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Biodegradable elastomeric circuit boards from citric
acid-based polyesters
Brendan L. Turner1, Jack Twiddy 1, Michael D. Wilkins2, Srivatsan Ramesh 3, Katie M. Kilgour3, Eleo Domingos1, Olivia Nasrallah1,
Stefano Menegatti3,4✉ and Michael A. Daniele 1,2✉

Recyclable and biodegradable microelectronics, i.e., “green” electronics, are emerging as a viable solution to the global challenge of
electronic waste. Specifically, flexible circuit boards represent a prime target for materials development and increasing the utility of
green electronics in biomedical applications. Circuit board substrates and packaging are good dielectrics, mechanically and
thermally robust, and are compatible with microfabrication processes. Poly(octamethylene maleate (anhydride) citrate) (POMaC) – a
citric acid-based elastomer with tunable degradation and mechanical properties – presents a promising alternative for circuit board
substrates and packaging. Here, we report the characterization of Elastomeric Circuit Boards (ECBs). Synthesis and processing
conditions were optimized to achieve desired degradation and mechanical properties for production of stretchable circuits. ECB
traces were characterized and exhibited sheet resistance of 0.599Ω cm−2, crosstalk distance of <0.6 mm, and exhibited stable 0%
strain resistances after 1000 strain cycles to 20%. Fabrication of single layer and encapsulated ECBs was demonstrated.
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INTRODUCTION
Electronic waste (e-waste) represents a significant environmental
challenge with about 40 million metric tons generated per year
and projections estimate increases in the future1. Aside from
environmental concerns about dangerous heavy metals, e-waste
also contributes to losses of precious metals, of which there is a
finite supply. Passive components and circuit boards are the
largest category of e-waste, representing about 16.8 million tons
of total e-waste in 20212. The importance of developing
sustainable and degradable materials cannot be understated, in
regards to realizing a sustainable electronics ecosystem. Alter-
native to the traditional “long-lasting” electronics paradigm,
transient or biodegradable electronics are being developed to
reduce e-waste3 and for biologically and environmentally interfa-
cing applications4–6. Popular material components for biodegrad-
able electronics include paper-based electronics7,8, biocompatible
metals9,10, natural and synthetic polymers11,12 and thin-film
inorganics13,14. These materials can degrade in a controlled
manner in the presence of a specific trigger condition15 including
biomolecules, moisture, temperature changes, light, or mechanical
force. The ideal biodegradable electronic device has a program-
mable lifespan, degrades fully into non-toxic components, and still
provides rigorous electronic functionality.
The next generation of electronic devices will by characterized

by the synthesis of biodegradable and biomimetic approaches for
material and electronics development. Electronic materials that
incorporate both stretchable and degradable characteristics16–21

provide traditional electronic functions while offering new
functionalities including ability to survive mechanical deforma-
tions, conform to curvilinear surfaces, and match the stiffness of
various biological tissues22. This presents innovative opportunities
for the design of mechanically robust, transient systems with

expanded applications in healthcare23–25, energy harvesting26,
soft robotics27–29, and consumer electronics30,31.
Synthetic, biodegradable elastomers are an attractive candidate

material for these applications. Many strategies have been used to
confer elastic properties into non-stretchable conducting materi-
als employing structures using out-of-plane32 or in-plane33

geometries. However, almost all these approaches rely on an
elastomeric substrate to absorb or dissipate the mechanical
strain34–37. Additionally, approaches to create elastic conductors38,
semi-conductors39, and dielectrics15 have used composite techni-
ques combining electronically active materials like silver nano-
particles with elastomers40. Furthermore, elastomers have a long
history of applications in tissue engineering due to wide-ranging
tensile moduli to match target tissues, and ensured biocompat-
ibility and biodegradability41. These synergistic properties position
elastomers at the forefront of materials development for the next
generation of stretchable and biodegradable electronics.
Many stretchable electronic technologies composed of non-

degradable elastomers have been presented in literature, includ-
ing thermoplastic polyurethanes used as substrate and composite
material42,43, polyurethane sponges44, conductive, elastomeric
spandex fibers45, and poly(dimethylsiloxane) (PDMS). PDMS in
particular has been used extensively as substrate and conductive
elastic composite material for stretchable electronics applications
including stretchable electrodes46, supercapacitors47, sweat sen-
sors48, and epicardial cardiac stimulation patches49. These
example materials and devices highlight some of the potential
applications for elastic devices. Stretchable PDMS electrodes have
shown promising properties with limited fatigue at up to 100%
strain and strain cycle resistance after 10,000 cycles50. Despite
these impressive examples, a suitable elastic alternative to non-
degradable and bioinert PDMS is required to achieve the next
generation of devices.
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One such set of elastomers are the citric acid derivatives41,51–53

that were first presented as elastic tissue scaffolds for soft tissue
engineering. The original formulation was composed of citric acid
and a diol that could be degraded by hydrolysis at varying rates
depending on post-processing54. Since their initial presentation,
citric acid elastomers have been complexed with a variety of
monomers that partially replaced citric acid or the diol including
sebacic acid55, 1,4-cyclohexanedimethanol56, and others57–59 to
target different physiochemical properties and bioactivity. These
elastomers have been used as biocompatible interfaces for
polytetrafluorethylene vascular grafts60, as components in electro-
spun composites to increase elasticity61, as scaffolds for retinal
tissue engineering62 and for other applications in soft tissue and
bone engineering.
Poly(octamethylene maleate (anhydride) citrate) (POMaC) is a

citric acid-based elastomer that provides tunable mechanical
properties, biocompatibility, biodegradation63, demonstrated
strain cycle resistance64,65, and potential for robust performance
under mechanical deformation and adhesion to curvilinear
surfaces66,67. POMaC is produced by polycondensation reaction
of non-toxic and inexpensive monomers: 1,8-octane diol, maleic
anhydride, and citric acid63 (Fig. 1a). The produced pre-polymer
can then by crosslinked using photo and/or thermal crosslinking
through the unsaturated hydrocarbons in the backbone or the
pendant carboxylic acid and hydroxyl groups (Fig. 1a), respec-
tively, to fine tune mechanical and degradation properties. These
same functional groups offer potential for chemical modification
of the polymer before or after crosslinking. The polymer

