSO-d6

—1.58

3.5
1 (ppm)

Figure S3.11: *H-NMR for the synthetized POMaC pre-polymer. 'H NMR spectra were recorded on a Bruker AVANCE-
400 Ultra Shield instrument at room temperature using (CD3)2SO as solvent. *H NMR chemical shifts are reported relative

to the residual proton signal of the solvent.
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Figure S3.12: Real-time data processing for the Si11 data of pressure-sensitive wireless circuits. (a) Return loss (Si1) of
typical transient wireless pressure sensors. (b) 5"-degree polynomial fit used to smooth the resonant frequency signal. (c)
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The Si1 signal and corresponding resonant frequency during application of a calibration force signal, without polynomial fit
smoothing. (d) The same data with the polynomial fit smoothing.
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Figure S3.13: Peak-to-peak recorded voltage at the secondary coil (degradable power receiver) as a function of the dis-
tance to the primary coil.
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Electronic waste has become a pressing issue, necessitating sustainable solutions for the disposal of elec-
tronic devices. While the development of environmentally degradable electronics has gained attention, the
fabrication of stable and performant sensors from biodegradable materials remains challenging. We present
printed degradable resistance temperature detectors (RTDs) based on the photonic sintering of a zinc micro-
particles ink on a cellulosic substrate. Efficient sintering is attained via a two-step process involving electro-
chemical oxide removal and pulsed light exposure using a xenon lamp. By optimizing the pulse energy and
pulse count, we obtain highly linear zinc-based RTDs with a high temperature coefficient of resistance (TCR).
The printed zinc reaches a TCR value of 3160 ppm/K, which represents about 80 % of the value of the bulk
material. The dynamic response of the sensors in a range from -20 to 40 °C closely matches the temperature
signal recorded by a commercial sensor. The encapsulation of the screen-printed sensors on paper substrate
with a biodegradable beeswax coating ensures protection against the interference of moisture. These printed
RTDs, fully made of degradable materials, pave the way to the cost-effective manufacturing of eco-friendly yet
performant sensors for environmental monitoring.
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4.1 Introduction

Precise monitoring of ambient temperature is of critical importance for numerous applications in the agriculture,
supply-chain, manufacturing, and health care domains [247-250]. Temperature also often needs to be meas-
ured for calibration purposes for other types of sensors exhibiting temperature-dependent responses [251—
254]. Several sensor designs have been leveraged for various applications and temperature ranges, including
negative temperature coefficient (NTC) thermistors, resistance temperature detectors (RTDs), thermocouples
or semiconductor-based sensors [255]. RTDs present the advantage of being based on simple resistive de-
vices that can be reliably microfabricated. Their current challenges center around their integration in novel form
factors, such as catheters, bioassays, microrobots and wearables [251,256—258]. However, with the increasing
number of connected smart objects and sensors in relation to the development of the internet of things (1oT),
concerns about electronic waste generation are being raised. As a consequence, more eco-friendly solutions
are urgently needed for the manufacturing and disposal of ubiquitous electronic components. Transient elec-
tronics, i.e., circuits or devices that can degrade in a specific environment after their desired period of use
without generating harmful byproducts, hold promise to address this challenge [2,3,26]. Due to their increased
reactivity and lack of stability when exposed to solvents or high temperatures, the fabrication of microelectronic
devices based on degradable materials represents a challenge [67]. Methods to deposit functional layers onto
sensitive transient substrates have ranged from the use of a silicone stamp to transfer electronic circuits on
the polymeric substrates [1], to shadow-mask deposition techniques to avoid the use of photolithography [147].
These methods have been leveraged to manufacture degradable temperature sensors based on magnesium
[21] and silicon nanomembranes [124]. More recently, additive manufacturing methods have emerged as a
promising alternative to address this challenge [2]. Printing allows for a more sustainable fabrication process
as only the necessary amount of material is deposited, the use of energy-intensive clean room infrastructure
and processes is limited or avoided, and scaling up over large area is possible [2,160]. Printing techniques
have been leveraged for the production of transient temperature sensors, predominantly based on carbon
materials [108,259,260]. However, metal-based RTDs are well established and present advantages (high sta-
bility, conductivity and temperature coefficient of resistance (TCR) [261]), yet the additive fabrication of fully
degradable metal-based sensors remains challenging. In recent years, there has been a focus on developing
annealing methods for printed transient metals that are compatible with degradable substrates, which require
low process temperatures [18,185,219,221]. These efforts have centered around zinc, owing to its wide avail-
ability in micro- and nanoparticles form and its lower melting temperature among transient metals [214]. How-
ever, a printed degradable metallic layer that can serve as resistive temperature sensor for environmental
monitoring or biomedical applications has yet to be demonstrated.

In this work, we present for the first time the additive manufacturing and characterization of a biodegradable
zinc temperature sensor. We study the temperature behavior of zinc metallic films printed on paper substrates
for the development of RTDs made fully of biodegradable materials. Paper is a cellulose-based material that
is recyclable and made of renewable materials [262] and is known to be biodegradable, although the exact
biodegradation properties will depend on the paper composition, the treatment method for the cellulose fibers
and the environmental conditions during degradation [59,60]. Zinc is an ecoresorbable metal [51,263] and
dissolves to zinc oxide and zinc hydroxide in the presence of water [82]. The most commonly used sintering
process for printed zinc relies on the electrochemical interaction between zinc oxide and acetic acid, which
converts the oxide to zinc metal ions [18]. We combine this method with a photonic sintering process, flash
lamp annealing, which consists of delivering high-intensity pulsed light to the printed metal lines [236,264].
This allows to selectively heat the printed patterns with minimal effect on the integrity of the cellulosic substrate.
We study the influence of the sintering process on the electro-thermal characteristics of the sensors. The
application of the optimum parameters enables printed, transient metallic RTDs with a high linearity and TCR.
The effect of ambient relative humidity on the response of the sensors is assessed, and an effective passivation
against moisture is achieved with a beeswax coating. Beeswax is chosen here for its water-barrier properties
and for its biodegradability, which have been thoroughly investigated, notably in soil [50,51]. The encapsulated
sensors are characterized at different ambient humidity levels for temperatures up to 40 °C, demonstrating
their usability as fully degradable eco-friendly environmental sensors.
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4.2 Material and methods

4.2.1 Fabrication

The manufactured zinc RTD on paper substrate is presented in Figure 4.1(d). It consists of a 9.75 mm x 15
mm serpentine resistor with a thickness ranging from 15 to 20 ym and a line width of 250 um. The resistor was
printed from an ink based on Zn microparticles (2 ym average diameter, Sigma Aldrich), polyvinylpyrrolidone
(PVP 360K, Sigma Aldrich) as a binder and 1-pentanol (Sigma Aldrich) as the solvent. The ink was deposited
on the paper substrate (Powercoat XD 200 pm, ArjoWiggins) by screen printing through a steel mesh (Serilith)
using a silicone squeegee and left to dry for one hour (Figure 4.1(a)). After drying, a 10 vol% acetic acid was
applied to the metal traces (Figure 4.1(b)) by spray coating or drop casting, thereby reducing the native zinc
oxide layer, whose high melting point impedes an efficient sintering [18]. After drying the acetic acid solution
on a hotplate for 5 minutes at 60 °C, the samples were placed in a chamber with a glass sapphire window
which was purged with nitrogen. Then, to achieve the sintering of the zinc particles, a 30-millisecond photonic
flash (Novacentrix Pulseforge 1200) was applied, with pulse energies ranging from 5.1 to 7.3 J/cm? (corre-
sponding to lamp voltages between 230 and 260 V), the flash exposure being conducted between one and
three times Figure 4.1 (c)). Higher pulse energies/number of pulses combinations were not considered as
they caused destruction and interruption of the metallic lines. When several energy pulses were used, they
were delivered at a frequency of 0.1 Hz, defined to preserve the sample from overheating. This way, the same
pulse energy can be delivered several times over, reaching for each light pulse approximately the same max-
imal temperature in the metallic layer. For samples that were encapsulated, beeswax (Sigma-Aldrich) was
melted in a water bain-marie at approximately 80 °C and the samples were dip-coated and left to dry.

a) b)

Screen printing Acetic acid dispense

Flash lamp annealing Degradable zinc RTD

Figure 4.1: Fabrication process of the biodegradable RTD. a) Screen printing of the metallic ink. b) Acetic acid spray
dispensing on the printed sensors. c) Photonic sintering step. d) Final sensor after cutting out the paper substrate.
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4.2.2 Samples characterization

In order to characterize the electro-thermal behavior of the RTDs, they were placed on a hotplate with a refer-
ence temperature and humidity sensor (Sensirion, Digital Humidity and Temperature Sensor, Model SHT4x,
operating range: 0-100 %rH, -40-125 °C, relative humidity accuracy: up to £1.5 %rH, temperature accuracy:
up to £0.1 °C, temperature response time: 2 seconds) and were covered (Figure S4.1(a)). The resistance of
the samples was acquired with a tabletop multimeter (Keysight Digital Multimeter 34401A) and the temperature
was set to a specific setpoint (40 °C, 60 °C or 80 °C) until stabilization. After up to 10 minutes, the temperature
reached a plateau and the hot plate was turned off, with the samples being left to cool to room temperature.
In order to disregard different transient thermal behaviors between the reference sensor and the degradable
samples, three steady-state resistance values and the corresponding reference temperatures were extracted
from the recorded data: the initial room temperature values, the values at the setpoint temperature, and finally
values at room temperature after cooling down (Figure S4.1(b)). The behavior of a resistive temperature sen-
sor with a linear behavior is described by the following equation:

R(T) =Ry(1 + a(T — Ty))

From the values listed above, the temperature coefficient of resistance (TCR) a of the sintered zinc samples
and its degree of linearity (in the form of a squared coefficient of correlation) were determined. Further char-
acterization of the samples was conducted in a climatic chamber (Espec Bench-Top Type Temperature &
Humidity Chamber SH-661), in which humidity and temperature can be controlled, and the resistance value
was recorded with a data acquisition system (Keysight Data Acquisition/Data Logger Switch Unit 34970A).
The humidity was varied between 30 and 70 %rH in steps of three hours and the temperature between 20 and
40 °C in steps of one hour. For cooling experiments from room temperature to 0 °C and -20 °C, the samples
were placed with the aforementioned reference temperature sensor between ice packs and in a Liebherr
FreezeSafe 8260 freezer, respectively.
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4.3 Results and Discussion

4.3.1 Influence of flash annealing parameters on temperature behavior
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Figure 4.2: Influence of the flash energy and number of pulses on the linearity and repeatability of the temperature response
of zinc resistors (n = 3). a) Relative change in resistance with respect to change in temperature for different sintering
parameters. b) Room temperature resistance as a function of sintering parameters. c) TCR as a function of sintering
parameters.

The flash lamp annealing approach was investigated and optimized to obtain printed transient zinc metal traces
with electro-thermal properties that are applicable to temperature sensing. Figure 4.2 shows the influence of
the flash lamp parameters (flash photonic energy and number of pulses) on the temperature behavior of the
metallic sensing layer. The relative change in resistance is reported with respect to the change in temperature
in Figure 4.2(a), this for different photonic treatments ranging from no photonic pulses applied (on the left) to
increasing pulse energy (5.1 J/cm? to 7.3 J/cm?) and number of pulses (to the right). For each sintering treat-
ment, a squared correlation coefficient (r?) is shown. The temperature response of a zinc sensor that was
sintered only electrochemically (no photonic sintering) is shown in Figure 4.2(a), on the left. As can be ob-
served, when only electrochemical sintering is used, the RTDs response exhibits a non-linear behavior and a
change of baseline resistance. Different competing effects taking place in the zinc layer can potentially explain
this unstable behavior and irreversible changes in electrical conductivity. On one hand, raising the temperature
of the sensor accelerates re-oxidation of the Zn particles, which may convert the bridges formed between the
particles [265] to zinc oxide and reduce conductivity. On the other hand, heating up the resistor during testing
may favor evaporation of acetic acid or water residues in the highly porous layer [18], in this case causing an
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permanent increase in conductivity. Finally, the presence of polymeric binder in the layer may lead to unstable
temperature behavior, as it is known that the purity of the metal layer is paramount for a linear sensing behavior
[261]. This can be seen in scanning electron microscope images of the samples, where binder and/or acid
residues can be observed around the zinc microparticles after the acetic acid treatment (Figure S4.2, on the
left).

Flash lamp annealing was therefore applied to achieve sintering of the zinc film and stabilize its electro-thermal
response. If sufficient energy is delivered during the photonic treatment (as determined by the combination of
pulse intensity and number of pulses), the temperature response drastically changes to a linear behavior with
minimal hysteresis, as can be seen in Figure 4.2(a), on the right. When applying a single pulse, at lower pulse
energies (below 5.8 J/cm?) the temperature response of the zinc layer remains similar to what was obtained
with electrochemical sintering only, indicating that the sintering remains incomplete. For one pulse applied,
there is a threshold point between 5.8 and 6.6 J/cm?2 where the temperature response of the sensor becomes
highly linear. At the lower pulse energy of 5.8 J/cm?, processing the samples with three light pulses results as
well in a linear temperature response with the squared correlation coefficient r2 increasing from 0.2568 to
0.9949. Applying three pulses for a pulse intensity of 6.6 J/cm? only slightly improved the linearity of the re-
sponse to temperature compared to the use of a single photonic pulse for which the linearity was already high.
However, applying three pulses at 7.3 J/cm? caused excessive damage to the zinc layer, resulting in broken
resistors. In summary, a drastic shift in the electro-thermal behavior of the zinc films in terms of linearity is
observed when sufficient energy is delivered by the flash annealing treatment, suggesting that the microstruc-
ture of the films has been stabilized, as could be expected from literature [266]. The change in electro-thermal
behavior when delivering more energy during flash lamp annealing can be explained by the metallic layer
reaching a temperature high enough to cause sintering and densification of the particles film [185]. As a con-
sequence of the increased cohesion between the particles, the porosity of the film is reduced and the influence
of the corrosion in ambient air becomes less important, resulting in more stable RTDs, whereas, in insufficiently
sintered films, the limited bridges between particles may be rapidly oxidized with increasing temperatures.
Moreover, the elevated temperatures during photonic sintering can cause decomposition of the organic binder,
leading to a more homogeneous metallic layer [239,267] with less impurities, which is associated with a higher
temperature dependance of the resistivity [268]. This can also be seen in the SEM images of the zinc layer
(Figure S4.2), where a treatment of three pulses of 6.6 J/cm? causes particle fusion and growth and removal
of polymeric residue. In parallel, this particles growth results in a decrease of the grain boundary density in the
film [269], which can reduce scattering effects and improve temperature sensitivity [270,271]. In summary, the
influence of the photonic sintering energy delivered on the temperature response of the printed zinc resistors
is thought to be multifactorial, where more effective sintering can lead to increased particle cohesion, reduced
grain boundaries and higher homogeneity of the film, contributing to the higher TCR value and the more stable
behavior observed.

