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Abstract Wood pulp cellulose nanofibrils (CNF)
thin film is a novel recyclable and biodegradable
material. We investigated the microwave dielectric
properties of the epoxy coated-CNF thin film for
potential broad applications in flexible high speed
electronics. The characterizations of dielectric prop-
erties were carried out in a frequency range of
1-10 GHz. The dielectric constant and loss tangent
were extracted by using measurements of microstrip
transmission lines that were built on the epoxy coated-
CNF film and combined with Agilent Advanced
Design System simulations. The RF property for the
epoxy coated-CNF was compared to that of commer-
cial polyethylene terephthalate film (PET). With the
comparable microwave properties of non-biodegrad-
able PET film, our study suggests that the epoxy
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environment-friendly substrate for flexible microwave
and other applications.
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Introduction

In recent years, flexible electronics have been rapidly
developed for many applications. In particular, RF and
microwave devices and circuitry have been designed
and fabricated on flexible substrates, such as poly-
ethylene terephthalate (PET), to work in the giga-hertz
frequency range (Zhang et al. 2012; Seo et al. 2014).
These demonstrations indicate flexible electronics can
not only fulfill traditional low frequency applications,
but also RF and microwave applications with high-
performance flexible microwave active (Sun et al.
2010b; Zhou et al. 2013) and passive devices (Sun
et al. 2010a; Cho et al. 2015). It is expected the future
production of flexible electronics will greatly exceed
that of rigid chip-based electronics. While over 3
million tons of electronic (e-) waste per year has piled
up over the last decade due to rapid upgrades of
consumer electronics (Lorenzen 2014), more e-waste
is expected to be produced as we enter the era of
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flexible electronics. The majority of today’s polymer
based substrates used for flexible electronics and
packaging (Zou et al. 2002; Thompson et al. 2004) are
made of chemical materials. These petroleum based
materials are rather difficult to decompose after
disposal into the e-waste stream. To reduce this
accumulation of e-waste, flexible electronics with
substrates made of decomposable materials are pre-
ferred. Wood pulp composites [such as cellulose
nanofibril (CNF)] are one group of recyclable mate-
rials that exhibit impressive biodegradable properties
(Chinga-Carrasco 2011; Abdul Khalil et al. 2012). The
outstanding characteristics of wood pulp composite
films, such as high mechanical strength and high
thermal conductivity (Bledzki et al. 1998; Zhang et al.
2013), have made them promising candidates for
substrates of flexible electronics (Zheng et al. 2013).
Although there are some demonstrations using these
composites for micro-electro-mechanical system
(Couderc et al. 2009) and microwave applications
(Inui et al. 2015; Jung et al. 2015; Seo et al. 2015),
detailed characterizations of microwave properties for
these materials have not been previously reported. In
this paper, we report the detailed study of frequency-
dependent microwave properties of the epoxy coated-
cellulose nanofibril (CNF) film.

Experiment
Epoxy coat-CNF film fabrication

The epoxy coated-CNF film fabrication began with
tetramethylpiperidine-1-oxy  (TEMPO)  oxidized
wood pulp fiber (Isogai et al. 2011), which was
prepared using the method reported (Qing et al. 2012).
The TEMPO oxidized cellulose fibers were then
refined in a Microfluidizer processor (Microfluidics,
Newton, MA). The obtained nanofiber slurry
(Fig. 1a), diluted to a 0.2 % solid concentration by
DI water, was filtrated using a 142 mm Milipore
Ultrafiltration System (Millipore, Millipore Corpora-
tion, USA; Fig. 1b) under 0.55 MPa air pressure. An
Omnipore™™ polytetrafluoroethylene filter membrane
with micropore size of 0.1 um (JVWP14225, JV,
Millipore Corporation, USA) was used in the appara-
tus and supported by filter paper. In the filtration
chamber, water within the slurry passed through the
filter membrane, leaving the CNF filter cake. After
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separated from the filter membrane, the CNF cake was
sandwiched between two multiple layers of waxy
coated paper, filter paper, and caul plate at room
temperature for drying. Throughout the drying pro-
cess, those papers were replaced several times to avoid
winkles on the film. When the film approximately
reached a solid content of 80-90 %, the sandwich
assembly was put into oven for several hours drying at
60 °C for 8 h under a load of 250 N. The dried CNF
film was coated with a bisphenol-A-based epoxy resin
kit (Dow Chemical Company). The low viscosity
epoxy resin (D.E.R. 331), flexible epoxy resin (D.E.R.
732) and amine-based curing agent (D.E.H. 26) were
mixed by a weight ratio of 56:24:20, respectively. This
epoxy mixture was brushed onto one side of the CNF
film, then pressed under 100 psi at 130 °C for 10 min,
followed by processing on the other side of the CNF
film in the same way. Then, the film was subsequently
covered with a plastic sheet, and a cylinder was rolled
over the sheet. The rolling was repeated until the
cellulose film was completely and uniformly covered
with the epoxy. After the above apparatus was air
dried, the plastic sheet was peeled off, and an epoxy
coated-CNF film was obtained. The epoxy coated-
CNF film was transparent, flexible, very durable, and
biodegradable with a thickness of 180-190 pm as
shown in Fig. lc. Figure 1d shows an optical image of
an epoxy coated-CNF film after partial fungal
biodegradation. Besides biodegradability, the film
also exhibited great thermal stability, electrical stabil-
ity, and mechanical properties (Jung et al. 2015),
which qualify the substrate for flexible electronics
applications. The epoxy we used in this experiment
has similar dielectric and RF loss properties to that of
CNF films in the microwave frequency range of
interest under standard room humidity conditions
(Minges 1989; Torgovnikov 2012). Therefore, the
microwave dielectric properties of CNF films with
epoxy coating will remain unchanged. Additionally,
the hydrophobic characteristic of the epoxy helps
prevent the CNF films from absorbing moisture from
the external environment and thus maintain the
dielectric properties (Couderc et al. 2009). It is noted
that the epoxy coated-CNF films still can be degraded
by the common fungi. The experimental characteri-
zations of the dielectric properties of the epoxy coated-
CNF film were carried out at 22 °C under 35 %
humidity in the frequency range of 1-10 GHz, which
covers the wireless communication bands: the L, S,