undergoes degradation via surface erosion in physiological
conditions that breaks ester bonds between monomers and
results in a linear loss of mechanical properties during degrada-
tion65,68. The material was initially developed for tissue engineer-
ing applications and has been demonstrated as cell scaffolding
material63 and as an injectable tissue scaffold69. POMaC has also
shown potential for development of structures via injection
molding70 and microfabrication strategies71,72 to enhance cell
culture outcomes. The elastomer has also been used in micro-
physiological systems to model cardiac fibrosis73 and screen
cardiac drugs74. The elasticity, hydrophobicity, and available
pendant groups in POMaC have been utilized, in conjunction
with additives to enhance photocrosslinking, for the development
of tough underwater adhesives for biomedical applications66.
POMaC has also been developed for use in implantable sensors as
outer packaging and strain resistance components for an
implantable strain and pressure sensor64,65. The soft and elastic
properties of POMaC were also leveraged in an arterial pulse
sensor where POMaC was used as the arterial interfacing material
to prevent tissue irritation and allow artery expansion67.
Boutry et al. have shown examples of biodegradable devices

employing POMaC as a packaging material in two devices,
including an arterial pulse sensor67 and a strain and pressure
sensor47. In these works, POMaC was adopted owing to its
biocompatibility, biodegradability, and mechanical properties that
promote favorable interactions with soft tissues. However, in both
devices the conductive material was adhered to other substrates:
the arterial pulse sensor used PLLA as substrate for magnesium

a. POMaC Pre-Polymer Synthesis
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Fig. 1 Overview. a POMaC pre-polymer is synthesized in a polycondensation reaction from 1,8-octanediol (OD), maleic anhydride (MA), and
citric acid (CA). b Elastomeric Circuit Board fabrication. i. Thin films of POMaC are prepared by spin coating and then crosslinked. ii. Next,
physical vapor deposition of conductive traces through a shadow mask is used to pattern circuits before films are laser cut and removed from
the substrate. iii. POMaC circuit boards are then encapsulated by thermally crosslinking a POMaC top layer to the metallized bottom layer.
iv. Surface-mount devices are attached by soldering to openings in the encapsulation layer.
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structures, a microstructured PGS as a dielectric for pulse
detection, and PHB/PHV as a bottom layer; likewise, the strain
and pressure sensors operate with similar design principles, only
using POMaC as the top and bottom packaging layers. In spite of
the promising nature of POMaC, this material has thus far been
used only as encapsulation/packaging and for tissue culture. In
this work we seek to expand its functionality by presenting its
application as a biodegradable elastomeric circuit board substrate.
Thus, unlike prior literature where POMaC merely serves as a
component of a larger device, this study presents a fabrication
method, material and electrical characterizations, and functional
examples of this polymer as a substrate material for elastomeric
circuit boards. Although previous work has incorporated POMaC
as an active biomaterial component, no previous work has
investigated the potential of POMaC for electronic substrates. In
this work, POMaC is demonstrated and characterized for use as an
Elastomeric Circuit Board (ECB) substrate, and corresponding
microfabrication methods are developed (Fig. 1b). Three POMaC
pre-polymers from different monomer feed ratios were synthe-
sized and characterized for monomer content based on feed ratio
and reaction times. The pre-polymers are thermally stable under
200 °C and peak degradation occurs at 400 °C. Based on the
increased branching and the potential for post-functionalization
POMaC-6 (3:2:5 MA:CA:OD) was further characterized to determine
its material properties. Additionally, the degradation and mechan-
ical properties were characterized with respect to crosslinking
conditions. POMaC 6 films had tensile moduli ranging from
0.4–2.3 MPa and elongation at break ranging from 20–56%. Due to
the low tensile modulus and high elongation at break, thermally
crosslinked POMaC-6 was used to fabricate circuit boards and then
characterized for electrical properties. The sheet resistance and
crosstalk losses of conductive traces on POMaC-6 substrates were
0.599Ω cm−2 and −25 dBs, respectively. Trace impedance was
monitored across a frequency sweep from 1 Hz to 5 MHz and
showed expected behavior with constant phase and magnitude
until 100 kHz where a slight increase in impedance was exhibited.
Encapsulated metal traces on POMaC-6 substrates were char-
acterized over 1000 cycles of 0–20% strain with peak R/R0 ~ 87.
Lastly, biomedical applications for POMaC-based ECBs were
demonstrated. The potential for chemical functionalization was
demonstrated by patterning films with fluorescent molecules and
encapsulated circuits were demonstrated operating under strain
and in simulated physiological conditions.

RESULTS & DISCUSSION
Pre-polymer synthesis & characterization
Three monomer feed ratios were used, POMaC-4 (P4), POMaC-6
(P6), and POMaC-8 (P8), for the synthesis of the POMaC pre-
polymer variants (ca. Table 1). Each pre-polymer was prepared by
a melt polycondensation reaction with the corresponding ratio of
monomers, purified by precipitation from dioxane into water,
frozen, and lyophilized. The molar ratio of monomers for each pre-
polymer was determined using 1H-NMR (d6-DMSO-400 MHz)