The sensitivity of the temperature detector scales with the temperature coefficient of resistance of the metal,
but also with the initial resistance of the RTD. Increasing the sintering energy causes a decrease in electrical
resistivity by one to two orders of magnitude, which translates in an average resistance value going from 1283
Q for electrochemical sintering alone, down to 48.3 Q when the highest total energy is delivered (3 light pulses
of 6.6 J/cm?) as seen in Figure 4.2(b). On the other hand, the benefit and necessity of using higher energy for
the sintering on the RTDs characteristics is clearly seen with an increase in the TCR value, and the linearity
and reproducibility of their response. This can be visualized in Figure 4.2(a) as well as in Figure 4.2(c) which
display the average and standard deviation of the TCR of the individual sensors. We see that increasing the
sintering energy results in high TCR values for the zinc tracks and that the variability between sensors de-
creases, making the zinc resistors applicable for stable temperature measurements. Among the set of param-
eters tested, the TCR reaches a maximal value of 3630 + 220 ppm/K for one pulse of 7.3 J/cm?, very close to
the one of bulk zinc at 3850 ppm/K [241], while 6.6 J/cm?, with 1 and 3 pulses, led to a slightly inferior TCR of
respectively 3380 and 3050 ppm/K.
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Figure 4.3 Dynamic behavior of the temperature sensors. a) Change in resistance of the zinc traces under cycling between
room temperature and 60°C for three different photonic sintering sets of parameters. b) RTDs calibration curve after sin-
tering with optimal parameters. c) Sensor response (blue) and reference temperature (orange) for different variations in
temperature. d) Staircase response of the sensor (blue) compared to a commercial sensor (orange).

Further characterization experiments were conducted on zinc samples exposed to the flash parameter combi-
nations yielding the best electro-thermal characteristics: 1 pulse and 3 pulses at 6.6 J/cm?, and 1 pulse at 7.3
J/lcm2. When tested up to a temperature of 60°C, the RTDs that were treated with three pulses of light of 6.6
J/cm? show a slightly more reproducible and reversible behavior between samples (Figure S4.3). The stability
of the devices was further assessed by cycling the temperature five times, starting from room temperature and
going up to a setpoint of 60 °C to, finally, let them cool down to room temperature again. The sensors that
were sintered with three repeated pulses show a more repeatable signal and suffer little baseline drift (Figure
4.3(a)). The highest pulse energy applied (7.3 J/cm?) yields the worst behavior in terms of baseline stability,
consistent with the aforementioned hypothesis that some damage is caused to the metallic layer. The use of
a multi-pulse treatment appears to enhance sintering while avoiding excessive damage to the zinc layer. In
conclusion, the use of three pulses with an intensity of 6.6 J/cm? was deemed to be optimal for the fabrication
by printing of degradable Zn RTDs on paper. As a caveat, the optimum flash lamp annealing conditions will
vary depending on the layout and thickness of zinc pattern to be sintered and the substrate used, as all of
these parameters will impact the temperature distribution across the metallic layer during sintering and there-
fore the optimal light pulse parameters [272].

As a demonstration, temperature sensors are manufactured with these optimized parameters (i.e., 3 pulses of
6.6 J/cm?) and their response to temperature are shown in Figure 4.3(b-d). The response of the sensor is
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highly linear as a function of temperature with a TCR value of 3160 + 130 ppm/K is obtained (Figure 4.3(b)),
over a range of temperatures from -20°C to 40°C. The dynamic measurements conducted at temperatures
found in the context of refrigeration and congelation, at 0 °C and -20 °C respectively, can be found in Figure
S4.4, as this is relevant for application related to supply-chain monitoring. The sensors are able to precisely
track variations in temperature and display low hysteresis, as can be seen in Figure 4.3(c) as well. The time
dynamics of the step response of the sensors are also comparable to commercial sensors (Figure 4.3(d)).

4.3.2

A common issue with the use of degradable materials such as zinc for electronics is their sensitivity to water
[67,221], which may reduce their performance and stability as sensors. To investigate the influence of ambient
humidity on the sintered metallic layer, we first fabricated zinc resistors on a 125 ym polyimide film (PI), which
shows limited water absorption. The resistance values for these zinc tracks printed and sintered on Pl shows
a relative change of between 2 and 5 % when humidity is varied between 30 and 70 %rH, as shown in Figure
S4.5. When measuring the resistance of zinc tracks on paper, while varying the ambient humidity between 30
and 70 %rH at a constant temperature of 20°C, variations in resistance of up to 15 % are registered. This
results from the water interaction both in the zinc metallic layer and the paper substrate, which may swell and
generate a mechanical load in the zinc layer. For both types of substrates, the changes in resistance are
maintained after the humidity level has been lowered back to 30 %rH, which may be due to water remaining
in the porous layers or partial degradation of the conductive layer in a humid environment, or microcracks
having formed in the metallic layer. The relative change in resistance is greater when the zinc layers are printed
on a paper substrate, which suggests that stable sensors can only be reached by fully encapsulating them
against humidity. It can also be noted that the influence of the ambient humidity is more important at a higher
temperature (as seen in Figure S4.5, on the right), due to the higher absolute humidity content.
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Figure 4.4: Effect of beeswax encapsulation on the interference of humidity. Relative change of resistance (top graphs)
when varying ambient humidity while keeping the temperature at 20 °C (bottom graphs), in the case where: a) the sensors
are not encapsulated and b) the sensors are encapsulated with beeswax (n = 3).

We chose to passivate the temperature sensors with beeswax, which, while being a biodegradable and eco-
friendly material [273], demonstrates excellent water-barrier properties. Beeswax is already used in food-safe
coatings for the preservation of fruit [274—276] and can be applied by dip-coating after heating above its melting
temperature of 61-65 °C. To confirm the barrier properties of the coating, the passivated sensors were sub-
jected to the same ambient humidity cycle, as shown in Figure 4.4. The RTDs display little to no sensitivity to
humidity, with an average relative change of resistance of 0.47 % after cycling the humidity between 30 and
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70 %rH. The behavior of the encapsulated zinc sensors on paper was further tested at temperatures up to 40
°C while maintaining a constant relative humidity, the results being shown in Figure 4.5. The sensors respond
similarly to the temperature changes, mostly independently of the humidity level, and the exhibited temperature
sensitivity corresponds to the TCR that was previously determined without encapsulation. This result highlights
the applicability of the manufactured degradable sensors for supply chain monitoring or digital agriculture pur-
poses. One should notice that some drift is observed at the highest humidity level, especially when the tem-
perature approaches 40°C. This evidences that improvements on the temperature resilience of the beeswax
coating is required to push the operating temperature limits of the sensors.
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Figure 4.5: Temeprature sensing at different humidity levels. Relative change of resistance (top) under varying temperature
(bottom) for beeswax-encapsulated sensors at various relative humidity levels: 30 %rH (left), 50 %rH (middle) and 70 %rH
(right) (n = 4).

4.4 Conclusions

In this work, we show the fabrication and characterization of the first fully printed temperature resistance de-
tector made of degradable metal. The sensors exhibit a linear behavior, with a temperature coefficient of re-
sistance that reaches 80 % of that of bulk zinc, and low hysteresis. To this end, a flash lamp annealing process
was leveraged and the influence of the photonic pulse energy as well as the number of pulses delivered on
the RTDs electro-thermal characteristics was investigated. For this specific layer stack configuration, it was
demonstrated that zinc RTDs exhibited a linear temperature response (r2 > 0.99) when subjected to higher
pulse energies and pulse counts above the intensity threshold of 5.8 J/cm?2. This outcome is likely attributed to
a modification of the microstructure of the zinc layer, allowing to minimize the effect of reoxidation in air and
corrosion by water vapor, as well as increased crystallinity and purity of the film after the sintering process.
Sensors fabricated with optimized process parameters (3 pulses at 6.6 J/cm?) were successfully operated at
temperatures ranging from -20 °C to 40 °C, exhibiting a dynamic response which is comparable to that of a
commercial sensor. Finally, the implementation of a beeswax coating as encapsulation enabled a reliable
operation of the RTD sensor under varying ambient humidity levels, with an unaffected response in the range
of 30 to 70 %rH. The sensors, made entirely from biodegradable materials, were shown to function within a
temperature range compatible with supply chain monitoring, smart farming and generally applications that may
require monitoring of the ambient temperature for a limited period of time. Further developments may include
the integration of these RTDs in a fully wireless and biodegradable sensor tag. Finally, this process for zinc
could be implemented in the additive fabrication of bioresorbable electronics embedding temperature sensors,
systems that will degrade in the body without releasing harmful byproducts.
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4.5 Supporting information
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Figure S4.1: Measurement setup and data extraction for the assessment of the degradable RTDs. a) Experimental setup
where the degradable RTD and a reference temperature sensor are placed on a hot plate. b) Representative response
from a degradable RTD (blue) and reference temperature (orange), where the points in which the data is extracted for
further analysis are highlighted.
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Figure S4.2: SEM images of the zinc layer after different photonic treatments: only electrochemical sintering by application
of acetic acid (left), 1 light pulse of 5.8 J/cm? (middle) and 3 light pulses of 6.6 J/cm? (right).
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Figure S4.3: Relative change in resistance with respect to change in temperature for different sintering parameters, at
room temperature, 40 and 60°C (n = 3).
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Figure S4.4: Relative change of resistance for temperatures below room temperature. Sensor response (blue) and refer-
ence temperature (orange), when cooling the sensor down to 0 °C (a) and -20°C (b).
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for Zn resistors printed on polyimide and without encapsulation, with an ambient temperature of: a) 20 °C and b) 40 °C (n
=3).
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Transient electronics hold promise in reducing electronic waste, especially in applications that require only a
limited lifetime. While various degradable electronic and physical sensing devices have been proposed, there
is growing interest in the development of degradable biochemical sensors. In this work, we present the devel-
opment of an organic electrochemical transistor (OECT) with degradable electrodes, printed on an eco- and
bioresorbable substrate. The influence of the design and materials for the contacts, channel and gate of the
transducer, namely poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) and carbon, is
systematically evaluated for the development of OECT-based transient biosensors. The sensing capabilities
of the electrochemical transistors are demonstrated with ionic solutions as well as for the enzyme-based de-
tection of glucose. The disposable OECTs show comparable performance to their non-degradable counter-
parts. Their integration with highly conductive degradable and printable zinc tracks is studied for the realization
of interconnects. These eco-friendly OECTs may find applications as disposable and sustainable biochemical
sensors, and constitute a step towards bioresorbable biosensors.
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5.1 Introduction

In recent years, interest in seamless, low-cost and reliable biosensors has been steadily increasing, targeting
applications in point-of-care testing [277,278], continuous monitoring through wearables [279,280] or im-
planted biosensors [281]. In this context, organic electrochemical transistors (OECTSs) have emerged as a
promising alternative to potentiometric, amperometric or ISFET-based sensors [282]. Recent interest in
OECTs has been motivated by their compatibility with mechanically compliant substrates [283], high transcon-
ductance [284], reference-free operation [285] and simplified microfluidic integration [23]. Precise monitoring
of various analytes has been demonstrated leveraging the high signal amplification properties of OECTSs. Ex-
amples include the sensing of pH [286], electrolytes such as sodium and potassium [287], metabolites includ-
ing glucose and lactate [288] or neurotransmitters such as dopamine or epinephrine [289,290]. OECTs consist
of three terminals (source, drain and gate). The source and drain contacts are usually fabricated with metals
such as gold or silver and the channel consists of a conductive polymer layer connecting the source and the
drain. The channel is most often based on poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PE-
DOT:PSS) [291], although other materials such as polypyrrole have been explored [284]. A variety of materials
have been used to fabricate the gate electrode, although silver/silver chloride or platinum are the most common
choices for gate fabrication [284]. The gate and channel are in contact with an electrolyte (in liquid or gel form)
and cations from the electrolyte diffuse into the channel if a positive gate potential is applied, and de-dope the
conductive polymer by compensating the anions of the PSS dopant. This relatively simple architecture is com-
patible with planar designs and high-density integration into microfluidic systems or complex organic electron-
ics circuits [292].

Advantageously, the fabrication of OECTSs, in particular of the conductive channel, is compatible with solution-
based fabrication methods and additive manufacturing, enabling cost-efficient manufacturing and rapid proto-
typing on flexible substrates [23]. This opens new possibilities in terms of the combination of materials that can
be used in the manufacturing of OECTs, in particular the use of degradable materials. Degradable electronics
refer to electronic systems and components that can degrade in an environment of interest spontaneously, in
a controlled amount of time, and without releasing byproducts that are harmful to that environment [26]. With
concerning amounts of electronic waste being generated, as well as exploding numbers of connected Internet
of Things (10T) devices [293], there is growing interest in transient electronic systems with a service life of a
few days to a few months. Although advances have been made in the manufacturing of fully degradable func-
tional devices, i.e. antennas [214], batteries [229] and physical as well as environmental sensors [108,294],
investigations into degradable biosensors remain relatively limited [8].

Advances have been made in proposing new materials for the OECT terminals, in particular the gate electrode,
as its properties play a key role in modulating the transistor’'s behavior. While Ag/AgCI gates offer the ad-
vantage of being non-polarizable, Au gates present little electrochemical activity in the range of voltages typical
for OECT-based biosensing. Au and PEDOT:PSS gates have been explored for OECT-based biosensors, with
the advantage of expanding the possibilities for bio-functionalizing the gate electrode [295,282]. PEDOT:PSS
gates and contacts have been investigated, simplifying notably their manufacturing [203]. An all-PEDOT:PSS
OECT was presented and shown to measure dopamine concentrations reliably and specifically [296]. Various
forms of carbon have also been investigated for the realization of gate electrodes for OECTs [284]. Activated
carbon gates, for example, showed increased drain current modulation due to the large specific surface area
of the carbon material [285]. Recently, screen-printed carbon-gated OECTs were shown to be suitable for the
detection of uric acid after functionalization of the carbon gate with platinum and Uricase [297]. Transient or
recyclable materials such as paper [203] have been proposed as substrates for OECTSs. Polylactic acid (PLA)
[63] and Poly(lactic-co-glycolic acid) [154] (PLGA) have been studied as degradable substrates for OECTS, as
well as diacetate cellulose [155]. These studies, however, relied on non-degradable contacts for the operation
of the printed OECTs. More recently, Khan et al. proposed a fully printed OECT on cellulose acetate (CA) for
the selective detection of glucose [298]. The OECT is made of degradable materials and CA is a biocompatible
material that is suitable as a substrate for transient biosensors.