Cellulose (2016) 23:1989-1995

1991

Fig. 1 a An optical image of the obtained nanofiber slurry. b An optical image of the Milipore ultrafiltration system. ¢ Obtained
flexible epoxy coated-CNF film under bending. d An optical image of the epoxy coated-CNF film after fungal biodegradation

C and the lower part of the X-bands. For the purpose of
comparison, we also performed identical experiments
on commercial PET films.

Transmission line method characterizations

The transmission line method (TLM) is suitable for
characterizing microwave dielectric properties of thin
films in a wide frequency range (Moon-Que Lee 1996;
Baker-Jarvis et al. 2010; Aguilar et al. 2012). In this
method, thin film is adopted as the substrate for
microstrip transmission lines. The dielectric properties
of the thin film can be extracted from measured
scattering parameters (S-parameters). This method
was employed to characterize the microwave dielectric
properties of the epoxy coated-CNF film in the
frequency range of 1-10 GHz. The transmission (sig-
nal) line, made of 100 um-thick copper foil tape that
was built on the CNF substrate, was about 42 mm long
and 6 mm wide. It was made to cover the entire length
of the epoxy coated-CNF substrate and was chosen to be
long enough for several guided wavelengths, in order to
reduce the influence of the SMA connectors and
parasitic effects between the connector and transmis-
sion line, on overall measurement accuracy. The ground
plane of the microstrip transmission line was made by

covering the backside of the epoxy coated-CNF
substrate with a conducting copper foil tape. A flat
copper sheet was then brought into intimate contact with
the copper foil tape to facilitate mounting of the SMA
connectors. Two SMA connectors were finally soldered
to the structure. The schematic of a microstrip trans-
mission line and the fabricated transmission line are
shown in Fig. 2. The two port S-parameters of the
assembled microstrip transmission line were measured
in the frequency range of 1-10 GHz using an Agilent
E8364A performance network analyzer.

An equivalent circuit model for this microstrip
transmission line was built using Agilent/Keysight
Advanced Design System (ADS). This circuit also
included the presence of an edge mounted SMA
connector on each side and illustrated parasitic effects
between the connectors and microstrip transmission
line. The circuit structure is shown in Fig. 3. ADS
simulations were performed to identify the equivalent
circuit parameters that fit experimentally measured
values (Ramazani et al. 2010; Aguilar et al. 2012). The
dielectric constant and loss tangent of the substrate
material were extracted after simulations had reached
a qualified coincidence (Current error function
(EF): ~5 in ADS) between the experimental and
simulated S-parameters.
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Fig. 2 a The schematic
structure of microstrip
transmission line. b An
optical image of fabricated
microstrip transmission line
based on the epoxy coated-
CNF film

Fig. 3 An equivalent
circuit model of the
transmission line. The
parasitic elements L, C and
R were included in this
model

Results and discussion

As shown in Fig. 3, a series inductance (L), a shunt
capacitance (C) and a series resistance (R) on each side
between the line and connectors were included in the
model to represent the transition between coaxial
connectors and transmission line, and assembly
imperfections. Fabrication imperfections exist at the
two connection points, such as an air gap between the
substrate edge and the side of SMA connector. The
estimated values for induced parasitic impedances for
the air gaps and defection in the edge-mounted
connector at microwave frequency ranges have been
studied before (Lee 1995; Yun and Lee 1995).
Previous studies also suggested an estimate of fringing
capacitance at the end of the dielectric substrate
(Yamashita et al. 1989). Guided by these previous
studies, reasonable initial values of the parasitic L, C,
and R elements were first set in the circuit. The
parasitic values of L, C and R elements were found to
be, 0.15 nH, 0.27 pF and 0.09 Q respectively, from
ADS simulation optimizations.