(Fig. 2a): δ= 6.0–7.0 (m, 2H), 3.97–4.08 (m, 1H), 3.57 (s, 8H), 3.37 (t,
2H), 2.6–3.0 (m, 4H), 2.5 (m, 6H), 1.58 (s, 4H), 1.27–1.4 (group, 8H).
The peaks (f) between 6–7 ppm were attributed to the –CH=CH–
from maleic anhydride. The peaks (a) between 2.6–3.0 ppm were
attributed to the –CH2– from the citric acid. The peaks (c) at 1.58
ppm were attributed to the –CH2–CH2–OH from 1,8-octane diol.
Using these characteristic monomer peaks, the pre-molar ratio of
monomers was characterized as a function of reaction time
(Fig. 2b) by calculation of the ratio of normalized signal areas of
characteristic proton peaks for each monomer (e.g., for maleic
anhydride (a/4)/(a/4+ f/2+ c/4)) with final monomer molar ratios
reported in Table 1. For all reaction times evaluated, 1,8-octane
diol is under-represented in the as-synthesized pre-polymer. After
5 h, both citric acid and maleic anhydride incorporation approach
their feed ratio value in the as-synthesized pre-polymer. For all
further experiments, a reaction time of 5 h was used for pre-
polymer synthesis.
Each pre-polymer was also characterized using thermogravi-

metric analysis (TGA) to assess molecular weight distribution and
thermal degradation behavior of the pre-polymers (cf. Fig. 2c). A
volatile mass loss (~10%) was observed below 200 °C for each pre-
polymer, which was attributed to dioxane and water remaining
from the purification process. Around 200 °C, there is additional
mass loss up to ~8% in P4, 14% in P6, and 20% in P8, which is
inversely correlated to citric acid content in the monomer feed
ratio. Increased citric acid content in the monomer feed ratio
increases pre-polymer chain branching75. Accordingly, the mass
loss at 200 °C is attributed to thermal degradation of lesser
branched, lower molecular weight pre-polymer chains. This is
further corroborated by the derivative TGA curve (DTG), as a low-
temperature shoulder is observed across the bulk degradation
region (265–475 °C). The shoulder occurs at higher temperatures
with increasing citric acid in the monomer feed ratio. Peak thermal
degradation is exhibited at 400 °C for all feed ratios. No thermal
degradation of the polymer is expected below 200 °C, and POMaC
films exhibited no weight loss under 200 °C with a more singular
degradation profile at ~300 °C. (Supplementary Fig. 1), as
compared to the pre-polymer.

POMaC film fabrication and characterization
Use of POMaC for tissue engineering typically involves highly
porous networks with increased maleic anhydride content (1 CA: 4
MA: 5 OD) to enable fast photocrosslinking72. While porous and
photocrosslinked films can enable increased efficiency of cell,
protein, and drug loading, photocrosslinked POMaC films result in
sticky surfaces not amenable to microfabrication methods65.
Accordingly, the P6 pre-polymer (3CA :2 MA:5 OD) was selected
for further development of elastomeric circuit boards. The P6 pre-
polymer offers increased capacity for thermal crosslinking by ester
bond formation, while providing supplemental unsaturated
hydrocarbons for photocrosslinking and functionalization.

Film fabrication. POMaC provides for two crosslinking modes,
whereby both photocrosslinking by backbone carbon-carbon
double bonds and thermal crosslinking by ester-bond formation
between pendant carboxylic acid and hydroxyl groups can be
used to tune material properties. P6 pre-polymer was prepared
with 5% w/w photoinitiator (Irgacure 2959). P6 films were
deposited by spin coating (Fig. 1b i), crosslinked by a combination
of photocrosslinking and thermal crosslinking (Fig. 1b i), laser cut
to appropriate dimensions, and removed by water submersion
(Fig. 1b ii). Appropriate spin coating conditions are necessary to
achieve a uniform film. In this work, film thickness was not
controllable by simple variation of spin coating parameters, so a
spreading agent (e.g., dioxane) would be necessary to control film
thickness. After spin coating, photocrosslinking was performed by
exposure to UV light (λpeak= 365 nm) for a dose of 0, 3, or

Table 1. Feed ratios for POMaC pre-polymers and the NMR calculated
molar ratio for each pre-polymer.

Pre-polymer Feed Observed

MA CA OD MA CA OD

POMaC-4 2 3 5 2.01 3.20 4.79

POMaC-6 3 2 5 3.12 2.26 4.61

POMaC-8 4 1 5 4.28 1.17 4.54

MA maleic anhydride, CA citric acid, OD 1,8-octanediol.
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6 J·cm−2. After photocrosslinking, P6 films were subsequently
baked at 80 °C for 24, 36, or 48 h. To differentiate between
crosslinking conditions, variants are named UV dose – hours
crosslinked. For instance, a P6 film exposed to 3 J·cm−2 and baked
for 48 h is referred to as P6 3–48. Film forming conditions are
summarized in Table 2. For a UV dosage of 6 J·cm−2 each baking
condition resulted in removable films. For a UV dosage of
3 J·cm−2, thermal crosslinking for 24 h did not produce removable
films. For films produced without photocrosslinking, neither 24
nor 36 h of thermal crosslinking resulted in free-standing films.

Swelling and degradation characterization. The solution percent
(sol %) of crosslinked films was found to range between 26–33%
(Table 2) with increasing sol % as ester crosslinking was reduced.
Crosslinking conditions had no statistically significant effects on
sol %. To determine relative swelling behavior as a function of
crosslinking conditions, swelling was performed in DMSO at room
temperature where swelling of crosslinked films ranged from 313
to 404% (Table 2). Crosslinking conditions had no significant effect
on swelling in DMSO. The mass swelling behavior of P6 0–48 films
were examined by a kinetic swelling study (Fig. 3a ii): (i) in DI water
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Fig. 2 POMAC pre-polymer characterization. a 1HNMR spectra for POMaC pre-polymer variants P4, P6, and P8 (top to bottom) with
annotated peaks corresponding to protons in the labeled structure of a typical POMaC chain. b Plots of substituent monomer molar ratios for
POMaC pre-polymer variants P4 (i), P6 (ii), and P8 (iii) (left to right) at various times during the pre-polymer synthesis. c TGA (left axis) and
derivative plots (right axis) showing thermal degradation properties of POMaC pre-polymer variants P4 (i), P6 (ii), and P8 (iii).

Table 2. Crosslinking conditions and physical properties for POMaC films.