In this work, we present disposable and biocompatible OECTs based on carbon, PEDOT:PSS and PLA as
substrate. Challenges in the fabrication of transient electronic devices come from the low-temperature
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tolerance [26] of biopolymeric substrates and reaching adhesion of the PEDOT:PSS channel material on the
biopolymer [102], which is often deposited from an aqueous solution. A fully additive fabrication process is
developed to address these challenges, leveraging screen and inkjet printing. The influence of the gate mate-
rial choice, as well as the gate geometry, are studied, and these parameters are optimized for the fabrication
of transient OECTs for ions and metabolite sensing. The transistor characteristics of the devices as well as
their sensing behavior and reproducibility are characterized. Finally, the degradable OECTs are integrated
with highly conductive transient zinc metal traces, which are of interest for interconnection with other degrada-
ble electronic circuits and could allow, for example, the wireless operation of the biochemical chemical sensors
[299].

5.2 Results and discussion

5.2.1 OECTs design and materials

The disposable electrochemical transistors presented in this work are entirely fabricated with environmentally
benign and biocompatible materials. The materials used in these devices are amenable to the manufacturing
of transient biosensors. Carbon and PEDOT:PSS were chosen in order to respect the aforementioned criterion,
and the specific materials combinations are optimized here for two applications: ion sensing and glucose de-
tection. These two analytes rely on different sensing mechanisms, namely diffusion of cations into the con-
ducting channel versus glucose oxidation reactions generating hydrogen peroxide and catalyzed by glucose
oxidase [282].

Figure 5.1(a) shows the configuration of the carbon-gated and PEDOT:PSS devices, as described above, as
well as the contacts (gate, source and drain) and the voltages that mediate the transistor behavior. A PE-
DOT:PSS-gated device is shown on the left and a device with a carbon gate on the right. The channel has an
effective length of 3 mm and a width of 1 mm, resulting in a W/L ratio of 1/3. The gate geometry, in particular
the area ratio between the gate and the channel, was varied. The contacts and channel are arranged in a
planar configuration, as this allows for easier microfluidic integration. An optical image of such a device, in this
case with a PEDOT:PSS gate electrode is shown in Figure 5.1(b). Based on the measurement to be per-
formed, the test solution was contained either in a polymethylmethacrylate (PMMA) reservoir or a microfluidic
channel (Figure 5.1(c)), which was fabricated from laser-cut polydimethylsiloxane (PDMS) and polyethylene
terephthalate (PET).

As mentioned above, the materials considered in this work to fabricate the transistors are carbon and PE-
DOT:PSS. Carbon inks have been shown to be degradable in a standard compost [109] and considered to be
compatible with implanted use [300]. Moreover, carbon and carbon allotropes in general are of interest for
enzymatic detection of molecules due to their high surface area and electron transfer rate [301]. PEDOT:PSS
is a biocompatible material [63], has been observed to break-down in moist environments [101], and is con-
sidered environmentally benign [302]. The contacts of the OECTs are formed with a screen printable carbon-
based paste. The carbon paste is obtained by mixing graphite flakes, carbon black, pentanol and shellac as
described in work by Poulin et al. [55]. This formulation was chosen for the water insolubility of the shellac,
allowing the contacts to operate in humid environments. The carbon contacts for the source and drain have a
resistance of 44.2 + 5.3 Q. The channel is fabricated by inkjet printing of a water-based PEDOT:PSS solution,
as well as the gate in some configurations. The conductive polymer solution is modified with dimethyl sulfoxide
(DMSO0), which has been shown to increase PEDOT:PSS conductivity by enhancing PEDOT:PSS cohesion
and the creation of PEDOT:PSS-rich domains [303,304], as well as favor stable printing due to its low volatility
[305]. The inkjet-printed PEDOT:PSS channel has a thickness of 0.50 + 0.05 um and a resistance of 1.54 +
0.06 kQ (n = 3). The gate electrode is constituted of a carbon contact, which is extended as a gate in some
experiments or is in contact with a PEDOT:PSS gate in a second configuration, as seen in Figure 5.1(a). The
fabrication process flow is shown in Figure 5.1(d). The degradation of the devices is qualitatively assessed
with a degradation test in soil at 55°C (Figure 5.1(e)), as previously used for assessing the degradation of PLA
substrates [306]. The devices do not undergo visible physical degradation until the third week, when PLA is
observed to become opaque and crack, and PEDOT:PSS to break down and fragment. After a month of
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degradation, the PLA substrate as well as the carbon contacts have separated in smaller pieces and the PE-
DOT:PSS channel is almost entirely broken down.
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Figure 5.1: Design and fabrication of the degradable OECTSs. a) Layout of the two OECT designs (PEDOT:PSS-gated and
carbon-gated). b) Picture of a PEDOT:PSS-gated device. c) Recording setups used in the experiments: PMMA reservoir
(top) and microchannel (bottom). d) Fabrication process for the additive manufacturing of degradable OECTSs: (i) PLA
substrate casting and surface modification, (ii) carbon paste stencil printing and curing and (iii) inkjet printing of PE-
DOT:PSS channel and curing. €) Degradation of a transient device in soil at different timepoints.

5.2.2 Influence of gate material and geometry

Degradable materials, unsurprisingly, often exhibit higher reactivity in aqueous solutions [26], and thus, we
look at the influence of carbon and PEDOT:PSS as gate material on the electrical characteristics of the tran-
sistors. This was first evaluated on an inert polyimide (PI) substrate to avoid potential influence from the bio-
degradable substrate on the OECTs behavior when in an aqueous solution. Indeed, as can be seen in Figure
5.2(a) on the left, an OECT with carbon contacts and Ag/AgCI gate electrode displays a very similar behavior
as OECTs with the same geometry and channel characteristics seen in the literature [284]. The transconduct-
ance maximum is observed at a Vgs of approximately -200 mV and a transconductance of 0.389 mS is obtained
as seen in Figure 5.2(b), showing the drain current as a function of the gate voltage as well as the transcon-
ductance. The transconductance peak for Ag/AgCl gated OECTs is usually found at gate voltages around 0
V, however negative values of a few hundreds of millivolts have been observed in the literature [287,307], in
particular when the resistance of the contact was negligible with respect to the resistance of the channel [308].
An explanation for this behavior has been proposed by Paudel et al. [309]. With lower (more negative) source-
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drain voltages (Vasis -600 mV in our case), more cations accumulate at the drain electrode, partially de-doping
the channel and causing transistor pinch-off at lower (more negative) gate voltages.

The surface properties of the gate electrode are of importance in the transistor behavior achieved. Indeed,
contrary to silver/silver chloride (Ag/AgCl) electrodes, which are non-polarizable and operate in a Faradaic
regime, polarizable materials such as the ones under consideration here will cause the gate to operate in a
capacitive regime [307]. As a consequence, the specific surface of the gate, which has an influence on the
double-layer capacitance between the gate and the solution, will affect the transistor behavior [310]. The be-
havior of the transistors was assessed by measuring their output (drain current lss — drain voltage Vus) and
transfer characteristics (drain current lss — gate voltage Vgs) as well as calculating their transconductance (gm
= dlas/OVys). We first look at the influence of the gate material for a fixed geometry and compare it with devices
where an Ag/AgCl gate is used. When changing from a non-polarizable Ag/AgCl gate to a polarizable PE-
DOT:PSS gate, the de-doping behavior is less evident than for an Ag/AgCI gate and happens at higher gate
voltages (~400 mV, 0.276 mS), in agreement with previous investigations [285,307]. With the carbon contact
as the gate material, a similar behavior to the PEDOT:PSS gate is observed, with a transconductance peak at
700 mV and which reaches a value of 0.376 mS. Although the capacitance of the carbon gates is larger than
that of the PEDOT:PSS gates (see Figure S5.1), the carbon-gated OECT does not show markedly more
efficient modulation and only slightly higher transconductance. This could be due to the capacitance of the
system being dominated by the channel [291], as these measurements were conducted with large gates, as
well as batch-to-batch variations in the fabrication.

As a further step, we looked at the effect of the gate geometry, as the ratio between the gate and channel
areas influences the transistor behavior [311]. For these experiments, we focused on PEDOT:PSS-gated
OECTs and varied the aforementioned area ratio (y = Agate/Achannel) between 0.5 and 2, and the results are
shown in Figure 5.2(c) and Figure 5.2(d). As seen in the drawings of the designs in Figure 5.2(c), the distance
between the gate and the channel also changed, however it has been shown in the literature not to affect the
electrical behavior of OECTs [311,312] or their response dynamics [313] at the distances concerned here. As
can be seen in Figure 5.2(c), the current modulation behavior is more marked for a larger gate relative to the
channel (y = 2). Importantly, a peak in transconductance is reached for lower voltages when a large area ratio
is used (Figure 5.2(d)), as observed in previous research [314]. This is due to the increased capacitance of
the gate with increased area, which reduces the voltage loss at the gate, causing a more efficient modulation
of the channel current [307]. Therefore, this design (y = 2) was chosen for further experiments in order to favor
the operation of the transistors at lower voltages and be farther from the voltage threshold at which water
electrolysis occurs.
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Figure 5.2: Influence of the gate material and dimensions on the behavior of the transistors. a) Output curves for Ag/AgCl,
PEDOT:PSS and carbon gates. b) Corresponding transfer curves (solid lines) and transconductance (dotted lines) for the
gate materials. c) Output curves for different gate area to channel area ratios: (left) larger gate, y=2, (middle) medium gate,
y=1, (right) smaller gate, y=0.5. d) Corresponding transfer curves (solid lines) and transconductance (dotted lines) for the
gate-to-channel ratios.

5.2.3

With an optimized design for OECTs relying on degradable materials, we transferred their processing on a
biodegradable polylactic acid (PLA) substrate. The latter was chosen for its known biodegradability by natural
factors, as well as its relative durability in aqueous environments [306]. It effectively strikes a balance between
degradability and durability, avoiding for instance a large amount of degradation byproducts immediately foul-
ing the response of the transistor as it comes in contact with the analyte solution. However, its hydrophobicity
represents a challenge as the PEDOT:PSS aqueous solution drops deposited by the inkjet printer may not wet
the surface, leading to agglomeration and low-quality prints, or delamination of the channel can occur in aque-
ous media (Supplementary Figure S5.2). To circumvent these problems, we study the surface energy of the
PLA films and compare it with P, before and after the use of an oxygen plasma treatment to chemically activate
the surface. This was assessed by measuring the contact angle of a droplet of DI water with the substrates
and the results are shown in Figure 5.3(a). The contact angle for polyimide substrates considerably decreases
when oxygen plasma treatment is used, from 63.9 £+ 5.4 ° for pristine Pl to 14.6 + 0.7 ° after 120 seconds at
40 W (40 kHz), as seen in Supplementary Figure S5.3. Conversely, the water contact angle decrease for PLA
for the same treatment is less marked, and the substrate remains relatively hydrophobic, with a contact angle
of 45.6 + 2.4 ° after 120 seconds of oxygen plasma treatment. To allow for satisfying printing and adhesion of
the conductive channel, we functionalized the PLA with 3-aminopropyl)triethoxysilane (APTES), an ami-
nosilane allowing it to obtain a more hydrophilic surface. After APTES spin-coating and subsequent oxygen
plasma activation, a contact angle of 16.4 = 3.2 ° is achieved. Another challenge with the use of transient

Integration on a biodegradable substrate
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substrates such as PLA is the preservation of their integrity during post-processing steps involving heat, es-
pecially for extended periods of time. Solution-processed PEDOT:PSS is typically cured at 120 °C [23] for 20
minutes or more. We validated that a curing protocol that is compatible with the degradable substrate (80°C
for 3h) would yield the same transistor behavior as when the standard curing protocol is used. The results
presented in Supplementary Figure S5.4 show that the longer curing protocol is adequate not only in terms of
obtaining a similar channel electrical conductivity, but also transistor behavior for the PEDOT:PSS channel.
This allows to fabricate OECTs with fully transient materials, and their output and transfer characteristics are
shown in Figure 5.3(b) and 3(c) respectively, for a carbon-gated device. A transconductance of 0.247 mS is
achieved, which is comparable with OECTs fabricated on non-transient substrates published in recent works
[291]. It is interesting to note that our ink formulation contains (3-glycidyloxypropyl)trimethoxysilane, which was
originally added to increase to stability of the channel [315]. However, its full cross-linking is only attained when
cured at temperatures above 100 °C [316], and therefore this suggests that the improved adhesion of the
PEDOT:PSS to the PLA is largely provided by the aminosilane layer. Finally, the evolution of the transistor
behavior of the devices in PBS is evaluated by measuring the transfer behavior repeatedly over approximately
one hour, every minute. The results are shown in Figure S5.5, and it is observed that the peak transconduct-
ance for a PEDOT:PSS-gated device decreases by 20% after 60 measurement cycles. Such a decrease of
the current of OECTs has been observed in previous studies and has been inversely linked to the crystallinity
of the PEDOT:PSS film [317].
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Figure 5.3: Surface modification of PLA to enable to fabrication of fully degradable OECTSs. a) Contact angle of DI water
on PLA, with and without silanization and as a function of the time of application of oxygen plasma and in inset: contact
angle before (left) and after surface (right) modification (n = 3 for each treatment). b) and c) Electrical characterization of
the transient OECT on PLA, respectively output and transfer curves.
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5.2.4 Cation sensing experiments

