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Polycaprolactone-Based Zinc Ink for High Conductivity
Transient Printed Electronics and Antennas

Carol L. Baumbauer, Anupam Gopalakrishnan, Madhur Atreya, Gregory L. Whiting,
and Ana C. Arias*

Distributed sensors and electronics can be used in agriculture to optimize
crop management and improve environmental outcomes. Electronic devices
in these outdoor spaces require medium to long range (>1m) wireless
communication of data over several weeks or months, which in turn requires
high conductivity (1 × 105 Sm−1) antennas. Printed bioinert or ecoresorbable
conductors, comprising carbon, magnesium, or zinc fillers, typically exhibit
conductivity on the order of 10–1000 Sm−1 and lifetimes from a few hours to a
few days. A print-based fabrication process for chemically treated zinc traces,
which achieves conductivity of up to 6 × 105 Sm−1 is reported here. The ink
formulation uses a non-water-soluble soil biodegradable polycaprolactone
binder. The ink and printing processes reported here led to stable conductive
traces that are used in ultra high frequency radio frequency identification
(UHF-RFID) folded dipole antennas operating at 915 MHz. The conductivity
of the printed traces is maintained for over 70 days in ambient environments
when traces are protected by a biodegradable beeswax encapsulation layer.

1. Introduction

Transient electronics are designed to operate for a specific
amount of time before degrading in their environment, leav-
ing minimal harmful byproducts. This is a growing field of re-
search that provides a sustainable alternative to conventional
electronics through eco-friendly materials and processing tech-
niques that reduce electronic waste. The transient nature of these
devices confers a significant advantage since they do not re-
quire servicing or retrieval when they are longer needed. These
unique characteristics could enable deployment of electronic de-
vices in environments with challenging or inconvenient access,
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such as inside a human body, or dis-
tributed within the environment, such
as throughout a forest or an agricul-
tural field. Significant progress has
been achieved for medical applications
with the development of electronic
components such as sensors, super-
capacitors, and microresonators that
are biodegradable or bioresorbable.[1–6]

Similar technologies could also revolu-
tionize environmental and agricultural
sensing.[7] However, environmental
applications present a different set of
challenges than medical applications: the
devices typically need to last for months
rather than days, function in a broader
range of temperature and humidity con-
ditions, degrade in uncontrolled environ-
ments, and communicate their data over
distances of a few meters, rather than
centimeters.[7] Electrical conductors are

a key enabling constituent of biodegradable electronic systems,
as they form both the interconnects between sensors and inte-
grated circuits, as well as the antennas for power and data trans-
mission. While moderate conductivity is acceptable for intercon-
nects carrying small, low frequency currents, higher conductivity
is needed for radio frequency antennas designed to transmit data
over distances more than a few centimeters.

Development of transient wireless communication systems
has focused on near field communication (NFC), which oper-
ates in the 13.5 MHz band and has a maximum transmission
distance of 4 cm.[8,9] Demonstrations of bioresorbable RF anten-
nas have shown wireless links of a few 10’s of cm[6,10] but in en-
vironmental or agricultural applications, longer read ranges are
critical. In order to achieve a system with long read range, an-
tennas with low resistive losses are needed. The impact of low
conductivity on the performance of antennas designed for the
0.8–1GHz range was previously studied as printed silver (screen
and inkjet) radio frequency identification (RFID) tags became
widespread.[11–13] These results give lower bounds on acceptable
conductivity of printed antennas. The required trace conductiv-
ity depends on the application, the antenna design and the trace
thickness. Shahpari reports a comparison of dipole antennas fab-
ricated with silver printed traces with conductivity varying from
1 × 103 to 1 × 107 Sm−1. Antennas fabricated with trace con-
ductivity of 1 × 103 Sm−1 show radiation efficiency 40% lower
than those fabricated with conductivity traces of 1 × 107 Sm−1.
The report further shows that antennas fabricated with trace
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Figure 1. a) The zinc printing and treatment process consists of five major steps: ink formulation, screen printing, acid treatment, drying, and encap-
sulation. b) An optical image of a folded dipole antenna made of screen printed ink before acid treatment. c) As-printed zinc ink consists of discrete
zinc micro particles, each with an oxide shell. This matrix is not conductive. d) After treatment with a solution of acetic acid, which reacts with the oxide
layer, a conductive network of zinc is formed. A new passivation layer forms on the outside of the network. e) A treated zinc antenna which has been
dip-coated in beeswax to prevent further oxidation of the zinc.

conductivity of 1 × 105 Sm−1 present a 5 % reduction in radia-
tion efficiency.[13]. These demonstrations suggest that a conduc-
tor with conductivity >1 × 105 Sm−1 could operate well as an an-
tenna trace.