UV (J·cm−2) 80 °C (h) Sol (%) Swell (%) (DMSO) E (MPa) σ (MPa) Elongation (%)

6 24 32.8 ± 1.24 404 ± 44.3 0.860 ± 0.027 0.170 ± 0.016 22.7 ± 2.21

6 36 – – 1.26 ± 0.059 0.251 ± 0.013 23.3 ± 2.01

6 48 – – 2.30 ± 0.059 0.412 ± 0.015 20.4 ± 2.47

3 36 28.6 ± 1.15 313 ± 28.7 0.539 ± 0.056 0.177 ± 0.014 44.4 ± 4.32

3 48 – – 1.18 ± 0.027 0.355 ± 0.044 38.0 ± 5.52

0 48 26.4 ± 1.11 366 ± 29.3 0.395 ± 0.026 0.164 ± 0.015 56.6 ± 4.23

Numbers are reported as mean ± standard error.
UV ultraviolet dosage, sol solution, DMSO dimethyl sulfoxide, E tensile modulus, σ tensile strength.
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term degradation of POMaC 0–48 films in PBS and DI water. b Mechanical properties. i. Representative stress-strain curves for crosslinked
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crosslinked POMaC films. Error bars depict standard error of the mean.
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at room temperature, a swelling equilibrium of ~4% was reached
after 40min of immersion; (ii) in DI water at 37 °C, a swelling
equilibrium of ~5% was reached after 20 min of immersion. No
change in diameter was observed after 24 h of immersion in DI
water (Supplementary Fig. 7); (iii) in PBS at room temperature, a
swelling equilibrium of ~17% was reached after 240 min of
immersion (note: a diameter change of ~0.8 mm was observed
after 24 h, as shown in Supplementary Fig. 5); finally, (iv) in PBS at
37 °C, swelling equilibrium of ~17% was reached after 120 min of
immersion. From a fabrication standpoint, the limited swelling
observed in DI water seems to permit long-term soaks for lift-off
procedures, whereas PBS swelling may be a concern in applica-
tions that require processing steps in ionic solutions.
The degradation properties of substrates are important for the

development of recyclable or transient electronics. Ideal materials
should have tunable degradation rates for different applications,
allowing for a range of device lifespans without compromising
functionality76. For example, a single-use biosensor should
degrade rapidly after sensing has concluded, while a surgical
implant to monitor wound healing should last until the end of the
healing process53. To characterize degradation rates for different
crosslinking conditions, an accelerated degradation was per-
formed in 0.05 M sodium hydroxide (NaOH) at room temperature.
The POMaC polymer is crosslinked mostly by ester bonds and
NaOH has been used previously to examine hydrolytic degrada-
tion rates in accelerated conditions77–79. Of the three conditions
evaluated, 0–48 films had the greatest resistance to hydrolytic
degradation, which can be observed by the lower degradation
rate shown by the 0–48 films (green triangles) compared to the
other crosslinking conditions (Fig. 3a ii). Additionally, a long-term
degradation study was performed using P6 0–48 films in DI water
and PBS over 10 weeks at 37 °C (Fig. 3a iii-iv). Swelling in both
systems was also monitored and a markedly slower swelling rate
was observed in DI water compared to PBS (Fig. 3a iii). In PBS, the
films swelled to 40% after 4 weeks and swelling rates leveled off at
60% after 8 weeks. In DI water, the films swelled less rapidly,
reaching about 20% swelling at 10 weeks. The mass loss observed
was linear by Runs test and showed mass loss rate of ~0.02% and
~1.7% per week in DI water and PBS, respectively (Fig. 3b iv).

Mechanical characterization. Stretchable electronics enable a
wider range of applications for bio-interfaced devices. For
instance, conformal stretchable materials offer the possibility of
more comfortable and functional wearables placed in contact with
human skin80 or as implantable devices81. Conformal contact
increases the reliability of sensor measurements and soft materials
cause less overall tissue irritation82. Ideal circuit boards for
stretchable electronics should have tunable tensile modulus and
stretchability as requirements will vary between applications.
Here, the mechanical properties of P6 films were examined as a
function of crosslinking conditions and results summarized in
Table 2.
P6 films exhibited a wide spectrum of mechanical properties

with tensile moduli ranging from 0.4–2.3 MPa, elongation at break
ranging from 20–56%, and tensile strength ranging from
0.17–0.41 MPa. A variety of stress-strain curves were observed
for POMaC films processed under different crosslinking conditions
(Fig. 3b i). The tensile modulus (Fig. 3b ii) showed the greatest
response to changing crosslinking conditions, showing statistically
significant increases with increased photocrosslinking duration
and with increased thermal crosslinking duration. Elongation
percent (Fig. 3b iii) did not significantly change with thermal
crosslinking but showed significant decreases with increased
photocrosslinking. Tensile strength (Fig. 3b iv) showed significant
increases with increasing thermal and photocrosslinking.
Holding constant the degree of photocrosslinking and increas-

ing thermal crosslinking (e.g., comparing films that received
6 J·cm−2) resulted in statistically significant increases in tensile

modulus and strength, while elongation percentage remained
stable. Holding constant the degree of thermal crosslinking while
increasing photocrosslinking (comparing films baked for 48 and
36 h) resulted in statistically significant increases in tensile
modulus and strength and decreases in elongation percentage.
As expected, combinations of crosslinking conditions can also
achieve similar desired outcomes, e.g. 3–36 and 0–48 conditions
exhibit statistically equivalent mechanical properties.