The degradable OECTs were integrated into a simple microfluidic system to allow for the measurement of
decreasing ion concentrations as well as precise control of the ion concentration to which the device is ex-
posed. Prior to measurement, the transistors were flushed with DI water under a gate voltage of 0.6 V for a
total of 15 minutes, adapting a protocol reported in the literature to enhance the stability of PEDOT:PSS-based
OECTs [315]. lonic solutions of NaCl, KCl and CaCls respectively, in deionized (DI) water were used, in con-
centrations ranging from 1 to 100 mM. DI water waws injected into the channel via the inlet, followed by in-
creasing concentrations of the test solution every 240 seconds. Finally, decreasing concentrations of the so-
lution were injected after the same time interval, finishing with a DI water injection. These experiments were
conducted with both PEDOT:PSS-gated, in Figure 5.4(a) and carbon-gated OECTSs, in Figure 5.4(b). In the
insets, the normalized responses (n = 3) for each ion as well as a logarithmic regression of the responses are
shown. The sensitivities for each ion were calculated by extracting the steady-state currents from the raw
sensor responses and are reported in normalized terms. Indeed, the resistance of the printed PEDOT:PSS
channels, and therefore the magnitude of the source-drain current, may vary between devices. Thus, the re-

sponse is referenced and normalized with respect to the current lo measured in the device after stabilization in
DI water.
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Figure 5.4: Characterization of the OECTSs for ion concentrations measurements. Real-time normalized response to varying
concentrations of ions, Na+ (left), K+ (middle), Ca3+ (right) with the injections of the different ion concentrations (DI water,
1, 10, 100, 10, 1 mM, DI water) indicated by arrows, and the regression of the normalized currents in the insets (n = 3), for
PEDOT:PSS-gated OECTSs (a) and carbon-gated OECTs (b). The same Y-axis scale was used for all the ions tested.
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Independent devices show similar current modulation and the responses scale linearly with the logarithm of
the ion concentration. Carbon-gated and PEDOT:PSS-gated OECTs show qualitatively similar behavior. After
the final injection of DI water, the source-drain currents of devices return in the vicinity of the lo current value.
However, in order to re-use a device after a set of measurements, we observed that thorough rinsing with DI
water for several minutes was necessary to closely restore the initial current. The relative sensitivities of the
OECTs comporting a PEDOT:PSS gate are respectively, for the ions Na*, K* and Ca3*, -11.3 + 1.8 %/dec, -
10.2 =+ 0.8 %/dec and -7.4 £ 1.0 %/dec. The carbon-gated OECTSs display slightly more variability between
devices than the PEDOT: PSS-based devices. This could be due to the printing method for the carbon gate
(stencil printing) being less repeatable. For the same ions, the carbon OECTSs has the following sensitivities
(with standard errors): -9.1 + 2 %/dec, -10.1 + 1.1 %/dec and -7.2 £ 2.4 %/dec. Further experiments were
conducted with a larger range of concentrations (0.1 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, 50 mM, 100 mM) in
order to confirm the sensitivities obtained above for each ion, and the results are reported in Figure S5.6.
Similar values are obtained for the sensitivities of the devices, with the PEDOT:PSS devices showing slightly
higher values, as seen in Figure 5.4. Finally, the stabilization of the response of the OECTSs to an ion injection
was characterized and is shown in Figure S5.7. The source-drain current is measured over 20 minutes after
ion injection, repeated three times for the same device. After injection both the carbon- and PEDOT:PSS-gated
sensors’ responses stabilize to reach a plateau. These experiments show that the degradable devices are
suitable for the detection of various ions, whether a PEDOT:PSS or carbon gate is used.

5.2.5 Glucose detection and integration with degradable circuits

As a further step, the possibility to use these degradable transistors for the detection of glucose was assessed
in the proof-of-concept experiments presented hereafter. These biosensors generally rely on the oxidation of
glucose by glucose oxidase (GOXx) present on or in the vicinity of the sensor, causing an increase in gate
voltage [282]. In this work, glucose concentration measurements were conducted in a PMMA well. Degradable
carbon-gated OECTs were used for glucose detection, as carbon benefits from a high surface area and good
electron transfer, which is desirable for enzymatic sensing [301]. The GOx enzyme solution in PBS was added
to the well, and glucose was subsequently added at increasing concentrations with each injection. An example
of a real-time detection experiment for glucose is shown in Figure 5.5(a), with the glucose injections indicated
by arrows. The normalized response for three devices is shown in Figure 5.5(b). The relative response of the
transistor is non-linear to the logarithm of the glucose concentration, as it has been observed in previous work
[318]. In order to determine the limit of detection, a logarithmic regression is carried out in the concentration
range from 1 uM to 1 mM, yielding a sensitivity of -3.4 + 0.6 %/dec (averaged over the three devices). The limit
of detection is estimated as the noise level of the sensor divided by the sensitivity and multiplied by a confi-
dence factor. Considering the standard deviation for the lowest concentration as the noise level and a confi-
dence factor of 3, the limit of detection for glucose can be estimated to be about 5 yM, which is comparable to
previous publications on non-transient OECT-based glucose sensors [23,282,319]. It can be seen in Figure
5.5(b) that concentrations above 1 mM of glucose show higher device-to-device variations. This could be
attributed to the larger amounts of H202 being released and affecting the PEDOT:PSS layer [320], which would
cause a permanent decrease in the current going through the channel. Therefore, the devices can detect
glucose in a range from 5 yM to approximately 1 mM.
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Figure 5.5: Characterization of the OECTSs for the enzymatic detection of glucose. a) Real-time glucose sensing (hormal-
ized response current) with increasing glucose concentrations (injections of glucose are indicated by arrows), measured
in a PMMA well containing glucose oxidase solution. b) Normalized current response (and standard deviation) versus
glucose concentrations (n = 3).

Finally, we aimed to develop interconnects for the integration of the degradable OECTs with transient elec-
tronics. Indeed, the sensor may need to be connected to a readout circuit by conductive traces that are ideally
eco- and/or bioresorbable. However, with the relatively high sheet resistance of the carbon ink (15 Q/sq), the
use of longer carbon traces may considerably increase the resistance of the system, leading to a reduction of
the recorded currents and increased noise, as well as a shifting of the transconductance peak to higher gate
voltages [308]. Metallic degradable and printable conductors are available and allow to reach higher conduc-
tivities [82] and would be therefore suitable for the fabrication of interconnects in a fully printed degradable
biosensing platform. The most investigated of such transient metals is zinc, for which methods have been
developed [185,321] to obtain conductivities superior to 105 S/m. However, the direct integration of zinc as
contacts for the OECTs presented here is challenging. Indeed, the zinc oxide layer that naturally forms in air
on zinc metal forms a p-n junction with PEDOT, which is a p-type conductive polymer. As a result, a Schottky
conduction regime emerges, with limited conductivity below a certain threshold [322,323]. The I-V character-
istic of such a junction (formed by stencil-printed Zn and inkjet-printed PEDOT:PSS) is shown in Figure 5.6(a)
and displays a diode-like behavior. This type of contact is incompatible with the operation of the low-voltage
OECTs presented here. However, zinc interconnects can be integrated with the carbon contacts used in the
design presented above. The contact between carbon and PEDOT is ohmic, as shown by the linear I-V curve
shown in Figure 5.6(b). As a consequence, zinc can be used to fabricate the interconnects of the OECT with
carbon creating the contact with PEDOT:PSS. Such OECTs were fabricated and exhibit the same behavior as
the carbon-based transistors presented before (Supplementary Figure S5.4), demonstrating that the degrada-
ble OECTs can be integrated with high-conductivity biodegradable interconnects (Figure 5.6(c)). This is of
interest, as some transient applications may benefit from wireless operation for example, which is a promising
direction for OECT-based devices [299]. It is noted that zinc degrades rapidly in aqueous solutions, and we
have shown in a previous study that the zinc interconnects can be encapsulated in PLA and retain their elec-
trical conductivity for several weeks in PBS [321].
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Figure 5.6: Integration of the OECTs with zinc metal traces. a) I-V curve of a Zn-PEDOT:PSS junction. b) I-V curve of a
Zn-carbon-PEDOT:PSS junction. c) Example device with carbon contacts for the channel and zinc interconnects.

5.3 Conclusions

In this work, we demonstrate disposable and printed organic electrochemical transistors, which are suitable
for the detection of ions and metabolites such as glucose. Their degradation in conditions analogous to indus-
trial composting is observed over a period of one month. The disposable transistors are integrated with highly
conductive biodegradable zinc interconnects on an eco- and bioresorbable substrate. The use of PLA as a
substrate allows to manufacture sensors that are not only compatible with environmental applications, but can
also be used for wearable and implantable applications. Concerning applications in bioresorbable electronics,
it must be noted that despite PEDOT:PSS being biocompatible, the pathways and effects of its degradation in
the body are not fully known and more investigations are needed on that topic. With an optimized design for
the degradable transistors, the fabrication process is adjusted to be compatible with the use of polylactic acid
as substrate. A silanization process allows the uniform deposition by inkjet-printing of the water-based PE-
DOT:PSS inks with good adhesion, enabling the fully additive manufacturing of the disposable transistors. The
electrochemical transistor behavior is characterized and shown to be equivalent to non-degradable counter-
parts with similar design and channel characteristics. Carbon contacts are shown to be suitable for the fabri-
cation of degradable OECTs, and the use of either a carbon or PEDOT:PSS gate to cause a shift in the trans-
conductance peak while maintaining high transconductance values. Moreover, the use of hon-polarizable gate
materials is shown to decrease the dedoping behavior of the transistors, and a high gate area to be favorable.
Sensitivities in the order of 10 %/dec are observed for the detection of sodium, potassium and calcium ions.
The ion sensing behavior of the devices is characterized with increasing and decreasing concentrations and
is shown to be reproducible across devices. This indicates that the use of degradable materials and inks does
not interfere with the sensing mechanisms in the measurement timescales compatible with point-of-care test-
ing with disposable sensors. Although the sensing of several ions is demonstrated in this work, selective ion
sensing would require a biocompatible and degradable ion-selective membrane (ISM), which would be an
interesting direction for future developments. A proof-of-concept enzymatic detection of glucose is also shown,
with linear behavior up to 1mM. In order to ensure the applicability of the transistors as glucose sensors, more
experiments should be conducted to characterize the stability and selectivity of the devices, ideally with the
enzyme being immobilized on the sensor. The transistors are shown to be integrated with highly conductive
degradable zinc tracks, which opens new possibilities for integration with biodegradable circuits, allowing for
instance wireless operation.
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54  Experimental section

Substrate preparation and characterization

Polyimide foil (125 pm) was treated with oxygen plasma before printing the PEDOT:PSS channel to ensure
good adhesion. Polylactic acid substrates were prepared from pellets (Ingeo™ Biopolymer 4032D). The PLA
pellets were dissolved in 1,4-dioxane (Sigma Aldrich) at 50°C overnight under stirring until obtention of a ho-
mogeneous viscous solution (15 wt%). The solution was blade cast with an automatic film applicator coater
(Zehntner ZAA 2300) on a silicon wafer with a gap of 1000 yum and a speed of 2 mm/s. After drying overnight,
films of a thickness of approximately 70 um were obtained. The PLA film surface was activated with oxygen
plasma and modified with a silanization process. 3-aminopropyl)triethoxysilane (APTES, Sigma Aldrich) was
dissolved at 3 wt% in ethanol, spin-coated at 2000 rpm on the PLA films and allowed to cure at 80 °C for 20
mn, after which the excess APTES was rinsed with ethanol. The APTES layer was activated with oxygen
plasma before PEDOT:PSS printing. The contact angles of the substrates with different surface treatments
were measured with an optical contact angle measuring system (Dataphysics TBU 100) using deionized water
as the liquid medium.

OECT fabrication

A shellac-carbon paste was used for the source, drain and, in some experiments, gate contacts and its formu-
lation was described previously [55]. The carbon paste was applied through a stencil mask made of one-sided
polyethylene adhesive tape (Nexus G20, 80 um). The mask was cut to the desired shape with a CO: laser
(Trotec Speedy300) and applied on the substrate, and the carbon paste was printed with the help of a silicone
squeegee. After printing, the mask was peeled off and the carbon contacts were cured in an oven at 50 °C
overnight. PEDOT:PSS printing solution was prepared by mixing 1.3 wt% PEDOT:PSS in water (Sigma Al-
drich) with 5 wt% dimethyl sulfoxide (Sigma Aldrich) and 1 wt% (3-glycidyloxypropyl)trimethoxysilane. 4 layers
of the solution were printed using a Dimatix DMP inkjet printer (Fuijifilm) with a drop spacing of 30 ym and
keeping the printer plate at 40 °C. The layers were then cured at 80°C for 3 hours or at 120 °C for 20 mn. The
thicknesses of the contacts and channel were measured with a laser scanning confocal microscope (Keyence
VK-X1000). Zinc interconnects were prepared by stencil printing a Zn microparticles (<5 um, Sigma Aldrich)
mixed with pentanol (Sigma Aldrich) and polyvinylpyrrolidone (360K, Sigma Aldrich). The zinc interconnects
were sintered electrochemically to a conductivity of >10% S/m as described previously [18]. They were then
further sintered by photonic sintering with three 30 milliseconds pulses (6.6 J/cm?) [321]. After OECT fabrica-
tion, the outlines of the devices were cut with a CO2 laser and the devices were manually peeled off from the
wafer, as explained in a previous publication [321]. All subsequent measurements were done on the released
devices.

Test solutions preparation

1X Phosphate-buffered saline (PBS) was prepared with chemicals sourced from Sigma Aldrich at the following
concentrations in DI water: NaCl: 137 mM, KCI: 2.7 mM, Na2HPOa4: 10 mM, KH2PO4: 1.8 mM. For potassium
and sodium sensing tests, KCl and NaCl solutions were prepared in DI water. Glucose solutions were prepared
by mixing glucose with PBS at the desired concentrations. Enzyme solutions were prepared before each ex-
periment by mixing glucose oxidase (from Aspergillus Niger, 100 000- 250 000 units/g, Sigma Aldrich) in 1
mL of a PBS and letting them rest at room temperature for 30 minutes.