Conducting polymers and most forms of conductive carbon
yield traces with conductivity between 10–1000 Sm−1.[14] Inks
composed of a metal filler and a polymer binder show conduc-
tivity ranging from 1000–500 000 Sm−1. In these inks, the metal
contributes to the material electrical conductivity whereas the
polymeric binder influences the in properties and determines the
mechanical and stability properties of the final conducting trace.
Eco- or bio-resorbable metal fillers include magnesium, iron,
zinc (Zn), molybdenum, tungsten, and their alloys, which react
in aqueous solutions and form metal hydroxides and hydrogen
gas.[5] Previous studies have used zinc to create conductive (>1 ×
104 Sm−1) traces using low temperature, solution based fabrica-
tion methods that are compatible with a variety of biodegradable
substrates[8,10,15–18] Table S1 (Supporting Information) summa-
rizes key parameters of several works using printed zinc traces,
such as materials and processes used, resulting conductivity, ra-
dio frequency (RF) frequency tested, and lifetime.

The process flow for solution-based deposition of conductive
zinc traces is shown in Figure 1a. The zinc ink is prepared by
combining zinc microparticles with a binder and a solvent. The
materials used as binders in biodegradable conductive inks are
often water soluble polymers or aliphatic polyesters that break
down by hydrolysis of the ester group, sometimes assisted by mi-
crobial enzyme activity. In this study, we used polyvinylpyrroli-
done (PVP) and polycaprolactone (PCL) as binders. PVP is a
water-soluble polymer used in pharmaceuticals, contact lenses,
and other household products, and has been demonstrated in the
literature as a binder for printed zinc traces.[8,10,16,17,19] PCL is an
aliphatic polyester that has seen use in active food-packaging,[20]

drug-delivery systems,[21] and other biomedical applications.[22]

Degradation of PCL is slow in water due to its hydrophobic na-
ture, but is accelerated in natural environmental conditions such
as soils[23] and in the presence of the enzyme lipase.[24]

The zinc ink is deposited on to the substrate using screen
printing. Screen printing can be used to pattern thicker layers
than those deposited by inkjet printing. In addition screen print-
ing shows reproducible results and can readily be scaled to large
areas and large volumes in contrast with stencil-patterned based
approaches such as spray coating.[25] Figure 1b shows a screen
printed folded dipole antenna.

As deposited, each zinc particle is surrounded by a shell of
zinc oxide, hydroxides, and carbonates; therefore, as previously
reported, and a printed zinc trace is not conductive as deposited
(Figure 1c). Printed zinc traces can be made conductive through
chemical processing, photonic sintering, or a combination of
the two. Photonic sintering uses a UV laser to heat the zinc
particles, melting, and welding them together.[9,16] This can be
an effective technique, but it requires specialized, high power
UV light sources. Photonic sintering of printed zinc is espe-
cially challenging because of the high melting temperature of
zinc oxide.[17] Alternatively, chemical treatment with dilute acetic
acid dissolves the native passivation layer, exposing the metal-
lic zinc, as previously demonstrated through x-ray studies.[6,8,18]

The exposed zinc releases Zn2 + ions into solution, some of
which are chelated with acetate, and drive self-exchange between
zinc in solution and zinc solid. Chemical treatment thus cre-
ates a conductive network of zinc particles in contact with each
other.[8,10,15,18,26] Figure 1d is a schematic representation of how
a conductive network of zinc particles can be formed after the
treatment.

The acetic acid treatment is not selective and also affects the
binder used in the ink. The treatment solution can dissolve or
degrade water soluble binders, which can cause smearing of fine
printed features. This issue can be addressed by controlling the
amount of acid solution released onto the Zn printed traces us-
ing an ink-jet printing technique[10,18] or spray coating,[17] or by
leveraging ambient humidity to activate the sintering process.[6]

However, inkjet and spray depositions require repeated applica-
tions of acetic acid and lead to traces with conductivity between
4 × 104 and 2 × 105 Sm−1. On the other hand, inks made with
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non-water-soluble binders are not as easily degraded by the aque-
ous acetic acid solution, which allows them to be treated with
more aggressive chemical processes. Drop casting or dipping are
simple, one-step processes which are easily scalable.