POMaC-ECB characterization
Printed circuit boards (PCBs) are an essential component of
complex, multi-component devices, allowing a variety of electro-
nic components to be electrically interconnected in a way that
minimizes total device volume. Many research groups have
developed flexible PCBs for applications in wearable devices83–86.
However, the same groups note that incorporation of elastic
properties are necessary for truly bio-inspired systems that can
match the local stiffness and stretchability of biological tissues. For
example, skin is not only flexible, but can withstand large strains
with elastic recovery80,87. Accordingly, we fabricated and char-
acterized POMaC-based elastomeric circuit boards (ECBs) for their
fundamental electrical properties, i.e., sheet resistance, electrical
impedance at various frequencies, potential crosstalk distance
limitations, as well as performance under repeated tensile strain.
For all fabricated elastomeric circuit boards, 0–48 crosslinked

films were utilized owing to their low tensile modulus (0.395 MPa)
and high elongation percent at break (56%) compared to the
other crosslinking conditions characterized. Briefly, circuit boards
were fabricated by sputter deposition of a titanium (Ti) or
chromium (Cr) adhesion layer and a gold (Au) conductive layer
through a shadow mask onto crosslinked POMaC films (Fig. 1d ii).
Following metal deposition, the films were laser cut and detached
from the substrate by dissolving the underlying water-soluble
sacrificial layer. (Fig. 1d ii). The DC resistance of circuit traces
fabricated using these methods was observed to be unchanged
after film lift-off. For encapsulated circuit boards, the films were
thermally crosslinked for 40 h before deposition. After deposition,
the films were removed, dried, and joined face-to-face with a “lid”
section laser cut from the same film. The joined lid and substrate
were dried in vacuum, and then thermally crosslinked at 80 °C for
8 additional hr to seal top and bottom layers (Fig. 1d iii). Surface-
mount components were attached using low-temperature indium
(In) solder and a hot air soldering gun for both unencapsulated
and encapsulated boards (Fig. 1d iv).
The sheet resistance of deposited traces composed of Cr/Au

and Ti/Au at 0.3 mVwas measured as 1.05 and 0.6Ω·cm−2,
respectively (Fig. 4a i). For comparison, the theoretical ideal
resistance of 5 nm of Ti and 95 nm Au is ~0.2Ω·cm−2. To
characterize trace performance in the context of conventional
AC operation (e.g. digital interfaces) or more advanced applica-
tions such as acoustic power transfer, AC impedance was
investigated for traces deposited by physical vapor deposition
on 0–48 films (Fig. 4a ii). Impedance magnitude and phase were
monitored as a function of frequency across a range from 1 Hz to
5 MHz. Impedance magnitude remained constant across the
frequency range, while a phase increase was observed beginning
at 100 kHz. Traces consisting of Cr/Au layers showed a higher
phase and magnitude compared to the Ti/Au traces (Fig. 4a ii).
Electrical crosstalk (capacitive and/or inductive transfer of a signal
between an active trace and an adjacent inactive trace) in small
devices can lead to issues with signal integrity and device
performance88. While crosstalk can be arbitrarily minimized by
increasing inter-trace spacing, such a strategy is often nonideal in
the context of implantable devices, where minimal device size is
an important design goal. For single ended systems, a commonly
used target amplitude of signal transfer between an active trace
and an inactive neighboring trace is <−26 dB, or 5% of total signal
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of the active trace. Electrical crosstalk between Ti/Au traces
deposited on POMaC was found to be ~−25 dB for inter-trace
spacings between 2.0–0.6 mm when applying a 5 MHz signal to
the active trace and monitoring the signal amplitude of the
adjacent inactive trace (Fig. 4b i). Examples of circuit designs with
different spacings are shown for 0.5 mm (Fig. 4b ii) and 1mm
(Fig. 4b iii) trace widths. As expected, increasing spacing between
traces resulted in less observed crosstalk, and a graphical
depiction of trace spacing and observed crosstalk for 0.5-mm-
wide traces is included in Fig. 4b iv. Trace width did not change
observed crosstalk between traces at the inter-trace spacings
examined. Based on observed crosstalk, devices employing
equivalent fabrication methods could expect to utilize inter-trace
spacings as low as 0.6 mm, for signal bandwidths below 5MHz.
For the shadow mask materials used in this work, 0.6 mm was the
resolution limit for long traces, so smaller inter-trace spacings may
be possible when conventional photolithographic techniques or
metal shadow masks, or in devices with even lower bandwidth
requirements.

Electrical continuity under strain. Au traces exhibit strain resis-
tance when deposited on an elastomeric substrate35–37. Such films
are more durable when supported by a Cr89 or Ti90 adhesion layer,
which prevents delamination. Aside from material selection,
deterministic structures or designs that use geometry to allow
for stretching in specific directions while minimizing local strains
have also been used to increase the strain functionality of
conductive traces91. In-plane structures typically involve a
serpentine geometry with a horseshoe shape, which consists of
meandering patterns that distribute stress across bends in the
metal trace92. The resistance during cyclic tensile strain was

monitored from 0–20% strain and used to calculate R/R0. Results
are shown in Fig. 5. Overall, these tests show that as strain is
increased up to 20% the resistance of the traces increase, however
limited hysteresis was observed after the first cycle. The POMaC
material alone (without deposited electrodes) showed stable TM
over repeated stress-strain cycles (Supplementary Fig. 4). For
unencapsulated traces (Fig. 5a i and ii), R/R0 increased with
increasing strain and peaked at 20% strain with R/R0= 40, 41, 44,
and 52 after cycles 1, 10, 100, and 1000, respectively. Increased
cycling from first to 1000th strain cycle resulted in R/R0 increase of
~30%. Additionally, similar baseline 0% strain values were
observed across all cycles indicating that the initial resistance
values are recoverable after repeated strain cycles. Encapsulated
traces (Fig. 5b i and ii) showed a more rapid increase in R/R0 with
increasing strain. The R/R0 values peaked at 20% strain with
R/R0= 41, 47, 54, and 87 after cycles 1, 10, 100, and 1000,
respectively. Increased cycling from the first to 1000th strain cycle
resulted in R/R0 increase of ~110%. The encapsulated traces were
also resistant to changes with increasing cycle number and
showed similar recovery of baseline 0% strain. Representative
images of traces at up to 50% strain (Fig. 5a iii, B iii) show trace
broadening with increasing strain for unencapsulated traces while
encapsulated traces retain their original shapes and tend to
fracture more rigidly. The difference in fracture patterns between
the examined traces could explain the more rapid increase in R/R0
observed for encapsulated traces. The encapsulated traces
develop larger and spatially separated cracks, likely due to the
bonding of top and bottom layers, instead of broadening with
many localized cracks like unencapsulated traces. Detailed graphs
of strain resistance data are included in the supplementary
information (Supplementary Figs. 2–5).
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Applications
POMaC circuit boards exhibit elastomeric properties and have
potential in a variety of applications. Figure 6a shows POMaC
circuit boards being bent, twisted, and stretched. An LED circuit on
a POMaC circuit board was demonstrated in operation during
tensile strain (Fig. 6b). To demonstrate the usefulness of POMaC
substrates in applications where surface functionalization is
required, the surface of POMaC circuits were chemically patterned
(Fig. 6c). In this case, the backbone carbon-carbon double bond
groups were utilized to link thiol-functionalized fluorescein
isothiocyanate (FITC) to the film surface. Using similar approaches,
it is possible to conjugate other biomaterials, e.g., peptides,
growth factors, and aptamers, to develop bio-integrated circuits
using the same backbone groups or bond functional materials for
advanced packaging applications, e.g., adhesives, anti-fouling
coatings, etc. Encapsulated POMaC LED circuits were fabricated
and demonstrated in simulated in vivo conditions (Fig. 6d). The
circuit was fabricated and encapsulated in a second POMaC layer,
and metallic pads were covered and sealed using photocros-
slinked P6 prior to operation in simulated physiological conditions.
Under these conditions, the LED circuit operated continuously for
8 h. Failure occurred due to swelling and eventual delamination of
the POMaC sealant over the contact pads of the surface-mount
LED (Fig. 6d). In the future, sealant layers could receive additional
thermal crosslinking to provide increased swelling resistance. To
demonstrate the potential for increased circuit complexity, a
comparator type circuit was constructed on the POMaC circuit
board. Figure 7 shows photographs of the board in operation
(Fig. 7a–c) along with electrical characterization of the circuit in
operation with different frequency input signals (Fig. 7d). These
POMaC-based elastomeric circuit boards can be tuned based on
crosslinking conditions to a variety of target physical properties
including degradation rate and tensile modulus which can enable
tailoring of these circuit substrates to specific applications. Future
work will continue to develop microfabrication processes for