Devices characterization

The devices were characterized with the test solutions confined in a laser-cut PMMA reservoir maintained on
the device with acrylic adhesive, or for real-time measurements, by flowing the solution in a laser-cut PET and
PDMS microfluidic channel [22]. For glucose measurements, the enzyme solution was first added to a PMMA
well, followed by increasing concentrations of glucose solution. The source and drain contacts were isolated
with polyurethane, which was cast from a 25% solution in DMSO, to avoid interaction between the carbon
contacts and the electrolyte. The electrical measurements were performed using a semiconductor parameter
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analyzer (Agilent 4155A). Prior to measurements, the OECTs were rinsed with 1 ml DI water and left to stabilize
in DI water under a gate-drain voltage of 600 mV for 5 minutes, repeated three times. Output curves (lass—Vds)
were measured with a medium integration time (20 ms) and varying the source-drain voltage between 0.1 to -
0.9 V in steps of -20 mV and the gate-source between -1 and 1 V in steps of 200 mV. Transfer curves (las—Vs)
were measured with a long (320 ms) integration time and repeated 5 times to ensure stabilization of the device
behavior, with Vqs set to -0.6 V and Vgs between -1 and 1 V with steps of 20 mV. The capacitance of the gates
was measured by impedance spectroscopy (Metrohm Autolab 8 Series) as described previously [307]. The
data were analyzed with custom software written in python.

5.5 Supporting information

Capacitance [F]

. { = carbon gate
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Figure S5.1: Capacitance of the PEDOT:PSS and carbon gates measured in phosphate-buffered saline.

EE—

Figure S5.2: Delamination (pointed out by the arrow) of PEDOT:PSS channel and gate in PBS solution, when inkjet printed
on a polylactic acid film.
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Figure S5.3: Influence of oxygen plasma treatment on a polyimide film on the contact angle of a water droplet, with 40W,
40 kHz oxygen plasma treatments with variable time.
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Figure S5.4: Output characteristics of the OECTs (PEDOT:PSS-gated) for different modifications to the fabrication process
(with the standard process as a control experiment on the left): changing the curing of the PEDOT:PSS layer to 80 °C for
3 hours (middle) and introducing Zn contacts using the same PEDOT curing protocol (right).
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Figure S5.5: Transfer characteristics of the OECTs on PLA after cycling transfer measurements for one hour. (a) Evolution
of the transfer behavior after repeated measurements. (b) Evolution of the transconductance after repeated measurements,
and the evolution of the maximal transconductance in the inset.
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Figure S5.6: Calibration curves for the OECTSs for use in ion detection applications, for PEDOT:PSS-gated ((a) and (b))
and carbon-gated ((c) and (d)) devices. (a - c) Real-time normalized response to varying concentrations of ions, Na* (blue),
K* (orange), Ca3* (red) with the injections of the different ion concentrations (0.1 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, 50
mM, 100 mM) indicated by arrows. (b - d) Regression of the normalized current responses for each ion.
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Figure S5.7: Response dynamics and stability of the devices. Response of the devices after injection of 10 mM KCl injec-
tion, for 20 minutes, repeated three times, for (a) PEDOT:PSS-gated device and (b) carbon-gated device.
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Bioresorbable electronics have emerged as a new category of bioelectronics that can degrade within the body,
offering tremendous potential for diagnosis, post-surgical monitoring and regeneration applications. Additive
manufacturing methods represent a promising approach for patterning transient materials, yet examples of
fully printed bioresorbable devices are scarce. This study introduces a fully digital 3D printing approach ena-
bling the prototyping and customization of soft bioelectronics made of transient materials. We investigate the
direct ink writing of poly(octamethylene maleate (anhydride) citrate) (POMaC) as an elastomeric matrix and of
a shellac-carbon ink as a conductor. We achieve precise and repeatable deposition of both structural and
conductive features by optimizing printing parameters, i.e., the dispense gap, printing speed, and inlet pres-
sure. Multi-material 3D printing enables the fabrication of functional transient devices. Notably, pressure and
strain sensors are shown to operate in ranges relevant to implanted biomechanical monitoring. 3D printed
transient electrodes are demonstrated to be comparable to state-of-the-art devices in terms of impedance
behavior. Finally, physical degradation of the materials is confirmed at physiological conditions. These fully
digital additive manufacturing processes enable the monolithic fabrication of customizable transient bioelec-
tronics with adaptable functions and geometries.

83



Chapter 6: Digital manufacturing of customizable 3D bioresorbable electronics

6.1 Introduction

In the past decade, bioresorbable electronics have garnered significant interest as temporary bioelectronic
devices capable of fulfilling monitoring, stimulation, or actuation functions for a limited period of time [1,3,67].
These devices are designed to degrade within the body without causing adverse side effects [5]. This can
allow notably to avoid re-operation in cases where only short-term functionality is needed and may help reduce
inflammatory response by providing a dissolvable interface with the tissue [29]. This emerging class of implants
relies on materials that undergo degradation in biological environments through hydrolysis or enzymatic pro-
cesses, posing a significant challenge to their fabrication due to this inherent property. Several approaches
have been proposed to tackle this challenge, such as mask-based deposition [147], or transfer methods relying
on controlled adhesion with a silicone stamp [121] or lamination of films using bioresorbable adhesives [130],
These strategies have resulted in a diverse range of bioresorbable devices, including pressure [84], tempera-
ture [124], and strain [146] sensors, electrocorticography (ECoG) electrodes [142], pacemaker leads [137],
etc.

Additive manufacturing (AM) has emerged as a promising approach for fabricating bioresorbable electronics
[2,159]. Compared to the methods used thus far, additive manufacturing presents the advantage of enhanced
compatibility with transient materials. Indeed, transient materials are typically more sensitive to increased tem-
peratures or the use of solvents during the fabrication process. Additive manufacturing also opens the possi-
bility for the monolithic fabrication of bioresorbable electronics, eliminating the need for complex or manual
assembly techniques. Furthermore, AM by using 3D printing techniques has proven highly compatible with
soft materials, facilitating the fabrication of complex structures using elastomers or hydrogels.[15] The suc-
cessful integration and operation of bioelectronic implants in the body critically relies on conformability and
matching mechanical properties with the local tissue [324,325]. In this context, advancements in the field have
prominently focused on the utilization of soft and elastic materials, driving significant progress [326]. Lastly,
3D digital additive manufacturing is being considered for the customization of electronic implants, providing a
high degree of adaptation to the anatomy and complex geometries of the human body. The digital aspect of
3D additive manufacturing techniques allows for the seamless translation from a design to a device without
adaptation to the process or designing a mask. This facilitates the rapid prototyping of bioelectronics, and
allows for the modification of geometries and functions specific to a targeted organ or application. This oppor-
tunity has been recognized in the field of neuromuscular interfaces, with the emergence of customizable, ad-
ditively manufactured bioelectronic implants [158,170,327,328]. Direct-ink writing (DIW), in particular, holds
promise for that purpose, thanks to the variety of inks that can be printed [177], enabling the multi-material
manufacturing of complex devices using a single printer.

Various materials including transient elastomers and hydrogels have been printed, principally for tissue engi-
neering applications. Efforts on 3D printing bioresorbable elastomers have centered around poly(glycerol se-
bacate) (PGS). PGS can be rendered polymerizable by ultraviolet (UV) light with the addition of acrylate [40],
methacrylate [41] or cinnamate reactive groups [42]. PGS has been 3D printed using methods such as digital
light processing [329], 2-photon polymerization [41] or direct ink writing [199,200]. Poly(octamethylene maleate
(anhydride) citrate) (POMaC) is a more recently introduced bioresorbable polymer, which is readily UV-cura-
ble. Investigations in the printability of POMaC are limited to a recent publication, where POMacC is printed by
DIW in the form of a copolymer with poly(ethylene glycol) diacrylate (PEGDA) [202]. Degradable hydrogels
(such as PEGDA, alginate or gelatin-based gels) have also been 3D printed to form microfluidic channels [330]
or scaffolds to promote regeneration in vivo [331,332], principally using direct ink writing. Integrating electronics
on hydrogels is notably difficult due to their mechanical mismatch with typical conductors [328]. Some printable
transient hydrogels presented in the literature boast interesting properties, such as shape-memory behavior
[333,334] for actuators, or ionic [334,335] or electrical [331,336] conductivity. However, the conductivities ob-
tained for transient hydrogels are typically low (< 1 S/m).

Printable transient materials with higher conductivities have been developed. Metallic pastes based on zinc
have been proposed with conductivities exceeding 10° S/m [18,185,321]. These have however not been 3D
printed yet, likely because they require local sintering approaches to reach an acceptable conductivity. A
demonstration of zinc direct ink writing has been recently published [337] however, the structures require
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annealing at 600 °C, which is incompatible with transient polymers. Electrically conductive transient pastes
that could be compatible with 3D printing and require no complex or high-temperature curing have been pro-
posed. Carbon- and graphite-based transient inks have been 3D printed by direct ink writing [55,338]. Similarly,
various ink formulations utilizing molybdenum [223] or tungsten [52] have been developed, exhibiting conduc-
tivities in the range of several kS/m. Despite these advancements, the digital 3D additive manufacturing of
transient bioelectronics remains a challenge and necessitates the seamless integration of structural and con-
ductive inks in a cohesive fabrication process.

In this work, we pioneer the fully digital additive manufacturing of transient implantable devices by direct ink
writing. The DIW of POMacC elastomer is thoroughly studied to achieve precise and repeatable deposition of
features with lines in the order of 200-300 pum in width and a thickness of about 50 um. A slow-degrading,
water-resistant shellac-carbon ink is used as a functional material for the formation of conductive traces em-
bedded in a POMaC matrix. The inks are deposited in a multi-nozzle 3D printer, enabling the monolithic fabri-
cation of functional transient electronics within a single machine. The physical degradation behavior of the
materials used in this work is studied in physiological conditions. The additive process is exploited to fabricate
transient pressure and strain sensors as well as recording electrodes, whose sensing characteristics are eval-
uated for applications as transient bioelectronics.

6.2 Results and Discussion

6.2.1 Approach and materials

As introduced above, we studied the fabrication of transient bioelectronics by 3D printing, with the aim of
enabling the customization of these devices in terms of geometry, design and function. This concept is illus-
trated in Figure 6.1(a), which shows the pipeline for in-silico customization of transient electronics and their
subsequent facile fabrication using direct ink writing. By employing multi-nozzle printing and UV curing within
the same machine, the digital design file can be directly translated into a personalized transient electronic
device with a specific function and adapted geometry. To demonstrate the capabilities of AM to fabricate a
variety of transient bioelectronics, several devices were printed and presented in Figure 6.1(b-e). This includes
pressure and strain sensors as well as an electrophysiology array comporting eight electrodes.

a) Medical imaging Design optimization Digital additive manufacturing Customized transient electronics

A

Medical records

Figure 6.1: Additive manufacturing of customizable transient electronics. (a) lllustration of the concept of using digital ad-
ditive manufacturing to enable transient implantable electronics with customized forms and functions. (b) DIW printed
pressure parallel plate capacitor as pressure sensor (scale bar 10 mm). (c) DIW printed stretchable mesh as strain sensor.
(scale bar 10 mm). (d) DIW printed electrode array (scale bar 10 mm). (e) Close-up view of an electrode (scale bar 500

um).
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The conductive lines are based on a composite made of shellac, which is a natural bioresorbable resin, and
pentanol as a low-volatility solvent to facilitate printing. Conductivity is granted to the composite by carbon and
graphite particles, reproducing a degradable conductive ink that was presented in previous work [55]. The soft
matrix that supports the carbon patterns and serves as encapsulation as well as soft dielectric in the case of
the pressure sensor, is POMaC polymer. Despite the comparatively more established nature of PGS as a 3D
printable bioresorbable elastomer, we direct our attention towards POMaC due to several compelling factors.
POMacC offers a broader spectrum of mechanical properties compared to photocurable variants of PGS, which
have Young’'s moduli of typically a few hundreds of kPa. Further thermal curing of PGS requires temperatures
[339] above 120 °C, which may pose compatibility challenges with transient inks and their binders. POMaC
demonstrates excellent compatibility with the fabrication of soft electronics, typically exhibiting a Young's mod-
ulus in the range of 0.5 to 1.5 MPa, which is comparable to commonly used polydimethylsiloxane (PDMS)
elastomers in flexible and stretchable electronics [340]. Moreover, POMaC offers several advantageous prop-
erties that make it a suitable substrate for functional devices. It exhibits remarkable thermal stability for a
degradable elastomer, withstanding temperatures exceeding 200 °C [341]. Furthermore, its degradation kinet-
ics are reasonably slow, occurring over the course of months [38]. These characteristics have captured the
attention of previous investigations, positioning POMaC as a promising substrate and packaging material for
various implantable bioelectronic applications [146,341]. These properties facilitate the integration of conduc-
tive inks on the POMacC layer and subsequent encapsulation and curing. First, we seek to optimize the direct
ink writing of POMaC polymer.

6.2.2 Synthesis and printing of POMaC pre-polymer

POMacC is obtained through a solvent-free polycondensation reaction of benign monomers (citric acid, 1,8-
octanediol and maleic anhydride), which results in a pre-polymer in the form of a viscous gel. POMaC pre-
polymer is readily UV-curable owing to the vinyl group in its backbone, thereby avoiding the use of toxic rea-
gents in the synthesis, such as those required for acrylation. In our case, photo-crosslinking is enabled by the
addition of 5 wt% Irgacure 2959, a common photo-initiator used in previous investigations on POMaC
[146,202]. Further cross-linking can be achieved by thermal curing at 80 °C, causing esterification of the car-
boxylic acid and hydroxyl groups remaining from the citric acid. The dynamic viscosity of the pre-POMaC as a
function of the shear rate is shown in Figure 6.2(a) and the gel displays a Newtonian behavior with a viscosity
of 165 Pa s. This viscosity is compatible with direct ink writing [177] and may prevent excessive ink flow during
UV photopolymerization. Ideal materials for direct ink writing present shear-thinning behavior, allowing easier
dispense under pressure and shape fidelity after deposition [15]. Therefore, a thorough investigation of the
printability of POMaC pre-polymer was conducted. The printing behavior of the POMaC pre-polymer was sys-
tematically studied as a function of selected printing parameters, namely the dispense gap, printing speed and
inlet pressure, as depicted in Figure 6.2(b). The parameters were varied respectively between 40 and 100 um
for the dispense gap, 10 and 50 mm/s for the printing speed, and 30 and 80 psi (=207 to 552 kPa). The
objective of this analysis was to optimize the resolution and uniformity of the prints, enabling precise 3D dep-
osition of POMaC.