Once the acetic acid treatment is completed and the substrates
have dried, the Zn traces are encapsulated to prevent loss of
conductivity from exposure to oxygen and humidity. Prior re-
ports have shown that the conductivity of unencapsulated printed
zinc traces decreases over time as the layer of ZnOx grows, and
that exposure to humid environments accelerates the decrease in
conductivity.[18] Previous studies have shown that an encapsula-
tion layer prolonged the conductive lifetime of a printed trace by
a factor of about 10.[10] Biodegradable waxes are a promising class
of materials for encapsulation of electronics in wet environments
such as soils because waxes are highly hydrophobic. Beeswax in
particular breaks down slowly, and has been demonstrated as an
effective encapsulating layer for more than 12 weeks in soil.[27]

Additionally, beeswax has been shown to be an effective barrier
to humidity in air for electronic sensors operating at DC and radio
frequency conditions.[28,29] Figure 1e shows a completed antenna
encapsulated using beeswax.

We used this reliable, long lasting zinc conductor to print an-
tennas that operate in the 902–915 MHz band for ultra high fre-
quency radio frequency identification (UHF-RFID). The anten-
nas were of a compact folded dipole design that we had developed
in our previous work.[25]

Here, we performed a direct study of the impact of ink binder
and acetic acid treatment conditions on trace conductivity. Addi-
tionally, we studied the impact of humidity on trace conductivity
for two types of binders with and without encapsulation to char-
acterize the lifetime of antennas fabricated with biodegradable
and ecoresorbable materials. We have characterized the RF per-
formance of these antennas using both types of ink formulation
with and without encapsulation.

2. Results and Discussion

The zinc ink was optimized for screen printing by selecting sol-
vents for each binder and adjusting the solvent to binder to filler
ratios. N-Methyl-2-pyrrolidone (NMP), a high boiling point sol-
vent, was chosen as a solvent for PVP. Inks formulated with
NMP at ratios of 30:1:5 (Zn:PVP:NMP) by mass resulted in good
printed pattern fidelity, uniform print thickness of 50 μm and
long pot life, enabling many screen printing passes before the
ink dried in the screen. PCL inks with two different solvents were
characterized: NMP giving a direct comparison to PVP inks, and
anisole, which provides higher PCL solubility. PCL inks in NMP
had a shorter pot life and gelled faster than PCL-anisole inks. The
ratio used for PCL inks was 30:1:8 (Zn:PCL:solvent) by mass. No
significant solvent dependence in conductivity of printed traces
was observed. Printed PCL traces were 30μm thick using both
ink formulations. Characteristic profiles of printed PVP and PCL
traces are shown in Figure S1 (Supporting Information).

Initial process optimization was done on non-degradable
polyethylene terephthalate (PET) in order to focus on the conduc-
tor itself. The acetic acid treatment was optimized for PVP-based
traces by varying acid concentrations between 9–50% in DI wa-
ter by volume. During the treatment, 1 mL of acetic acid solution
was drop cast to cover the 20 cm2 substrate, including 320 mm of

meandered trace length which includes unprinted substrate area.
The solution was applied to the sample and remained on the sub-
strate for times ranging from 30 seconds to 5 minutes. After the
exposure time, the acetic acid solution was removed and the sub-
strate was dried in an oven. Printability and conductivity data for
the acetic acid treatment are summarized in Figure 2. Figure 2a
shows optical images of representative samples after 1 and 5 min-
utes exposures to 9%, 25%, and 50% acetic acid. All 5 minute long
acetic acid treatments for PVP resulted in dissolution of the ink
binder and degradation of the printed pattern, caused by ink re-
flow. Further, it is shown that treatments performed with 50%
concentration acetic acid solution dissolved the pattern after 1
minute of exposure. Figure 2b shows the conductivity of samples
treated with 9% acetic acid for times between 30 seconds and 2
minutes. For 30 second treatments, high sample-to-sample vari-
ation was observed (4 × 103 to 7 × 104 Sm−1, N = 3). The con-
ductivity reached a plateau for treatments of one minute or more
(8.5 ± 1.8 × 104 Sm−1, N = 4). Because treatments longer than
one minute were susceptible to reflow, further optimization used
one minute exposure times. Figure 2c shows the conductivity of
samples treated for one minute with varying acetic acid concen-
trations and dried at 70 °C (N ⩾ 3 for each concentration). Acetic
acid concentrations of 20% and 25% by volume produced zinc
traces with slightly higher conductivity (2.4 ± 0.7 × 105 Sm−1)
than 9% concentration (1.4 ± 0.5 × 105 Sm−1).

The dependence of conductivity on drying temperature is
shown in Figure 2d. All traces in the study were treated with 9%
acetic acid for one minute and dried for 15 min. There is no sig-
nificant relationship between drying temperature and final trace
conductivity. The conductivity of all traces was found to be be-
tween 1 and 2 × 105 Sm−1.

