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In this paper, a bio-based and biocompatible polymer, Cellulose Laurate (CL), is proposed for flexible radio-
frequency (RF) electronics. The synthesis of CL films together with their characterizations (chemical, thermal,
mechanical and dielectric) are presented. The results obtained allow considering this material for RF flexible
applications as a possible alternative to petrosourced substrates. Therefore, CL has been used to fabricate a flexible
patch antenna that operates in an industrial, scientific and medical (ISM) frequency band. The central frequency

selected is 2.45 GHz. The antenna fabrication process is based on the combination of laser structuring and the
use of copper adhesive tape. Measurements of the antenna reflection coefficient and radiation patterns show that
CL is a good candidate as a RF substrate. Furthermore, it is demonstrated that the antenna performance is only
slightly impacted under bending conditions.

1. Introduction

Wearable antennas have attracted a lot of attention in recent years
due to the many advantages they provide, like flexibility, lightweight
and low cost. They have many applications in the fields of wireless com-
munications and sensors [1].

Depending on the application, different types of substrates are used
for the fabrication of antennas. For example, for wearable applica-
tions on clothing, textile substrates are interesting because of their
ability to be easily integrated into fabrics [2]. Paper-based substrates,
widely available and inexpensive, are a good choice for green electron-
ics [2] but are not preferred for wearable applications because of their
lack of hydrophobicity. In fact, the most widely used substrates are
polymer-based substrates. Among the most commonly used polymers
are polyimide (Kapton) [3], polyethylene terephthalate (PET) [4] and
polydimethylsiloxane (PDMS) [5].

The major drawback of these materials is that they are obtained from
petroleum sources. For this reason, there is growing interest in alterna-
tives that reduce the use of such materials, and thus decrease the depen-
dence on oil and consequently the environmental footprint of electronic
devices.

Indeed, there is a growing interest in using biopolymers for RF appli-
cations that involve the fabrication of passive [6] and active [7] RF cir-
cuits. Biopolymers are promising raw materials to replace conventional
polymers in RF applications due to a lot of features such as low weight,
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low cost, abundance, biocompatibility, biodegradability and mechanical
properties [8]. Polysaccharides, in particular Fatty Acid Cellulose Esters
(FACEs), have been identified as an interesting solution to switch from
petrochemical polymers to natural polymers to produce plastics. Actu-
ally, cellulose esters, which have excellent film-forming characteristics,
are now well known as commercially important thermoplastic polymers
[9]. Furthermore, FACEs, obtained by grafting fatty acid chains onto
cellulose backbone, are a well-known class of hydrophobic materials.
FACEs can be obtained by cellulose acylation, consisting in the reac-
tion, in homogeneous LiCl/N,N-dimethylacetamide reaction media, be-
tween fatty acid chlorides and cellulose, in presence of a basic catalyst,
the N,N-dimethyl-4-aminopyridine (DMAP) [10]. We have selected from
this family of FACEs one of the most common, cellulose laurate (CL). It
is synthesized using lauroyl chloride as fatty acid derivative and is char-
acterized by its high elasticity and good hydrophobicity compared to
the cellulose ester family.

To validate the choice of the selected biopolymer as RF substrate,
different kind of characterizations are first performed. Then, a compari-
son of its characteristics with other polymers widely used in RF flexible
electronics applications is proposed.

Finally, a rectangular patch antenna operating at 2.45 GHz, chosen
to demonstrate the suitability of this bio-based polymer for flexible RF
electronics is investigated. The design and the optimization of the flex-
ible and wearable antenna proposed are performed using ANSYS HFSS
software. The fabrication process of the antenna is based on laser struc-
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Fig. 1. Cellulose laurate film.

turing and adhesive copper. This process is suitable for green electronics
and is potentially compatible with all types of substrates less resistant
to high temperatures and chemicals. The antenna characterization ends
with the evaluation of its performance under bending conditions and
tests on a human body.

2. Material and methods
2.1. Materials

Reagents and solvents were stored at room temperature and
used without further purification: microcrystalline cellulose (20 um,
DP = 200, Aldrich); N, N-dimethyl-4-aminopyridine (DMAP, 99%,
Acros); N, N-dimethylacetamide (DMAc, 99%, Acros); anhydrous
lithium chloride (99%, Acros); lauroyl chloride (98%, Aldrich); chlo-
roform (> 99%, Carlo Erba); methanol (> 99%, Carlo Erba). Deuterated
chloroform (Aldrich) used for NMR analysis was stored at 4°C.

2.2. Synthesis of cellulose laurate

200 mL of a 30 g.L~! cellulosic solution, consisting in pre-treated
cellulose in a 6.7% LiCl/DMAc (v/w) system [11] (6 g of cellulose; 37
mmol of anhydroglucose unit, 1 equiv.) and DMAP (13,5 g; 111 mmol;
3 equiv.) were stirred at 80°C until complete solubilization. Fatty acyl
chloride (77 mL, 9 equiv. per anhydroglucose unit) was then added and
reaction medium was stirred at 80°C during 3 hours. The reaction media
was poured into methanol (3 vol) and the precipitated cellulose trilau-
rate (CL) was purified by a repeated solubilization/precipitation process
using chloroform and methanol, respectively. CL was finally dried in air
at room temperature.

CL, obtained as a cotton-like solid, was converted into film material
by casting in chloroform in a 20 cm diameter glass Petri dish (10 g to 20
g of CL in 150 to 300 mL of chloroform according to the desired mate-
rial thickness), leading to a translucent film after complete chloroform
evaporation.

The films thus obtained (Fig. 1) are then characterized for their
chemical structure and properties.