These experiments were conducted with a ceramic nozzle with an internal diameter of 125 um. For each
parameter combination, lines were printed over a 15 mm distance and subsequently cured using the UV LED
of the printer. For the photopolymerization, the LED was used at full power, at a working distance of 25 mm
(corresponding to an irradiance of 3 W/cm? over 3 mm diameter area) and with a speed of 0.5 mm/s to ensure
full curing. The resulting lines were scanned using a confocal laser microscope. This process was repeated
four times for each parameter combination, with a scan example shown in Figure 6.2(c). The 3D scan of each
printed line allowed us to extract several parameters, including the average line height, average line width,
height variability, and width variability. The variabilities were calculated by dividing the standard deviation of
the respective metric (height or width) by the average value of that metric across the entire print. The extracted
values are displayed in Figure 6.2(d-e). As expected [342], the line width and height monotonically decrease
with increasing printer speed (Figure 6.2(d)), here for a fixed pressure of 60 psi (=414 kPa). However, when
considering the height and width variabilities, it is observed that a minimum value of approximately 5% is
reached at a printing speed of 20 mm/s, indicating the most consistent line quality. The dispense gap, on the
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other hand, appears to have negligible influence on the printing behavior for values above 40 pm, which is
advantageous. This eliminates the need for precise control of the dispense gap with an accuracy of < 10 um,
which can be challenging. Therefore, a printing speed of 20 mm/s was selected to maximize line homogeneity
and minimize printing defects.

Figure 6.2(e) shows the width and height of printed lines as a function of the pressure and the dispense gap.
Regarding the effect of pressure, both the height and width of the printed lines increase linearly with higher
inlet pressure, except at 80 psi where instability is observed, due to leakage occurring in the nozzle system.
To strike a balance between resolution and layer thicknesses, a pressure of 60 psi was chosen for further
prints. For this experiment as well, the dispense gap has minimal influence above 40 um. The minimal feature
width that can be achieved reliably with these parameters is approximately 250 um, which corresponds to a
spreading ratio (line width divided by nozzle diameter) of 2. This could be further improved by adding rheology
modifiers to the POMacC ink to obtain a more pronounced shear-thinning behavior, preventing the spreading
of the pre-polymer gel after printing [343]. However, the use of such modifiers should be approached cau-
tiously, as their bioresorbability would need to be assessed. Moreover, they could potentially affect the me-
chanical properties and curing dynamics of the POMaC and could lead to nozzle clogging. In the current ap-
proach, the structural stability of the polymer after deposition relies mainly on its high viscosity and immediate
application of UV photopolymerization. This methodology has been successfully employed with fast-curing
PGS acrylate, achieving spreading ratios on the order of 1.7 [199]. Notably, delaying the UV curing of the lines
by 30 minutes resulted in significantly degraded resolution and increased spreading ratio, as depicted in Figure
S6.1. To enhance print resolution, one possible strategy could be to increase the ratio of maleic anhydride
during synthesis, thereby augmenting the presence of vinyl bonds and accelerating the rate of cross-linking.
Another approach is to perform the deposition under constant UV illumination, as demonstrated in previous
studies [199,200]. However, it should be noted that this would require a considerable reduction in printing
speed due to the slower photopolymerization kinetics of POMaC polymers.
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Figure 6.2: Optimization of POMaC patterning by direct ink writing. (a) Shear stress-shear rate behavior of POMaC pre-
polymer. (b) Printing parameters that are studied for the optimization of the printing behavior (d: dispense gap, p: inlet
pressure, v: printing speed). (c) Example of optically scanned printed lines, with printing speeds from 10 to 50 mm/s (from
bottom to top), for a pressure of 60 psi and a dispense gap of 60 um. (d) Influence of printing speed and dispense gap on
the width (top left), width variability (top right), height (bottom left) and height variability (bottom right) of the printed lines
for a pressure of 60 psi. (e) Influence of the pressure and dispense gap on the width (top) and height (bottom) of the printed
lines for a printing speed of 20 mm/s.

With the aforementioned set of chosen parameters (printer speed: 20 mm/s, pressure 60 psi and a dispense
gap of 80 um), 2D single layers of POMaC polymer were printed and the influence of the interline distance on
the layer thickness was examined (Figure 6.3(a)). Squares of 10 x 10 mm were printed with line spacings of
300, 200, 150 and 100 um, respectively. The optical profilometry scans of the squares are shown in Figure
6.3(a), averaged over three samples. The squares printed with 300 um line spacing show some raster effects
and average ~30 um in thickness. As expected, larger thicknesses can be obtained by decreasing the line
spacing, up to over 100 um for a line spacing of 100 um. The pre-polymer remains a gel before photopolymer-
ization, and the printed lines favorably flow together during printing, leading to smooth surfaces. This also
leads to the presence of shoulders at the edge of the square of approximately 20 um in thickness in the printed
squares, which are more marked when using a line spacing of 100 um. A line spacing of 200 pm is chosen for
further experiments, as it leads to the more uniform prints. This line spacing results in layers of ~50 pm thick-
ness.

In order to validate the optimized parameters for the 3D direct-ink-writing of POMaC pre-polymer, up to 10
layers of 10 x 10 mm were stacked, with every layer being cured by UV before printing the next one. As
evidenced in Figure 6.3(b), the layers can be stacked reliably without collapsing or a rough surface preventing
further printing (examples of printed stacks can be found in Figure S6.2). The thickness of the print scales
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linearly with the number of printed layers, each layer averaging 50.3 um. This printing method can be used to
create patterned surfaces, as shown for instance in Figure 6.3(c), where a grid with lines and holes of 250 um
is printed in 10 layers. Topologies in the third dimensions can also be attained repeatably with 3D printed
POMacC. Square-base pyramids arrays (each pyramid with a height of 2 mm and a base of 2 x 2 mm side, 42
layers total) were printed as an illustration of the capability of producing 3D structures and topologies (Figure
6.3(d)). Satisfying shape fidelity is achieved for the 3D fabrication of macroscale structures with features of a
few hundred micrometers in size. A confocal microscope scan of the surface of the pyramids is shown in

Figure S6.3, compared to the original design file.

Finally, the mechanical properties of POMaC can be tuned in terms of Young’s modulus according to the curing
conditions. To demonstrate this, doghones (see Figure 6.3(e)) were printed with a thickness of 250 um by
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Figure 6.3: 3D direct ink writing of POMaC polymer.

(a) Effect of the line spacing on the layer height and shape. (b)
Height of the print versus the number of layers printed. (c) Pat-
terned POMaC surface consisting of 10 printed layers, with a
zoomed in view of the features in the inset (scale bars: 500 pm).
(d) Example of 3D printed pyramid array (scale bar: 1 mm). (e)
3D printed POMaC dogbone for mechanical properties charac-
terization (f) Stress-strain curves for POMaC with different ester-
ification times after printing and UV curing.
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stacking 5 layers, and their stress-strain
curves to failure were measured (Figure
6.3(f)). The Young’s modulus increases from
0.59 + 0.01 MPa for the POMaC that underwent
only photopolymerization to 1.90 + 0.09 MPa
after 48 hours of curing at 80 °C. The mechan-
ical properties for the different curing conditions
are reported in Figure S6.4. The results ob-
tained here indicate stiffer mechanical proper-
ties than as in the original publication on the
synthesis of POMaC [38] which is likely due to
the higher concentration of photo-initiator and
longer UV curing time, resulting in more cross-
linking. For further experiments, a 48-hour es-
terification of POMaC at 80 °C was conducted
following printing and UV curing of the layers.

Achieving conformability to the intricate geom-
etries of organs such as the brain, gut, or heart
is crucial for personalized implantable electron-
ics, as it ensures optimal sensing capabilities.
The critical radius required for a film to sponta-
neously wrap around a rounded shape can be
described by the following equation [324]:

Eh3

r2 |7
12y(1 —v?)
E corresponds to the Young’s modulus of the
film, h is the thickness, y is the surface tension
of the fluid and v, the Poisson ratio of the film.
For POMaC, if we consider a Young’'s modulus
in the range of 0.59 - 1.9 MPa and a Poisson
ratio we measured to be 0.48, and assume a
value of 40 mN/m for the surface tension (cor-
responding to phosphate-buffered saline (PBS)
[344]) and a thickness of ~200 um, this yields a
critical radius between 3.6 and 6.2 mm.
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6.2.3 Integration of conductive carbon-based ink

We used a degradable carbon-graphite-shellac composite ink already reported in a recent publication [55],
which has a conductivity of around 1000 S/m, to embed electrical functionalities in the POMacC structures. The
water-barrier properties of shellac, particularly notable for a bioresorbable material, along with the incorpora-
tion of non-oxidizing carbon and graphite components, contribute to the preservation of its conductive proper-
ties in aqueous environments. The printing behavior of the carbon ink on POMaC by DIW was systematically
investigated, considering the aforementioned dispense parameters and for a fixed pressure of 10 psi, and the
results are presented in Figure S6.5. As a result of this optimization, lines with an average width of around
300 um and average height of 30-35 pm are achieved with a printing speed of 30 mm/s and a dispense gap
of 60 um, with satisfying height and width variabilities below 5%. Fully encapsulated carbon lines are shown
in Figure 6.4(a) and a scanning electron microscope (SEM) image profile section of the 3D printed POMaC
and carbon composite is shown in Figure S6.6. Notably, this shows that the conductor can be fully encapsu-
lated in POMaC without noticeable diffusion at the interface.

As a next step, the mechanical stability of the printed and encapsulated carbon lines when statically and dy-
namically bent was evaluated. Bending down to a radius of 1.5 mm leads to an average relative increase of
resistance of 3.1 % (Figure 6.4(b)). A cyclic bending experiment was also performed at a bending radius of 3
mm, and the resistance over 10’000 cycles decreases by 3 %, as shown in Figure 6.4(c).

In order to measure the durability of their conductivity in an environment reproducing physiological conditions,
carbon composite lines encapsulated in POMaC could be immersed in phosphate-buffered saline at 37 °C and
their resistance recorded over time. This was attempted, with a similar setup as that presented in Chapter 3.
However, recordings were compromised by leaks in the setup, due to the poor adhesion between the epoxy
resin used to seal the vial and the soft POMaC elastomer. Further experiments with a watertight setup are
needed to evaluate the functional lifetime of the carbon-POMaC electronics in physiological conditions.
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Figure 6.4: Integration of carbon conductors with POMaC. (a) Optical image of fully printed carbon conductors encapsu-
lated in POMaC (scale bar: 1 mm). (b) Relative change of resistance of the carbon tracks on POMacC as a function of the
bending radius (n = 6). (c) Relative change of resistance during cyclic bending of carbon lines on POMaC (with a bending
radius of 3 mm at 1 Hz, n = 6).

6.2.4 Fabrication and characterization of 3D printed transient devices

To demonstrate the capabilities offered by this process, we fabricated 3D printed transient sensors. Biome-
chanical measurements, such as in vivo pressure and strain measurements, are of interest for post-surgical
monitoring. Devices to measure such parameters have been proposed for transient applications targeting in-
tracranial pressure monitoring [84,127,345] blood vessel deformations [144], cardiovascular postoperative
care [128] or tendon healing [146]. By subsequent printing of POMaC and carbon circular electrodes layers,
as illustrated in Figure 6.5(a), a parallel plate capacitor with a soft sensing interlayer was fabricated. The
device was assessed for pressures ranging up to 1500 kPa, corresponding to values found notably in a normal
human knee during movement [346]. Figure 6.5(b) shows an example dynamic response in terms of normal-
ized capacitance change to the applied pressure, where it can be seen that the capacitance change tracks the
applied pressure. The response curve of the capacitor is reported in Figure 6.5(c), for 10 loading and unload-
ing cycles. The response can be approximated as linear until 1000 kPa, and a sensitivity of 0.0029 %/kPa (r2
= 0.93) can be extracted. Above this pressure, the response reaches a plateau, which might be due to the
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relatively thick carbon electrodes clamping the POMaC polymer and limiting deformation. As expected, the
sensor sensitivity could be improved by taking approaches to structure or introduce mesoscale porosity in the
POMacC dielectric [245]. The design shown here, however, allows for a pressure sensing range that is on the
higher end, even for pressure sensors fabricated with conventional methods and materials [347]. To further
validate the stability of the pressure sensor, it was subjected to a pressure of 1000 kPa (corresponding to 100
N) for 10°000 cycles at 1 Hz and the result of that experiment is shown in Figure 6.5(d). The unloaded capac-
itance increases over to first 5000 cycles by 0.54 % and stabilizes, with only 0.18 % variation over the last
5000 cycles.
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Figure 6.5: Mechanical sensors printed by DIW. (a) Exploded view of the layers printed for the fabrication of a parallel plate
capacitive pressure sensor. (b) Relative response of the capacitive sensor (blue) to increasing applied pressures (grey).
(c) Response of the capacitive sensor to applied pressures for increasing (blue) and decreasing (purple) loads (n = 10
cycles). (d) Response of the capacitive sensor to a cyclic load of 1 MPa at 1 Hz. (e) Optical microscope image of the DIW
printed stretchable conductive mesh pattern made of carbon on POMacC (inset: close up view). (f) The printed conductive
mesh pattern at rest and under a 20 % axial deformation. (g) Force-relative deformation curves for the mesh pattern. (h)
Response in terms of relative resistance change to deformation for a proof-of-concept strain sensor for increasing (orange)
and decreasing (grey) relative axial deformations (n = 10 cycles).

Stretchability is of interest for implanted electronics, with the soft tissues of the body undergoing deformations
of 10-20 % for the heart and tendons, for example [348]. The conductive carbon composite we use in this work
is not inherently stretchable, yet the versatility of our additive manufacturing platform permits to engineer
stretchability in devices. To this end, we printed a POMaC substrate layer (thickness 100 um) and a conductive
carbon layer patterned in a diamond mesh pattern (as shown in Figure 6.5(e), as stretchable structure. The
resulting devices are displayed (unconstrained and under 20 % relative axial deformation) in Figure 6.5(f).
The meshes undergo mechanical failure at an average 34 % elongation. Failure is likely due to cracking of the
carbon layer and mechanical mismatch with the soft elastomeric substrate (Figure 6.5(g)), which lead to local
concentration of stresses. As proof of concept, the meshes were used as strain sensors, and their response
in terms of resistance change for up to 20 % axial deformation is shown in Figure 6.5(h). The printed strain
sensor displays a gauge factor of 0.25 (r2 = 0.88). The gauge factor is low, which is consistent with the use of
a structure that serves to limit the strain in the carbon layer and allow to increase the sensing range. Indeed,
the design could be optimized for a specific application in terms of deformation range and gauge factor, and
the best designs could be rapidly printed and evaluated thanks to the developed additive manufacturing pro-
cess.