PCL-based traces were treated with acetic acid concentrations
between 9% and 80% with exposure times varying from 1 to 15
min. All exposure and drying conditions were tested with at least
N = 5 samples. Optical images in Figure 2e show that PCL traces
do not redissolve during 10 min of treatment with up to 60%
acetic acid. Low conductivity and high sample-to-sample varia-
tion (1.3 ± 0.7 × 105 Sm−1, N = 5) were observed for PCL-based
traces treated for less than one minute, as shown in Figure 2f.
The highest and most consistent conductivity was found after
12–13 min of treatment, therefore further optimization used this
treatment time. Figure 2g shows the conductivity of PCL-based
traces as a function of acetic acid concentration for traces treated
for 13 min and dried for 15 min at 45 and 60 °C. Traces treated
with low concentrations of acetic acid present low conductivity
(1.4 × 105) and high sample-to-sample variability (conductivity
ranging from 3.6 × 103 to 2.7 × 105 Sm−1), while those treated
with 30%–70% acetic acid show higher conductivity and better
reproducibility from sample to sample. The highest trace conduc-
tivity was 6.2 × 105 Sm−1, for traces treated with 50% acetic acid
and dried at 60 °C. Traces treated with acetic acid concentrations
above 70% showed lower conductivity (6.4 × 104 Sm−1). At very
high acetic acid concentrations, the acid degrades the PCL binder,
leading to poor stability and conductivity of the traces.[30,31] For a
given concentration, traces that were dried at higher temperature
showed higher conductivity.

The impact of drying temperature on PCL trace conductivity is
shown in Figure 2h. Traces treated with 50% and 60% acetic acid
for 13 min were dried for 15 min at temperatures ranging from
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Figure 2. a) Physical condition of PVP-based traces varying acetic acid treatment time and concentration. b) conductivity of printed zinc traces with
PVP binder as a function of exposure time to 9% acetic acid solution, and dried at room temperature. c) Conductivity of printed zinc traces with PVP
binder as a function of acetic acid concentration, all exposed to acetic acid solution for 1 mi and dried for 15 min at 70 °C. d) Conductivity of printed zinc
traces with PVP binder as a function drying temperature, all exposed to 9% acetic acid for 1 min and dried for 15 min. e) Physical condition of PCL-based
traces treated with varying acetic acid time and concentration. f) Conductivity of PCL-based zinc traces as a function of exposure time to 50% acetic acid
solution and dried at 50C for 15 min. g) Conductivity of PCL-based zinc traces as function of acetic acid concentration, all treated for 13 min and dried
at 45 or 60 °C for 15 min. h) Conductivity printed zinc traces with PCL binder as a function of drying temperature, all treated with 50% acetic acid for 13
min.

30 to 67 °C. Increasing temperature from 30 to 60 °C increased
conductivity and improved reproducibility. The maximum con-
ductivity of 6.3 ± 0.25 × 105 Sm−1 was achieved with a drying
temperature of 60 °C. The relationship between temperature and
conductivity was similar for samples treated with 50% acetic acid
and 60% acetic acid.

The relationship between drying temperature and conductiv-
ity is consistent with prior reports: Sui and Majee both found
that drying at elevated temperatures up to the melting point of
the binder increased final trace conductivity, while heating above
that point led to lower conductivity.[10,18] Selecting a binder with
a high melting point can enable higher temperature curing, and
therefore higher conductivity.

Interestingly, PCL traces required heat treatment in order to
become conductive. It is possible that the acid treatment and
heat treatment serve two different, complementary, functions.
The acid treatment removes the oxide shells on the zinc parti-
cles, then the heat anneals the bare zinc particles. Measurements
of the resistance of PCL-based traces during drying at different
temperatures, is shown in Figure S2 (Supporting Information).
After acid treatment, the traces have high resistance, and during
drying, the resistance decreases by four or five orders of magni-
tude. Most of this drop happens in the span of a few seconds. This
process might be similar to the one developed by Fumeaux et al.,
which combined chemical dissolution of the zinc oxide shells
with photonic annealing of bare zinc traces[17]

In addition, prior studies showed that soaking printed com-
posites of PCL and tungsten in warm water and subsequent vac-
uum drying at elevated temperatures, yields a significant increase
in conductivity.[32] This suggests that the solvent-assisted anneal-
ing of PCL, which results in a decrease in the binder’s specific
volume, could also contribute to the increased conductivity ob-
served here.