POMaC-based elastomer circuit boards and explore the engineer-
ing of advanced circuits and microsystems with POMaC-based
packaging.

METHODS
Materials
1,8-octane diol (OD), maleic anhydride (MA), citric acid (CA), 2-
Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959), 1,4-dioxane, dimethyl sulfoxide-d6, were purchased from
Millipore Sigma (Burlington, MA). Dextran with average M.W.
500 kDa and 4’,6-diamidino-2-phenylindole (DAPI) were sourced
from ThermoFisher Scientific (Waltham, MA). Silicon wafers were
purchased from University Wafer (South Boston, MA). Indium
solder (Indalloy® #290) was procured from Indium Corporation
(Clinton, NY). Surface-mount resistors (ERJ-8GEYJ680V) and LEDs
(LTST-C230KRKT) were obtained from Digi-Key (Thief River Falls,
MN). Fluorescein-polyethylene glycol-thiol (FITC-PEG-SH) 1k MW
was purchased from Creative PEGWorks (Chapel Hill, NC).

POMaC pre-polymer synthesis
Pre-polymer synthesis was performed based on procedures
adapted from Tran et al.63 using a melt poly-condensation
reaction. Citric acid (CA), maleic anhydride (MA), and 1,8-
octanediol (OD) monomers were placed in a moisture-free
500 mL three-necked round bottom flask under nitrogen
atmosphere. Initial melting was performed at 160 °C using a
temperature-controlled silicone oil bath and stirring. The
temperature of the melt system was then lowered to 140 °C
and purged under nitrogen for 5 h. Three pre-polymers
were synthesized for initial investigation by varying the ratio
of citric acid to maleic anhydride and maintaining the ratio of
diols to acids: (i) pre-POMaC 4 (MA/CA/OD: 2/3/5), (ii) pre-
POMaC 6 (MA/CA/OD: 3/2/5), and (iii) pre-POMaC 8 (MA/CA/OD:
4/1/5). To remove unreacted monomers and short polymer
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chains, each reaction mixture was dissolved in minimal dioxane
and dropwise precipitated in deionized water (1 L) twice.
After dropwise purification, pre-polymer was mixed by vortex
with equal volume of water, frozen at −80 °C overnight,
and lyophilized for 48 h. For films receiving photo crosslinking,
5% w/w Irgacure 2959:pre-polymer was added.

Pre-polymer characterization
All pre-polymer synthesis reactions were conducted for 5 h with
periodic sampling. To identify monomer molar ratios at specific
time points, the collected samples were dissolved at
10 mgmL−1 in dimethyl sulfoxide-d6 (d6-DMSO) and analyzed
by 1H-NMR using an AvanceNeo 400 MHz (Bruker, Billerica, MA).
Chemical shifts were identified based on relative reference to
tetramethylsilane (TMS, 0.00 ppm). Thermal degradation char-
acteristics for each final pre-polymer were obtained by thermo-
gravimetric analysis with temperature ramp to 600 °C at
10 °C min−1 under nitrogen using a SDT 650 (TA Instruments,
New Castle, DE).

Thin film fabrication
Thin pre-polymer films composed of POMaC 6 (P6) pre-polymer
containing 5% w/w Irgacure 2959 with respect to total P6 pre-

polymer weight were deposited on silicon wafers by spin
coating using a WS-650 spin coater (Laurell, North Wales, PA).
Silicon wafers were cleaned by sonication in DI water, acetone,
and isopropyl alcohol. Silicon wafers were then surface treated
with plasma for 2 min in a PDC-001 plasma cleaner (Harrick
Plasma, Ithaca, NY). A 20% w/w solution of dextran in MilliQ
water was then applied as a sacrificial layer to enable simple lift-
off. The dextran solution was applied to cover 90% of the wafer
area, spun at 2000 RPM for 15 s, and crystalized on a hot plate at
150 °C for 2 min93. After sacrificial layer deposition, the P6 pre-
polymer was applied (5 ×800 μL) at the center of the wafer and
spread by spin coating as detailed in Table 3. The coated wafers
were then photocrosslinked using a Model 2000AF Exposure
System (OAI, Milpitas, CA) followed by thermal crosslinking at
80 °C to produce crosslinked films (see Table 2 for photo and
thermal crosslinking for each condition). Figure 1d shows a
representation of the film fabrication method. The thickness of
films was evaluated using a Carbide IP65 Electronic Outside
Micrometer (Mitutoyo, Kawasaki, Japan) at five separate loca-
tions on the film surface. Throughout experimentation, film
thickness with the listed spin parameters varied based on
POMaC batch. It is suspected that earlier batches of POMaC pre-
polymer contained higher amounts of residual dioxane, which
led to thinner films. We expect that addition of a casting agent

a. Elastic and Flexible Properties b. Stretchable Circuits

d. Operation During Simulated Degradation

c. Surface Functionalization  
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cracking. Surrounding P6 0,48 layers remain unchanged.