Neuromuscular interfaces allow communication between biological tissues and electronic devices, and per-
form key monitoring or stimulation functions in clinical applications. Bioresorbable electrodes have been
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proposed for applications such as electrocorticography [127,142] or nerve stimulation [131]. We fabricated an
electrode array consisting of 8 electrodes of diameter 500 pum, with the array having a surface area of 34 x 13
mm?Z. The electrode array is shown in Figure 6.6(a) as well as a SEM image of one electrode, where it can be
seen that the carbon composite creates a rough surface with a high effective area. Electrode impedance is a
key metric to determine the signal quality and signal-to-noise ratio in ECoG recordings [349]. The impedance
spectra of the bioresorbable printed ECoG array in phosphate-buffered solution are shown in Figure 6.6(b).
The impedance at 1 kHz is on average 6.5 + 1.0 kQ, and the cutoff frequency is 79 + 36 Hz (n = 8). These
characteristics are similar to those from electrodes of the same size found in the literature [350] and therefore
suggests that they could be applicable for the recording of biopotentials. Carbon electrodes are also favorable
for delivering electrical stimulation, in particular due to their wider electrochemical window compared to Pt
electrodes, for instance [351]. A linear sweep voltammetry (LSV) was conducted to confirm this and is shown
in Figure S6.7, where no water electrolysis occurs between -0.9 and 1.2 V. Cyclic voltammetry (CV) for a
representative electrode and conducted within the water window is shown in Figure 6.6(c). The charge storage
capacity calculated from the CV measurements is 21.74 + 6.15 mC/cm? (n = 4), which is reasonably high and
suggests that these electrodes could be appropriate for electrical stimulation applications [352].
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Figure 6.6: Transient printed electrode array and materials degradation study. (a) Image of the electrode array around a 3
mm radius glass rod (scale bar: 10 mm), SEM image of one electrode (scale bars: 100 um). (b) Magnitude of the electrode
impedance versus frequency in PBS (n = 8). (¢) Cyclic voltammogram for a carbon electrode, at a scan rate of 50 mV/s.
(d) Relative weight change of POMaC samples immersed in PBS at 37 °C (n = 7). (e) Relative weight change of carbon-

shellac samples immersed in PBS at 37 °C (n = 5). (f) Accelerated degradation of carbon-shellac lines embedded in
POMacC in 0.05 NaOH.

Finally, the materials constituting the devices presented above were studied in terms of their degradation in
PBS at 37 °C. Figure 6.6(d) shows the mass loss percentage for circular POMaC specimen of diameter 18
mm and thickness 267 + 8 um as a function of the days of incubation in PBS. POMaC, after photo-crosslinking
and 48 h heat curing at 80 °C, degrades at an average rate of approximately 0.89 % per week, in line with the
published literature [38,341]. The degradation happens at a faster rate in the first three weeks (which may
correspond to smaller chains being degraded) and reaches a steadier rate from the third week. Similarly,
square carbon-shellac samples of size 10 x 10 mm? and average thickness 33.1 + 8.2 um were prepared and
incubated in PBS at 37 °C (Figure 6.6(e)). An average mass loss rate of 2.6 % per week was observed.
However, this corresponds to both surface erosion as well as breaking off of small pieces of conductive com-
posite, which explains the high variability in the data. The degradation of carbon lines in a POMaC structure
array was also characterized under conditions of accelerated hydrolysis in 0.05 NaOH (pH 12.7). Images of
the degradation of the device are shown in Figure 6.6(f) and the POMaC encapsulation dissolves in approxi-
matively 16 h, leaving non-hydrolysable carbon particulates.
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6.3 Conclusions

In summary, we have demonstrated, for the first time, the full fabrication by digital additive manufacturing of
soft implantable sensors and bioelectronics from degradable materials. The easily customizable devices are
enabled by the 3D printing of the degradable elastomer POMaC as well as carbon conductive layers, whose
printing behavior are thoroughly investigated. The influence of the dispense parameters, e.g. pressure, dis-
pense gap and printer speed, on the morphology of printed layers is studied and optimal parameters are cho-
sen in order to repeatably print features of 200-300 um in width and layers of thicknesses between 30 and 50
pm. The printing behavior can be modulated by adapting these parameters and could be further modified with
a different nozzle size, if smaller features or thicker layers are targeted. The process is shown to be compatible
with the fabrication of 3D shapes of several millimeters with no collapse of the layers. An ink based on carbon
particles and bioresorbable resin shellac is printed on the degradable elastomer as a conductive. The printed
carbon embedded in POMaC is demonstrated to be conformable and can be bent down to 2 millimeters while
maintaining its electrical conductivity, and cyclic bending for 10’000 leads to only a small variation in resistance.
This platform for transient customized implantable electronics allows the demonstration of functional devices
for the acquisition of relevant signals. A multilayer pressure sensor based on a parallel plate capacitor design
allows for the monitoring of uniaxial pressures up to 1500 kPa and up to 10’000 cycles at a frequency of 1 Hz,
which could be suitable for the recording of human joint pressure during movement. Stretchable conductive
patterns are also demonstrated and used in proof-of-concept experiments as strain sensors up to 20 % relative
deformation. An 8-electrode array for electrocorticography, electrocardiograph or electromyography is demon-
strated. The impedance of the printed electrodes is 6.5 + 1.0 kQ at 1 kHz with a cutoff frequency of 79 + 36
Hz, which is in line with values obtained for microfabricated non-degradable electrode arrays. Finally, the ma-
terials used in this 3D manufacturing platform are shown to degrade in physiological conditions on a timescale
of months.

In order to improve the shape fidelity of the printed POMaC, more studies are needed on bioresorbable rheol-
ogy modifiers and fillers. Moreover, although the use of carbon as a conductive material is hypothesized to
allow for a longer functional lifetime than using transient metal, this should be validated with further experi-
ments such as recordings in saline at physiological conditions. Furthermore, the development of inherently
stretchable and bioresorbable conductive inks would allow to better take advantage of the mechanical proper-
ties of POMaC as a structural material for transient bioelectronics and create fully stretchable implants. In
conclusion, this work constitutes a significant advancement towards customized bioelectronics for temporary
applications in tissue healing monitoring and post-operative care.

6.4  Experimental Section

POMacC pre-polymer synthesis and characterization

POMaC was synthetized similarly to previous protocols [38]. 1,8 octanediol, citric acid and maleic anhydride
(Sigma-Aldrich) were mixed at a molar ratio of 5:2:3 in a 250 ml three-necked flask and heated to 160 °C until
full melting of the reagents. The reagents were then polymerized at 140°C for 3 hours under nitrogen flux, with
a needle in the third neck to allow for the evacuation of the water resulting from the polycondensation reaction.
After cooling to room temperature, the pre-polymer was dissolved in THF and purified by drop-wise purification
in DI water for 2 hours, decanted and dried for a week under vacuum. The pre-polymer was then mixed with 5
wt% photonitiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959). The rheology of
POMaC was characterized with a DHR-2 Rotational Rheometer (TA Instruments), using a cone and plate
geometry.
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POMaC printing optimization

A nScrypt 3Dn-300 printer was used for all the 3D printing experiments conducted in this work. A
SmartPumpTM100 attachment was used for the controlled dispense of POMaC pre-polymer, with a zirconia-
toughened alumina nozzle (outer diameter: 175 pm, inner diameter: 125 pm). The valve rod position settings
for open and closed positions were set to 1.9 and 1.4 mm respectively. For the line dispense optimization,
lines of 15 mm were printed on polyimide films and subsequently UV cured at a speed of 0.5 mm/s. For the
layer printing optimization, 10 x 10 mm squares were printed and subsequently UV cured with a speed of 2
mm/s, with the same line spacing as for the printing. UV curing was carried out with the printer UV head at full
power and at a distance of 25 mm (365 nm, peak irradiance: 8,000 mW/cm?). Printed shapes were covered in
a thin layer of sputtered gold (5 - 10 nm) to ensure opacity and precise surface scanning. The shapes topolo-
gies were measured using a laser scanning confocal microscope (Keyence VK-X1000). The height data was
corrected for surface shape, the printed lines were automatically detected and the metrics mentioned before
were calculated as described. This analysis was carried out in a custom python script. Slicing and generation
of printing instructions (in .gcode format) was carried out in Prusa Slicer 2.5.0 and translated project files for
the 3Dn-300 printer using custom code written in python.

POMaC pull testing

POMaC doghones samples were printed in 5 layers, which were each photopolymerized at a speed of 2 mm/s.
The samples were printed on a polyimide substrate which was preliminarily covered with a blade-cast layer of
polyacrylic acid serving as sacrificial layer. After printing, the samples were exposed to UV light (Proma
140001, 60 W, 365 nm) for 30 minutes to ensure full UV curing of the polymer. The polyimide sheet with the
dogbones was placed in DI water overnight and the samples were gently peeled after dissolution of the sacri-
ficial layer and dried in air. Stress strain curves were measured with a 340 Single Column Universal Testing
System (Instron) at a strain rate of mm/s.

Carbon ink preparation and printing

The carbon paste was prepared as previously described. Briefly, graphite flakes (7—10 uym, Alfa Aesar, USA),
carbon black (Lion Specialty Chemicals Co., Ltd Japan) and 9.5 g of 34 wt.% shellac solution in pentanol
(Shellac Orange by Kremer Pigment, Germany) were mixed at a weight ratio of 4:1:9.5 at 5 min at 2350 rpm
(DAC600 by Hauschild SpeedMixer, Germany). Direct ink writing of the carbon inks was conducted as for the
POMaC inks, with another SmartPumpTM100 attachment on the 3Dn-300 printer, equipped with a 125 um
internal diameter nozzle. Carbon inks were printed on blade-cast POMaC for the printing study and scanned
by laser confocal microscopy as described above.

Devices fabrication and characterization

All the devices presented in this work were printed from the POMaC and carbon inks as described above. The
carbon ink was left to dry for 20 minutes after subsequent printing of POMaC encapsulation, where relevant.
Direct ink writing was performed standard 4-inch single-side polished silicon wafer which was preliminarily
covered with a sacrificial layer of spin-coated polyacrylic acid. Silicon wafers were used as carriers to ensure
a flat surface during printing. The printed devices were further oven-cured at 80 °C for 48 hours and released
from the carriers in DI water overnight. For the functional lifetime tests, carbon interconnects encapsulated in
POMaC were immersed in PBS at 37 °C and the resistance values of the lines were continuously acquired
with a digital multimeter (Keysight 34401A). The same sample design was used for the flexibility and cyclic
bending tests, where a custom mechanical bending setup was used. For the pressure sensors, uniaxial pres-
sures were applied with a single-column Universal Testing System (Instron 3340) and the capacitance values
were recorded using an LCR-meter (Agilent E4980A) at 2MHz. Electrochemical characterization of the elec-
trode arrays was conducted on a potentiostat/galvanostat (Metrohm Autolab 8 Series, PGSTAT302N, FRA32M
module) in a three-electrode configuration, with an electrode from the array serving as working electrode, a Pt
wire as counter electrode and a silver/silver chloride pellet as reference electrode. For impedance spectros-
copy, a 10 mV RMS sine wave was used, for frequencies between 0.1 Hz and 100 kHz. LSV measurements
were conducted between -2 and 2 V with a scan rate of 50 mV/s, and CV measurements were performed
between -0.9 and 1.2 V with a scan rate of 50 mV/s.
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Degradation experiments

POMaC samples of 18 mm diameter and thicknesses of 267 + 8 pm were prepared and incubated in PBS at
37 °Cinindividual 12 ml glass vials. The samples were weighed with a precision scale (Metler Toledo XSR105)
after light rinsing in DI water and drying for 2 hours under vacuum at 50 °C. Carbon ink square samples with
a side dimension of 10 mm and an average thickness of 33.13 + 8.18 um were incubated and weighed as
described above for the POMaC samples. The accelerated aging test was conducted in 0.05 M NaOH solution
at room temperature.

6.5  Supporting information
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Figure S6.1: Lines of printed POMaC with the same parameters as in Figure 6.2(b) (printing speeds from 10 to 50 mm/s
(from bottom to top), for a pressure of 60 psi and a dispense gap of 60 um) when curing is delayed by 30 minutes.

Figure S6.2: POMaC squares printed with increasing number of layers.
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Figure S6.3: 3D design of the POMaC pyramid array, with each pyramid having a 2 x 2 mm base and a height of 2 mm
(left). Side view of the pyramids compared to a confocal laser microscope scan of the printed POMaC pyramids, in yellow
(right).
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Figure S6.4: Mechanical properties of the POMaC (Young’s modulus, failure stress and failure strain) as a function of the
esterification time. All were preliminarily fully UV cured.
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Figure S6.6: SEM image of carbon-shellac conductive ink embedded in POMaC polymer. The contour of the carbon profile

is highlighted in yellow.
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Figure S6.7: Linear sweep voltammetry measurement of a carbon electrode in PBS with potential difference with Ag/AgCI
reference between -2 and 2 V.
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Chapter 7 Conclusion

This thesis presents several advancements in the fields of additive manufacturing of biodegradable
and bioresorbable electronics. In response to challenges regarding material limitations, printing and curing
techniques, devices fabrication and characterizations, studies were conducted resulting in progress towards
the full additive manufacturing of transient bioelectronics. In this chapter, we summarize the key findings and
implications of this work while also providing an outlook on future directions for this research.

7.1 Summary and conclusion

Highly conductive interconnects for eco- and bioresorbable electronics: A novel sintering method for
zinc-based ink was developed to overcome challenges related to printable transient metal inks, namely limited
conductivity with respect to bulk and poor stability in air. A hybrid two-step sintering process for screen-printed
zinc utilizing electrochemical and photonic mechanisms was carefully studied and optimized. The removal of
high-melting oxides by electrochemical treatment was shown to be crucial to maximizing to efficiency of the
photonic treatment. The influence of the sintering atmosphere, as well as the light pulse count and intensity
was investigated to find optimal values and obtain unprecedented conductivity. Conductivity values of 5.6-106
S/m were reached for screen printed zinc interconnects, the highest reported value in the state of the art for a
transient printed conductor. The batch yield was typically close to 100 %, except for a minority of batches
where the acid treatment failed due to the manual nature of the process. The increased efficiency of the pro-
cess also resulted in a reduction of the photonic energy necessary to attain optimal sintering. This is of partic-
ular interest as the process is thus compatible with bioresorbable substrates, which tend to have a very low
thermal budget. This was demonstrated on two transient substrates, PVA and PLA, where conductivities in the
same order of magnitude were reached. The zinc traces were shown to be stable in ambient air for at least
one month, and maintain electrical conductivity for 3-4 weeks as well in physiological conditions when encap-
sulated in PLA. The interconnects are flexible down to a radius of 3 mm and can be bent repeatedly for 1000
cycles with limited loss in conductivity. This is an important finding, as flexibility of printed patterns is often
partially dependent on the binder present in the layer, as has been shown before, and in our case the binder
is likely vaporized during the sintering process.