SEM studies illustrate the effect of acetic acid treatment on
the morphology of Zn-PCL samples, which influences trace con-
ductivity. Figure 3 shows Zn-PCL traces which were a) untreated;
and treated for 13 min with b) 20% acetic acid concentration c)
40% acetic acid concentration d) 60% acetic concentration e) 80%
acetic concentration, and dried at 45 °C. Spherical Zn particles
and PCL polymer strands are observed in the untreated sample.
In Figure 3b, after 20% acetic acid treatment, polymer strands
and particles are still observed. In the 40% and 60% treatment
(Figure 3c, d), sintering features such as necking are observed,
where Zn particles start to form a bridged network. After treat-
ment with 80% acetic acid (Figure 3e), the formation of planar
crystalline structures is visible. This may be attributed to exces-
sive dissolution of zinc to form zinc acetate precipitate that might
interrupt the conductive zinc network, also contributing to the
drop in conductivity that was observed for traces treated with very
high concentrations of acetic acid.In addition, the solubility of
PCL in acetic acid might result in damage to the traces at these
higher concentrations.[30]

In order to take advantage of this transient conductor, it must
be compatible with biodegradable substrates. Both PCL- and
PVP- based inks were tested on flexible paper substrates, as well
as rigid wooden substrates, as shown in Figure 4a–e. It can be
advantageous to use wooden substrates for sensors, which are
intended to be inserted in soil, since the rigid wood provides me-
chanical support for insertion, as well as being naturally sourced
and fully biodegradable. However, many types of wood have a
rough, anisotropic surface dominated by grain patterns. The high
surface roughness led to gaps in printed traces, significant edge
roughness, and poor print quality of fine features. In order to im-
prove printability, a smooth coating of a polymer or wax can be
added. Such a coating layer can also serve as back-side encapsu-
lation for the printed trace.
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Figure 3. Cross-sectional SEM images of Zn-PCL prints a) before treatment; b,c,d,e) after treating with 20%, 40%, 60%, and 80% acetic acid respectively
followed by drying at 45 °C. The scale bars are 5 μm.

PVP traces were tested on paper substrates and wooden sub-
strates coated with beeswax. The sheet resistance of traces on
these different substrates were similar (N = 3). PCL traces were
tested on paper substrates, wood coated with a PCL film, and on
the bioderived, biodegradable polymer poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), with no significant difference in
electrical properties observed between the substrates, as shown
in Figure 4f.

Many biodegradable substrates show low tolerance to elevated
temperature. As such, any thermal treatments used (such as for
drying) must typically be limited to relatively low temperatures
in order to prevent damage to the substrate. However, this re-
stricted thermal processing window for biodegradable substrates
does not reduce the achievable conductivity in this case, since

temperatures above 60 °C are not used, as this would causing
melting of the PCL binder.

The environmental stability of printed Zn traces was charac-
terized over an extended period of time, under different humid-
ity conditions with and without a beeswax encapsulation layer.
Encapsulation layers 65 μm thick on each side were applied by
dipping the samples in molten wax. Figure 5 shows the conduc-
tivity, 𝜎, of several representative traces over time, with each trace
normalized to its own initial conductivity, 𝜎0. Figure 5a shows
samples that were kept in an environmental chamber at 19 °C
and 10% relative humidity (RH). Under low humidity, both PVP
(blue) and PCL (green) samples remain conductive for over 30
days, and a layer of wax as encapsulation did not improve stability
at low humidity.The conductivity of traces, which were exposed

Figure 4. Printed Zn-PCL antennas on a) filter paper; b) PCL-coated balsa wood; c) PHBV sheet. Printed Zn-PVP traces on d) bristol paper, and e)
beeswax-coated balsa wood. f) Sheet resistance of PCL and PVP based zinc traces on biodegradable and non-degradable substrates.
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Figure 5. Conductivity over time of zinc traces using PVP binder (blue) and PCL binder (green) with a beeswax coating (symbols) and with no coating
(plain lines). a) Samples were kept in an environmental chamber at 19 °C and 10% RH. b) Samples were kept in the lab environment, at about 26 °C
and 20–40% RH (environmental data is included in the Supporting Information). c) Samples were exposed to 80%RH for 24 h, then held at 35%RH. d)
Lifetime of PCL-based samples under different humidity and encapsulation conditions.

to the ambient laboratory conditions, temperature approximately
26 °C and humidity 20–40% RH, is shown in Figure 5b. The
measured temperature and humidity in the lab during this trial
is shown in Figure S3 (Supporting Information). Under these
conditions, the conductivity of traces with beeswax encapsulation
were more stable than those without encapsulation, and all PCL-
based traces were more stable than the PVP-based traces. The
ambient conditions reported here reflect conditions of one spe-
cific lab. Laboratory conditions vary in temperature and humidity
levels throughout research institutions, and differences in envi-
ronmental conditions can impact trace stability.