Fig. 6 Application examples for POMaC circuits. a POMaC circuit boards exhibit elastic properties and can be bent, twisted, and stretched
(scale bar: 9 mm). b Fully functional LED circuit with POMaC circuit board being operated during tensile strain (scale bar: 9 mm). c Micrograph
of POMaC circuit board surface patterned with fluorescent dye by photocrosslinking. Scale Bar= 500 μm. d Encapsulated POMaC circuit board
operating in simulated biofluid. Scale Bar= 9mm.
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(e.g., dioxane) to POMaC pre-polymer would enable controlled
film thickness, but merely increasing spread or spin phase RPM,
acceleration, or time did not allow for film thickness control. The
films were then laser cut to produce individual samples using a
custom XLS laser cutter (Universal Laser Systems, Scottsdale,
AZ). The films were immersed in DI water for lift-off.

Swelling characterization
The sol content (n ≥ 24) and swelling ratios (n ≥ 6) of P6 films
prepared with different crosslinking conditions were deter-
mined by mass differential. Laser cut films were air dried,
weighed (wi), and placed in DMSO for 3 days with solvent
changes every 24 h; the films were then weighed (ws), placed in
DI water for 24 h to leach DMSO, and lyophilized for 72 h; the
films were finally weighed to obtain dry weights (wd). Sol
content was calculated using Eq. (1). Swelling was calculated
using Eq. (2).

ðwi � wdÞ=wi � 100% (1)

ðws � wdÞ=wd � 100% (2)

Swelling kinetics
The swelling kinetics of 0–48 P6 films were determined by mass
differential. Laser cut films (diameter 22 mm) were immersed in
either PBS or DI water at either room temperature or 37 °C. The
films were periodically weighed (wt) over 24 h. At the final time
point, the samples were rinsed with DI water, frozen
and lyophilized to obtain final dry weight (wd). The measured
weights were converted into mass swelling percent using Eq. (3).

ðwt � wdÞ=wi � 100% (3)

In vitro degradation
Accelerated degradation was performed in 0.05 M NaOH to
compare the relative degradation rates between P6 curing
conditions. Laser cut films were lyophilized, weighed (winitial),
and placed in 0.05 M NaOH (2 mL) at room temperature. Samples
(n= 4) were removed from NaOH at different time points, washed
in DI water overnight, lyophilized, and weighed (wfinal). The
remaining samples received fresh NaOH at each time point. The
mass loss percentage was calculated by Eq. (4).

Long term in vitro degradation
Similarly, prepared samples of 0–48 P6 films were used to examine
long term degradation behaviors in DI water and PBS. The samples
were weighed (winitial), placed in 2 mL of the specified solution,
and monitored over 10 weeks at 37 °C. At each timepoint (n= 4),
samples were rinsed with DI water, blotted dry, weighed (wswell),
lyophilized, and then reweighed (wfinal). Equations (4) and (5) were
used to calculate the mass loss and swelling loss at each time
point, respectively.

ðwinitial � wfinalÞ=winitial x 100% (4)

ðwswell � wfinalÞ=winitial x 100% (5)

Mechanical characterization
The mechanical properties of P6 films for each curing condition
(n ≥ 4) were characterized using a Discovery HR-30 (TA Instru-
ments, New Castle, DE) in tension fixture mode. POMaC films were
laser cut into 12.7 × 30mm2 rectangles, removed from wafer, and
dried. The samples were then elongated at 15 μm s−1 while
monitoring force and displacement. The initial tensile modulus
was derived from the resulting stress-strain curves within the
1–5% strain window; tensile strength and elongation at break
were also recorded.
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POMaC-ECB fabrication
0–48 P6 films were used to create elastic circuit boards. Shadow
masks of paper were designed for each circuit in AutoCAD and
laser cut. The masks were attached to POMaC films, then a
titanium or chromium adhesion layer (thickness: 5 nm) and a gold
conductive layer (thickness: 95 nm) were sequentially deposited
by sputtering using a PVD 75 physical vapor deposition system
(Kurt J. Lesker Company, Jefferson Hills, PA); all depositions were
conducted at chamber pressures less than 4 ×10–5 torr. After
deposition, films were laser cut, immersed in DI water to dissolve
dextran, and POMaC circuits were removed from the wafer
substrate using gentle lifting with tweezers. To demonstrate
encapsulated electrical circuits, 0–48 POMaC circuits were
prepared as described above but cured for only 40 h prior to
metal deposition. POMaC substrates, with metallized traces, and
POMaC encapsulation layers were laser cut, removed from the
carrier wafer, dried, aligned, vacuum dried, and thermally cross-
linked at 80 °C for 8 additional hr to create sealed circuit boards
with openings for contact pads.

Electrical characterization
The stability of the horseshoe style traces on 0–48 P6 films was
examined by comparison of direct current (DC) resistance before
and after film removal using a B2902A SMU (Keysight, Colorado
Springs, CO). The resistance was measured by applying a 100 μA
current with 2.1 V compliance on replicate samples (n ≥ 8).