These experiments indicate that the process is suitable for the multi-step fabrication of bioresorbable and
biodegradable electronics. This was validated by testing zinc resistors as strain sensors, and as electrodes in
parallel plate pressure sensors. The zinc electrodes were shown to be compatible with the deposition and
curing at 80 °C for 48 h of POMaC elastomer. The pressure sensors were assessed for forces up to 7 N and
showed a sensitivity of 71.4 fF/N (0.035 %/kPa). This value can be explained by the fact that fully cured POMaC
is comparatively stiffer than soft dielectrics used in other (non-degradable) pressure sensors. It could be im-
proved by shortening the thermal curing of our elastomer, or by adopting a patterned dielectric approach.
Actuation for 1000 cycles caused minimal drift in the response of the sensors. Furthermore, thanks to the high
conductivity of the zinc, the capacitive sensors were implemented in a wireless RLC circuit. The chipless sens-
ing device has a footprint of less than 2 cm? and displayed a sensitivity of 320 kHz/N.

Finally, the influence of the sintering process on the temperature characteristics of zinc resistors was investi-
gated for the development of temperature sensors for environmental monitoring. The two-step hybrid sintering
process was compared to the electrochemical treatment commonly used in the literature, for zinc resistors
printed on paper. The two-step sintered zinc resistors exhibited significantly improved stability under temper-
ature variations and demonstrated a linear response in terms of relative change of resistance (r> > 0.99).
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Hybrid sintering resulted in a high TCR value of 0.00316 1/°C, which represents about 80 % of the value for
bulk zinc. This is of importance, as it correlates with the sensitivity of the resistance temperature detector. The
relative sensitivity that we obtain is superior to examples of microfabricated degradable metallic RTDs based
on magnesium, for example. To minimize interference from humidity, a beeswax coating was applied to the
sensors by dip-coating. The eco-resorbable temperature sensors were tested from -20°C to 40 °C, with relative
humidity values ranging from 30 to 70 rH% and were shown to operate with minimal deviation from a reference
commercial sensor.

Integration of biochemical sensing function in disposable devices: Specifically, we fabricated organic
electrochemical transistors (OECTS) utilizing a PEDOT:PSS conductive channel and degradable carbon-shel-
lac electrodes. These components were printed onto an eco- and bioresorbable PLA substrate. The PE-
DOT:PSS channel was inkjet-printed while the carbon ink was deposited by stencil printing. The transistor
behavior of the devices was evaluated and compared for different gate material choices and device architec-
tures, firstly on an inert polyimide substrate. Carbon and PEDOT:PSS were found to be suitable gate materials
for disposable OECTsSs, exhibiting similar transconductances of approximately 300 uS. This is likely due to their
high effective areas, leading to a high gate capacitance. We also investigated the impact of gate geometry on
device performance and observed that larger gates generate a transconductance peak at lower voltages, mak-
ing them preferable for further experimentation.

To enable the printing of disposable organic electrochemical transistors (OECTSs) on a PLA substrate, we
addressed the challenges posed by PLA's unfavorable surface properties and low thermal budget. We ex-
plored modifications to the process to overcome these limitations. Specifically, we employed a silanization
process on PLA, which leads to a highly hydrophilic surface and facilitates the inkjet printing of PEDOT:PSS
with performance comparable to reference devices on polyimide. This was also made possible by a reduction
of the curing temperature of the PEDOT:PSS to 80 °C instead of 120 °C, which is compatible with the PLA
substrate and does not impact the transistor behavior of the OECTs. The disposable OECTs were assessed
as ion sensors and yielded sensitivities in the order of 10 %/dec for potassium, sodium and calcium ions. This
is similar to previous work on OECT made of silver electrodes on a polyimide substrate, indicating minimal
negative influence from the degradable materials in our case. Importantly, the sensing sensing behavior re-
mained stable across different devices and repetitions, and the devices exhibited reversibility after washing
with DI water. As a proof-of-concept, we also investigated the glucose sensing capability of the devices, achiev-
ing a limit of detection of 5 uM. Although camparable to previous work with glucose-sensitive OECTs with the
enzyme attached to the gate, this limit of detection is three order of magnitude higher than in other published
works, and could be improved with the use of a mediator such as ferrocene. All in all, these results demonstrate
the potential of the disposable OECTSs for biochemical sensing applications.

Finally, the OECTs were integrated with highly conductive zinc interconnects enabled by the aforementioned
sintering process. However, Zn naturally forms a ZnO passivation when exposed to air. ZnO, being an n-type
semiconductor, forms a p-n junction with the PEDOT:PSS channel, which explains why zinc cannot be used
directly as contacts for the OECTs. This observation was confirmed by measuring the IV-curves of the ZnO-
PEDOT:PSS junction, which exhibits a Schottky barrier behavior. To address this issue, we fabricated OECTs
with zinc contacts, but employed a carbon intermediate layer as an interface between the zinc and the PE-
DOT:PSS. This configuration enabled the devices to have comparable behavior to the reference devices with
carbon contacts.

Digital additive manufacturing of customizable transient bioelectronics: Monolithic fabrication of transi-
ent bioelectronics in a single machine was achieved, using multi-nozzle direct ink writing and UV curing. This
approach takes advantage of the versatility offered by digital additive manufacturing, enabling the creation of
bioelectronics with customizable geometry and function. POMaC was chosen as substrate material and its
deposition by printing was optimized as a function of the nozzle size, dispense gap and inlet pressure. POMaC
pre-polymer is a viscous Newtonian fluid with relatively slow UV curing kinetics, and we demonstrated that its
high viscosity is sufficient to maintain shape fidelity after deposition. Features in the order of 200 to 300 um
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were achieved, as a function of the printing parameters. Layer-by-layer printing was successfully demonstrated
with a consistent layer thickness of 50 um, and 3D topologies were fabricated at scales of a few millimeters.

To introduce electrical functionality, we employed the aforementioned carbon-shellac composite as the con-
ductive layer. This composite maintains its conductivity even in contact with agueous solutions, making it suit-
able for fabricating electrodes for electrophysiology applications. The direct ink writing of the composite was
also studied. Printed carbon lines encapsulated in POMaC were flexible down to a bending radius of 1.5 mm,
and could withstand 10’000 bending cycles at 3 mm with minimal change in resistance. The electrical re-
sistance of the fully printed substrate and interconnects was monitored in PBS at 37 °C and found to degrade
at a rate of approximately 5% (relative change of resistance) per hour. Overall, the fabrication process is
straightforward and allows for the easy and rapid translation from an in silico design to a functional 3D printed
construct. The yield for conductive printed lines was observed to be above 90 %, and in the case of interrupted
lines, a second pass with the carbon ink was sufficient to obtain fully functional devices.

The ease of customization of transient bioelectronics was demonstrated by fabricating functional devices with-
out requiring adaptation to the fabrication process. A parallel capacitive sensor was fabricated for the monitor-
ing of pressures up to 1500 kPa, achieving a sensitivity of 0.0029 %/kPa. The sensor was tested for cyclic
actuation (10’000 cycles) with a 1 MPa pressure at 1 Hz, and its capacitance stabilized after 5000 cycles with
only a 0.18% drift in the last 5000 cycles. A stretchable conductive mesh was also printed and tested as a
strain sensor for up to 20% deformation with a gauge factor of 0.25. Furthermore, an electrode array was
fabricated, showing performance comparable to state-of-the-art electrodes with an impedance of 6.5 + 1.0 kQ
at 1 kHz and a cutoff frequency of 79 = 36 Hz. Finally, the degradation kinetics of POMaC and the carbon-
shellac composite in PBS at 37 °C were evaluated. POMaC and the carbon conductive paste were found to
exhibit weight loss rates of respectively 0.89 %/week and 2.6 %/week.

7.2 Outlook

This thesis describes advancements in the fabrication of biodegradable and bioresorbable electronics. We
address challenges related to additive manufacturing techniques to attain higher performance printed materials
and optimized processes. This results in functional printed transient devices incorporating varied sensing func-
tions. The use of additive manufacturing allows for an unprecedented degree of customizability and the crea-
tion of 3D topologies. These achievements open new directions for further research, fostering the development
of next-generation bioresorbable electronics with enhanced performance, improved integration, and expanded
functionality.

The main drawback of the hybrid sintering process presented above is its relative complexity, requiring several
acid coats for uniform oxide removal before the photonic treatment. As also mentioned before, this also may
compromise the obtained yield, due to the operator-dependant nature of the process. The hybrid sintering
method could be considerably improved by introducing the reducing agent in the ink, hopefully maintaining the
zinc nano- or microparticles oxide-free during ink storage and printing. This could be achieved by taking inspi-
ration from copper oxide reduction techniques, such as the use of formic acid [188,353,354]. Citric acid solu-
tions also seem to be able to reduce oxides on zinc metal [355]. This will need to be validated with corrosion
experiments to validate the timely dissolution of the oxide layer. However, we note that the use of acetic acid
already imparts some conductivity to the zinc layers after treatments by causing redeposition of the Zn ions
resulting from the oxide layer reduction [18]. The extent to which this contributes to the efficiency of the sub-
sequent photonic sintering is unclear and requires further investigation. However, introducing acetic acid so-
lution directly into the ink is not a viable solution as it causes the ink to solidify within minutes, as we have
experimentally confirmed. One potential solution to address the ink stability issue is the use of propionic anhy-
dride, which induces electrochemical sintering of zinc similar to acetic acid [221]. Propionic anhydride is con-
verted to propionic acid in the presence of water, making it suitable for an ink formulation based on an anhy-
drous organic solvent. However, anhydrides typically react with alcohols to form esters when heated, and an
alternative solvent to pentanol should therefore be found. In parallel to that, inks for the direct ink writing of
zinc could be developed, to integrate it into the multi-material 3D fabrication platform.
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We present disposable biochemical sensors based on PEDOT:PSS, which are entirely made of environmen-
tally benign materials. Although the biodegradation of PLA, carbon or graphite and shellac has been validated,
the degradation of PEDOT:PSS polymers in vivo or in the natural environment is still unclear [8]. PEDOT or its
monomer are not soluble in water and experiments should be conducted to elucidate the potential elimination
of PEDOT:PSS by the body as well as its fate in soil. Similarly, while carbon is considered an edible material
[356], itis likely to be bioinert and therefore not to be fully bioresorbable. In consequence, the effects of carbon-
based composites degradation in vivo should be investigated. An alternative approach to avoid these concerns
would involve replacing carbon in the inks with degradable metals such as tungsten or molybdenum. Both form
thinner oxide layers comparatively to other transient metals and degrade slower; they are therefore suitable
for the creation of composites requiring minimal sintering [52,223]. By incorporating degradable metals into
shellac composites, higher conductivity can be achieved while leveraging shellac's water-barrier properties to
prevent rapid degradation. Another possibility would be to combine transient metals with bioresorbable elas-
tomers, allowing for inherently stretchable, or at least more mechanically compliant, conductors.

POMacC is used as the structural material for personalized transient implants, and had been assessed before
as a suitable material for packaging of bioresorbable electronics [146]. As is the case for a lot of bioresorbable
materials, it absorbs water readily, swelling up to 20 % in PBS [341]. This can lead to early failure of the device
through the creation of strain on the conductive lines, as well as degradation of the conductive material through
contact with the aqueous solution. More research is therefore needed into 3D printable bioresorbable polymers
with satisfying water barrier properties. An ideal printable transient substrate would show hydrophobic behavior
and surface degradation, which allows to provide a better encapsulation and maintain mechanical properties
as the material degrades. PGS has been reported to undergo surface erosion and exhibit reduced water ab-
sorption compared to POMaC [39]. It is however very challenging to process by printing as its pre-polymer is
a wax that melts around 90°C to a thin liquid, and must be cured at 130 °C, leading to structural collapse [343].
We experimented with PGS-POMacC blends, which could be a promising alternative as substrate material and
were found to cure at temperatures as low as 100 °C. Another promising avenue for future work on this topic
is the use of more hydrophobic polymers, such as PCL or PLA as additives to reduce the water diffusion and
uptake. On the topic of additives for POMaC, additives that induce a shear-thinning would hold promise to
improve the printing behavior, as this is the ideal rheological behavior for direct ink writing [177]. Cellulose
nanocrystals have shown promise as biodegradable (but non-bioresorbable) additives [207], for example, and
more research is needed in developing bioresorbable equivalents.

Furthermore, the customizability of transient implants as presented in Chapter 6 can further exploited and
demonstrated. The ability to easily translate in silico designs into functional devices and manufacture complex
shapes and 3D topologies opens opportunities for optimizing transient implants using sophisticated tech-
niques. Topology optimization [357] as well as generative design [358] have the possibility to incorporate de-
sign constraints and automatize the optimization process, leading to structures with enhanced performance.
These techniques have been used in conjunction with additive manufacturing, which is best suited for the
fabrication of complex designs [359]. With this approach, transient electronic implants could be generated from
medical imaging and optimized in terms of layout, mechanical properties, and topology to attain higher record-
ing quality and better conformability. Moreover, the added manufacturing capabilities in the third dimension
could be exploited to demonstrate novel sensing or actuation mechanisms in implantable electronics.

Finally, despite advances in the additive manufacturing of transient electronic implants, in vivo assessments
remain very limited. To address this gap, further research is needed to comprehensively evaluate the long-
term functionality and performance of printed bioresorbable implants. Devices should be evaluated in vitro in
an environment that reproduces their target implantation site as closely as possible. An interesting approach
to this end is presented in a recent paper, where a platform is developed for the in vitro assessment of spinal
cord implants for stimulation [360]. Notably, the spinal cord model is derived from medical imaging and repro-
duced by additive manufacturing, allowing for a personalized assessment. Such in depth characterization
would allow to study the degradation of the transient materials, and to ensure the stability and functionality of
the printed devices for a specific application. As a next step, evaluations of these devices in small animal
models could be conducted.
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