A separate group of traces was kept in the environmental
chamber at 25 °C and 80% RH. The conductivity of those traces
over time is shown in Figure 5c. A complete loss of conductivity
was observed in PVP-based traces with beeswax encapsulation af-
ter 15.9 ± 4.7 (N = 2) hours. In contrast, PVP-based traces with-
out encapsulation failed significantly earlier, after 8.7 ± 4.2 (N =
4) hours. The conductivity of PCL-based traces was more stable
than that of PVP-based traces under high humidity levels. After
24 h of exposure to 80% RH, PCL-based trace with encapsulation
retained 48% of its initial conductivity, while those without en-
capsulation retained only 18 ± 1.5% (N = 2) of their initial value.
Subsequently, when the chamber humidity was reduced to 35%,
the conductivity of PCL-based traces remained unchanged dur-
ing a 24 h period. For a given binder material, all unencapsulated
traces became less conductive more quickly than any of the en-
capsulated traces.

Further, the conductivity of the PCL-based traces that were kept
in low- and moderate- humidity conditions (10% and 30%–40%)
was measured over 140 days. Figure S4 (Supporting Information)
shows the sheet resistance over the entire test period for these
samples. In this study, lifetime is defined as the period of time
before the trace’s sheet resistance exceeds 0.2 Ω/sq, which is the
maximum sheet resistance for the antennas in this study to radi-
ate at least 90% of its input power. Many of the PVP-based sam-
ples’ initial sheet resistance exceeded this threshold, giving them
a useful lifetime of zero days. Figure 5d shows the lifetime of
PCL- based samples with and without encapsulation in the three
humidity conditions. The longest lifetime of over 140 days was
observed for traces kept under 10% humidity. Under ambient lab
conditions, the PCL-based trace with beeswax encapsulation had
a lifetime of 31 to 113 (N = 3) days, and 4 to 104 (N = 2) days for
traces without encapsulation.

High humidity is known to degrade conductivity of printed
zinc traces because the water vapor in the air accelerates zinc ox-
ide and hydroxide growth.[18] Sui et al. used a PVP binder and
reported an exponential increase in resistance of unencapsulated
printed traces over time, with resistance increasing by an order
of magnitude after six days in air. Traces encapsulated with wax
were reported to maintain 80–85% their conductivity for 30–35
days in air.[10] Majee et al. did not use encapsulation layers and
reported conductivity over 250 days. They observed a significant
loss of conductivity after 40 days, when humidity in their lab
increased.[18] Printed zinc traces intended for outdoor uses will
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Figure 6. a) Measured S11 parameters for antennas printed on PET substrates. Because PCL-based zinc traces are more conductive, they show a stronger
resonance peak than PVP-based zinc antennas. The performance of the PCL-based antennas is comparable to that of antennas printed with commercially
available silver ink. b) The depth of the resonance peak is a function of DC sheet resistance. c) A folded dipole antenna had a radiation peak within the
902–927 MHz design band. The same antenna dip coated in 130 μm of beeswax causing the resonance peak to shift to a lower frequency. An antenna
printed on a 3 mm wooden substrate with a 200 um wax coating layer has a significantly shifted and reduced resonance peak. d) The relationship between
antenna size and resonance frequency for antennas with and without wax layers from simulations and measurement.

need to survive exposure to high heat and humidity over a pe-
riod of weeks or months. They will rely on encapsulation layers
to prolong their functional lifetime.

Additionally, in some environmental conditions, such as in
soils, the stability of these traces in liquid water must also
be considered. As such, unencapsulated printed traces were
also tested in water. The PVP-based trace failed abruptly af-
ter about 1.5 hours, while the PCL-based trace remained con-
ductive for more than ten days, as shown in Figure S5 (Sup-
porting Information). In this case, the failure of the trace is
driven by dissolution of the binder, rather than slow oxidation of
the zinc.

The power reflection coefficient of antennas, S11, fabricated
with printed zinc traces was characterized. S11 represents the
fraction of input power, which is reflected, rather than radi-
ated, when the antenna is attached to a generator with 50Ω
impedance. In the resonance band, S11 should be less than -10
dB, which means that less than 10% of the power is reflected.
Figure 6a shows the power reflection coefficient dependence with
frequency for PCL-based and PVP-based Zn antennas as pre-
pared (without wax encapsulation on the day they were fabri-
cated). PVP-based antennas show a resonance peak of−10.1± 2.1
dB (N = 6), whereas the PCL-based antenna shows a resonance
peak of −32.6 ± 10.6 dB (N = 3). For comparison, screen printed
silver antennas had a resonance peak of−20.5 ± 2.1 dB (N = 10).