Optimal extraction of the dielectric constant, &, and
loss tangent, tano, of the substrate material was
realized using ADS simulations based on the equiv-
alent circuit model. In ADS simulations, both the
magnitude and phase of the measured S-parameters
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were considered for optimization. Value extraction
frequency band was 1 GHz within the test frequency
range of 1-10 GHz. Both the measured and simulated
magnitude and phase curves of S;; from a 42 mm-
long, 6 mm-wide microstrip transmission line with
CNF substrate are shown in Fig. 4. The measured
S-parameter matches simulated results reasonably
well in the tested frequency range. Extracted dielectric
constant and loss tangent of the epoxy coated-CNF
substrate are shown in Fig. 5. Each data point
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Fig. 4 Measured and simulated transmission coefficients (S,;)
of the epoxy coated-CNF film-based microstrip transmission
line
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Fig. 5 Extracted microwave dielectric properties (dielectric
constant and loss tangent) for the epoxy coated-CNF film

represents the mean value of results from the tested
samples and the vertical error bars represent corre-
sponding standard deviations. Mean value of the
dielectric constant of the epoxy coated-CNF substrate
is around 2.6 and mean value of loss tangent of the
epoxy coated-CNF substrate is between 0.03 and
0.042. These variations may come from differences in
the fabrication processes of tested microstrip trans-
mission lines. Because cellulose nanofibrils thin film
can absorb moisture, the dielectric constant and loss
tangent were investigated under various humidity
conditions from 30 to 80 %. As shown in Fig. 6, the
loss tangent value is significantly increased as the
humidity level increased, particularly in the higher
frequency regime, while the dielectric constant
remained within a similar range. Such changes at the
different humidities are attributed to the electro-
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Fig. 6 Extracted microwave dielectric properties (dielectric
constant and loss tangent) of the epoxy coated-CNF film at
various humidity conditions from 30 to 80 %
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Fig. 7 Comparison of microwave dielectric properties for
epoxy coated-CNF film and commercial PET film

magnetic polarization of the wood components in the
CNF film, as well as the changes in the electrical
conductance of the wood components which largely
affect the loss tangent value. Therefore, microwave
performance is dependent on the environmental
humidity condition (James 1975; Torgovnikov 2012).
PET film has been previously employed in demon-
strations of high speed flexible electronics (Sun et al.
2010a, b; Zhou et al. 2013; Cho et al. 2015) for its
superior bendability and low cost. For comparison,
microwave performance of a PET film was character-
ized in the frequency range of 1-10 GHz using the
same transmission line method. The PET film with a
thickness of 254 um used in this study was supplied by
the DuPont Company. Figure 7 shows the extracted
average dielectric constant and loss tangent for both
epoxy coated-CNF and PET films. The PET film
shows an average dielectric constant around 3 and an
average loss tangent between 0.008 and 0.01 in the
frequency range of interest. The dielectric constant of
CNF is slightly lower than that of PET film and the loss
tangent of the epoxy coated-CNF film is slightly
higher than that of PET film, but the differences are
close. Hence, the epoxy coated-CNF film is suitable for
high frequency applications, as we recently demon-
strated (Jung et al. 2015; Seo et al. 2015). Considering
the biodegradability of the epoxy coated-CNF film
versus PET, employing the epoxy coated-CNF for
flexible microwave applications is a viable approach
to make environment-friendly electronics. The
detailed measurement study shown in this work will
also be useful for future microwave circuit designs.
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Conclusions

In summary, microwave dielectric and loss tangent
properties of biodegradable epoxy coated-CNF thin
film were characterized from 1 to 10 GHz. The
dielectric constant of the epoxy coated-CNF is around
2.6 and loss tangent values range from 0.03 to 0.042.
Through comparison with PET film, the epoxy coated-
CNF is proven to be suitable for flexible microwave
applications. The current study suggests that flexible
epoxy coated-CNF film can be an environment-
friendly contender for flexible high speed RF device
and circuitry applications composed of soluble metals,
while serving as a self-disposable substrate to poten-
tially reduce generation of electronic waste.
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