Sheet resistance
POMaC circuits with a 15mm× 15mm square of deposited Ti
(5 nm) and Au (95 nm) layers were next investigated for the sheet
resistance of deposited metal layers using a 4-point probe. To
avoid artifacts generated by deformation of the conductive film
under pressure from a standard probe head, an alternative contact
strategy was employed in which electrical contact with the
conductive film was established using silver epoxy applied and
cured in situ. First, a polydimethylsiloxane (PDMS, Sylgard 184, 9:1
base:curing agent ratio) spacer with four equally separated
cavities (1 mm2 by 2mm depth, 1.54 mm spacing) was cast using
a 3D-printed mold (Formlabs). Cast PDMS spacers were placed on
top of the POMAC-metal film samples, and conductive epoxy
(8331S, MG Chemicals) was used to fill each cavity. Prior to curing,
the top surface of the PDMS spacer was cleaned to eliminate any
epoxy bridging between adjacent cavities, and bent wire leads
were inserted into each volume of epoxy to serve as test
connections. A Keysight B2902A SMU was used to deliver between
0.2–0.4 mA and resistance monitored (n > 5 for each current level).
A correction factor (0.9313) was applied to calculate the actual
sheet resistance94,95.

Trace impedance
Trace impedance was characterized using a combination function
generator-oscilloscope (Analog Discovery 2, Digilent). Sputtered
conductive traces (pads: 5 × 5mm2, trace width: 1 mm, trace
length: 25mm, total thickness: 100 nm) were connected to short

sections of 20ga. single-stranded wire using silver conductive
epoxy (8330S, MG Chemicals, 1 h cure at 80 °C) to facilitate
connection to test equipment. A sinusoidal excitation waveform
(2 V peak-to-peak, 0 V DC offset) was applied to each trace in
series with a 10.06Ω reference resistor, and the resulting voltage
drop across the trace and current signal phase shift were
measured to determine impedance. The excitation frequency
was varied over a 1 Hz–5 MHz range in 68 steps (10 steps per
decade), with each impedance measurement averaged over 1 s.

Trace crosstalk
Crosstalk was measured by applying a sinusoidal potential to an
active “transmitter” trace and measuring the observed response at
an inactive, non-driven “receiver” trace deposited on the same
substrate. Multiple transmitter-receiver trace pairs with varying
trace width (0.5 mm and 1mm) and spacing (0.5–2mm) were
tested to evaluate the effect of trace separation on severity of
crosstalk. Traces were epoxied (8331S, MG Chemicals) to sections
of wire as previously described. Using a combination function
generator-oscilloscope (Analog Discovery 2, Digilent) a 5 MHz sine
wave (2 V peak-to-peak, 0 V DC offset) was applied across the
transmitter trace, and both the input sine wave and the
transferred signal at the adjacent receiver trace were simulta-
neously measured. To compensate for source loading, the
received signal was normalized to the simultaneously measured
input signal. This procedure was repeated for each transmitter-
receiver pair across all tested substrates.

Strain resistance
The strain resistance of POMaC circuit boards, unencapsulated
(n= 6) and encapsulated (n= 7), were examined by connecting
samples with horseshoe style traces (θ= 113° r= 0.8 mm and
width= 0.2 mm) onto a MDrive linear actuator (Schneider Electric,
Hartford, CT) and measuring resistance using a B2902A SMU
(Keysight, Colorado Springs, CO) while stretching the films to
predetermined strains ranging from 0 to 20%. The films were
stretched from 0 to 20% for up to 1000 cycles and resistance
monitored during the 1st, 10th, 100th, and 1000th cycle.

Assembly with surface-mount devices
POMaC circuit boards were fabricated as described above and
patterned to assemble a simple LED circuit, a modified multilayer
LED circuit, and a comparator circuit. After drying of the metallized
POMaC films, surface-mount devices were soldered to the POMaC
circuit boards with low-temperature indium solder (Indium
Corporation, Clinton, NY) and hot air processing. This combination
of solder and processing technique were selected because the
higher temperatures associated with conventional reflow condi-
tions resulted in damage to POMaC films.

Construction and demonstration of encapsulated circuit
board
A modified 2-layer design was demonstrated using POMaC for
substrate, encapsulating layers, and sealant for pad contacts. P6
films were prepared as described above, but received only 40 h of
thermal crosslinking (P6 0–40 films) before metallization. After
metallization, substrate and encapsulant layers were laser cut from
the same film (Fig. 1d ii). The encapsulation and substrate layers
were dried in vacuum, aligned (face to face), dried again to
remove moisture, and finally thermally crosslinked for an
additional 8 h at 80 °C (Fig. 1d iii). After the final thermal
crosslinking, surface-mount resistors and LEDs were attached to
the contact pads using indium solder (Fig. 1d iv). To seal the
contact pads and surface-mount components, P6 pre-polymer
with 5% w/w Irgacure 2959 and 5% w/w dithiothreitol was applied
over the attached components and open pads and then

Table 3. POMaC pre-polymer spin coating settings and resulting film
thickness.

Spread Stage Spin Stage Thickness (μm)

RPM Acc. Time (s) RPM Acc. Time (s)

750 172 15 850 172 10 412 ± 13

Thickness reported as mean ± standard error of the mean.
RPM revolutions per minute, Acc. acceleration, s seconds.
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photocrosslinked (30 mJ·cm−2 for 5 min). After sealing, the board
was submerged in PBS and monitored over time.

Photopatterning
To demonstrate the potential for biopatterning of POMaC films, 0–48
P6 films were incubated in a PBS solution containing 0.5mg·mL−1

FITC-PEG-SH and 1% w/w PI for 0, 0.5, 1, and 3 h. A shadow mask was
applied to each film and UV dose of 1.2·J cm-2 was delivered through
the shadow mask using the DYMAX BlueWave AX-550 and RediCure
UV curing system (Torrington, CT). The films were then washed in PBS
for 5 days and imaged using a fluorescent microscope under identical
conditions. Control films were prepared in the same manner using
solutions lacking either FITC or PI.

Statistical methods
When determining linearity, the Runs test (P < 0.05) was used. To
compare physical properties between crosslinking conditions
1-way ANOVA with a Turkey test (P < 0.05) was used to determine
significance.

DATA AVAILABILITY
The data that substantiate the findings of this study are available from the
corresponding author upon reasonable request.
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