The lower resonance peak of the PVP-based antenna is a result
of the lower conductivity and corresponding higher sheet resis-
tance of those traces. The relationship between sheet resistance
and |S11| can be seen in Ansys HFSS simulations and measure-

ments. The folded dipole antennas were simulated using bulk
conductivity values between 4 × 104 and 6 × 105 Sm−1 to rep-
resent printed zinc traces, and the trace thickness was 40 μm.
Figure S6 (Supporting Information) shows the |S11| simulations
as a function of frequency. Figure 6b shows the value of |S11| at
resonance as a function of sheet resistance. The relationship be-
tween sheet resistance and |S11| is nonlinear. Above 0.2 Ω/sq, it is
nearly constant, while below this value, |S11| drops quickly with
decreasing sheet resistance. The knee at 0.2 Ω/sq roughly corre-
sponds to |S11| value of -10 dB, the minimum acceptable value of
|S11|, which was the value used to define lifetime in Figure 5d.
The simulated |S11| values were compared to measured |S11| val-
ues of printed zinc antennas made with both PCL and PVP, and
the simulated and measured values show good agreement. The
sheet resistance of the PVP-based antennas ranged from 0.14 to
0.5 Ω/sq. The most conductive PVP-based antennas barely met
the design criteria. There was less sample-to-sample variation in
sheet resistance of the PCL-based antennas, which ranged from
0.04 to 0.1 Ω/sq. This range of sheet resistance values corre-
sponds to a large variation in |S11| because the sheet resistance
values are in the range where |S11| is highly dependent on sheet
resistance. Importantly, all the PCL-based antennas exceeded the
minimum requirements for |S11|.

Figure 6c shows power reflection coefficient versus frequency
for antennas printed on PET, printed on PET and dip coated with
65 μm of wax on each side, and printed on a wooden substrate
with a wax coating. The use of encapsulation layers causes a shift
in the resonance frequency, the thicker the wax encapsulation lay-
ers are, the greater the measured shift of resonance frequency.

Adv. Electron. Mater. 2024, 2300658 2300658 (7 of 9) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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The frequency at which a dipole antenna resonates is described
by

f =
c𝜖r

2l
(1)

where c is the speed of light, ɛr is the relative permittivity of
the medium around the dipole, and l the dipole’s length. The
encapsulation layer around an antenna changes the effective ɛr
and thus the resonant frequency of the antenna. Additionally, the
depth of the resonance peak is reduced by adding encapsulation
layers. Greater losses are observed for thicker wax layers as shown
in measurement in Figure 6c, and in simulation in Figure S7
(Supporting Information).

The impact of the encapsulation layer on the resonance fre-
quency can be accounted for by changing l, the physical size of the
dipole. In order to quantify the relationship between the physical
size of this particular dipole and wax encapsulation layer thick-
ness, antennas of various sizes were printed and their resonance
frequency was measured with and without wax encapsulation.
A single dip-coated layer of beeswax was 65 μm thick on each
side. Simulations of these antennas of different sizes in HFSS
with wax layer thicknesses of 130 μm (65 μm front and back), as
shown in Figure S5 (Supporting Information) show good agree-
ment with measurements. For this thickness of wax, a folded
dipole antenna which is 97%, as large as the original design will
resonate at 915 MHz.

3. Conclusion

Chemically treated zinc inks with biodegradable binders can pro-
vide the high conductivity needed for functional antennas. The
choice of binder material is critical because it sets the limits of
the chemical treatment parameters, which in turn determines
the conductivity of the printed material. The binder also deter-
mines the stability of the resulting printed trace, especially in en-
vironments with moisture present. Non-water-soluble PCL with-
stands higher acid concentrations and exposure times, result-
ing in higher conductivity, more environmentally stable traces.
Beeswax encapsulation layers can protect printed traces from
degradation in humid environments, further increasing func-
tional lifetime. Antennas required to operate at a specific fre-
quency must be designed taking this encapsulation layer into ac-
count, which can be done by geometric scaling of an existing an-
tenna design.

4. Experimental Section
Zinc Ink Formulation and Printing: To make the inks, PVP, or PCL pel-

lets were dissolved in their corresponding solvent for a few days in a sealed
jar at ambient temperature. The PVP was mixed 1:5 by mass in NMP and
PCL was mixed 1:8 by mass in NMP or in Anisole. After the polymers
had dissolved, powdered zinc (1–5 μm particle size, Goodfellow Co, Pitts-
burgh, PA) was added at 30:1 by mass to the polymer. The ink was mixed
in a planetary mixer for > 30 min prior to printing. All chemicals were pro-
cured from Sigma–Aldrich and used as received unless otherwise stated.

Inks were printed with a screen printer using a screen with 325 /in
mesh. Printed samples dried in ambient conditions for at least 12 h
(NMP-solvent samples) or at least 1 h (Anisole-solvent samples) and

profiles were measured with a Dektak MG stylus profilometer (Veeco In-
struments, San Jose, CA). Substrates included PET (125 μm thickness),
balsa wood (3/16 in thickness, McGuckin Hardwaresource), and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) biopolymer film (PHBV, Goodfel-
low, 8% valerate content, 0.025 mm thick).

The wood coating process is shown in Figure S8 (Supporting Informa-
tion). Molten wax was poured on the front of a wooden board of 18 cm by
18 cm and left to cool. A titanium doctor blade (Zehtner ZUA 2000) was
heated to >100 °C, then placed on rails such that the final thickness of the
wax could be controlled by the height of the blade. The hot blade moved
across the wax surface at 10 mms−1, melting and reflowing the wax.

Balsa wood substrates were also prepared by coating a solution of 1:5 PCL:
Anisole by mass onto balsa sheets using a doctor blade at room temper-
ature. The coated sheets were then left to dry for a day under ambient
conditions, resulting in a 2 μm thick layer of PCL.

Acid Treatment: The samples were laid flat in a tray and a 1-mL syringe
was used to deposit about 1 mL of acid solution onto each antenna. The
samples were monitored to ensure all printed areas remained covered by
solution, and additional solution was added if any areas became exposed.
At the end of the allotted time, treatment solution was removed and the
samples were transferred to an oven and baked for 15 min.

Encapsulation: White beeswax (Sky Organics, Miami Beach, FL, USA)
pellets were melted in a temperature controlled slow cooker at 70 °C. For
dip coating, samples were dipped in the molten wax, keeping contact pads
exposed, then removed. Layer thickness was measured with calipers.

Longevity Studies: Samples were divided into three groups; one group
was kept in an environmental chamber (Associated Environmental Sys-
tems, Ayer, MA, USA) held at 19 °C and 10% RH, the second was kept in
the uncontrolled lab environment, at about 26 °C and 30–40% RH, and the
third was kept in the environmental chamber at to 85% RH and 21 °C for
24 h. With each location, some samples were not encapsulated, and some
were dip-coated in beeswax. The resistance of the full 320-mm sample was
recorded every minute using a 2-point technique by a multichannel Data
Acquisition System (DAQ970A, Keysight Technologies, Santa Rosa, CA).
Conditions were monitored with a commercially available temperature and
humidity monitor (RH520A, Extech Instruments, Boston, MA, USA).

Antenna Simulation: The folded dipole antennas designs were based
on those given in ref. [25] and were modified using numerical simulations
in Ansys HFSS 3D Electromagnetic Field Simulator (Ansys, Canonsbur,
PA, USA). Zinc ink was simulated with conductivity of 4 × 104, 7 × 104,
1× 105, 3× 105, and 6× 105 Sm−1 to represent printed zinc traces, and the
trace thickness was 40 μm. The PEN substrate was modeled as a brick with
ɛr = 3.2, loss tangent = 0 Sm−1, and thickness = 100 μm, and beeswax lay-
ers were modeled with ɛr = 2.6 and loss tangent = 0.07 Sm−1. Simulations
used the driven modal mode with a lumped port with Z = 50 Ω. Frequency
was swept with 401 points from 456 to 1.37 GHz, centered at 915 MHz.
For the smaller geometries, all dimensions, including trace width and gap
width, but not the lumped port width, were scaled to fractions of their
original size.

Antenna Characterization: Antennas were connected to an SMA cable
using SMA connectors friction fit to the printed trace by adding a low den-
sity plastic shim behind the sample. Voltage reflection coefficient (S11)
measurements of antennas printed using different techniques were exe-
cuted using a network analyzer (E5061A ENA Series Network Analyzer,
Agilent, Santa Clara, CA, USA). Silver antennas used as references were
screen printed with silver ink, 126–33 extremely conductive silver ink (Cre-
ative Materials, Ayer, MA, USA) and annealed on a hot plate at 130 °C for
10 min.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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