2.3. Chemical Characterization

The film of CL has been characterized by Fourier Transformed
InfraRed (FTIR) spectroscopy using an Agilent Cary630 apparatus
equipped with an ATR accessory. !H-NMR spectroscopy was performed
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after dissolution of CL (10 mg) in deuterated chloroform using a Bruker
DRX-300 Spectrometer (operating at 300 MHz). 'H-NMR spectroscopy
allowed us to determine CL purity and confirmed that the number of
fatty chains linked per anhydroglucose unit (DS) is equal to 3 (maximum
value), using an integration method already described in literature [12].

2.4. Thermal Characterization

Differential Scanning Calorimetry analyses were carried out on a TA
Instruments DSC Q20 apparatus, calibrated using high purity indium
samples, to determine thermal transitions in CL. About 10 mg of CL film
sample was heated and then cooled, cycle experiments conducted at
20°C.min~! under nitrogen atmosphere. Thermal degradation was mea-
sured using TA Instruments Discovery SDT650. About 30 mg of CL was
heated under nitrogen atmosphere from 40°C to 700°C at 20°C.min"!
and the weight loss was recorded according to temperature.

2.5. Mechanical behavior and dynamic mechanical analysis (DMA)

Mechanical behavior was studied in uniaxial tensile mode using a
Shimadzu Autograph AGS-X apparatus. Tensile tests were conducted at
room temperature, at a constant crosshead speed of 5 mm.min~!, and
samples were cut out from the CL solvent-cast films as dumbbell shape
samples.

2.6. Contact Angle Measurements

Contact angle measurements were carried out with a water drop of
3 uL, at ambient humidity and room temperature, using an Apollo In-
struments OCA 20 contact angle apparatus operating with the sessile
drop method. Contact angles were measured on both sides of the drop
by the ellipse-fitting calculation method, at a drop age of 10 seconds.
Ten values, at least, were averaged.

2.7. Dielectric microwave characterization

The knowledge of the CL dielectric properties (permittivity ¢,, and
loss tangent tans) is mandatory for the design of microwave circuits. To
determine them, a method called “the two-lines method” was used. To
that end, the transmission and reflection coefficients of CPW (Coplanar
Waveguide) lines fabricated on a 0.4 mm-thick CL substrate were mea-
sured using GSG (Ground-Signal-Ground) probes connected to a Vector
Network Analyzer (VNA) (Keysight E8361A) [13]. The dielectric prop-
erties of CL were extracted from the measured propagation constant
associated to a retro simulation procedure using the software ANSYS
HFSS.

In the Table 1 and Table 2 are gathered the results of the different
characterizations mentioned above.

3. Results

The characteristics of CL were recorded and compared to those
of petrochemical materials usually used as substrate for electronics
(Table 1).

CL has a contact angle, 6, of 100° and so can be considered as a
hydrophobic material (6 > 90°). Compared to other polymers, CL has a
good hydrophobicity, a better elasticity and a good elongation at break.
Regarding the tensile strength, it is low compared to Kapton or PET, but
12 MPa of tensile strength is enough for wearable applications.

Considering CL thermal properties, they are almost similar to those
of other polymers. These properties should be taken into account when
CL is used as substrate for active circuits (such as an amplifier) to define
the operating point.

It can also be noted that CL presents dielectric properties close to
those of polymers which are more classically used for flexible RF elec-
tronic devices. In particular, the level of losses makes it competitive. All
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Table 1
Comparison of Cellulose Laurate characteristics with those of polymers used in RF.
Material Kapton PDMS PET PTFE CL
Hydrophobicity Contact angle Measurement (°) 70[14] 113[15] 80.9 [16] 106.9[17] 100
Young’s modulus 2.62GPa[18] 2.42MPa [19] 3.29GPa [20] 0.59GPa [21] 135MPa
Mechanical properties Elongation at break (%) 82[18] 30-90 [19] 1.6-600(20] 70-600[21] 60-80
Tensile strength (MPa) 231[18] 4.2[22] 61.8[20] 131[21] 12
Thermal behavior Glass transition temperature Tg (°C) 360 -410[23] -123[24] 70[25] 129([26] 100-110
Degradation temperature Td (°C) 500[23] 400[27] 120[28] 536.2 [29] 250
. . . £, 3.5[30] 2.7[31] 2.2[32] 2.2[33] 2.66
Dielectric properties @ 2.45GHz tans 0.002[30] 0.04[31] 0.03[32] 0.002[33] 0.025
Green No No No No Yes
[
il 80 mm Ground plane
14.5 mm 46.5 mm
= ¥ A [ T+ 1 mm
= - 1 mm
22.5 mm 22.5 mm
hd ——r o ’—>{|:I
—'1 mm
Li 0 Ohm
e
| mm
v v
Fig. 2. Antenna topology and dimensions (a) top view (b) bottom view.
together, the characteristics of this bio-based polymer pave the way for Table 2
a green flexible and wearable RF electronics. And, in particular, its bio- Different materials characteristics at 2.45 GHz.
compatibility [34] renders it a good choice for biomedical applications. Material Parameter Value
We present in the following the exploitation of this material for the
s . Cellulose laurate £ 2.66
fabrication of a flexible and wearable patch antenna.
tané 0.025
h 400 ym
4. Application Copper Oeu 5.8 107 S/m
h, 35 um
o 1ens 1 . Adhesive £ra 1.2
To demonstrate the suitability of this bio-material as a RF substrate,
. . . - s h, 15 ym
we have designed a device widely used in on-body applications: a patch
antenna. In this kind of applications, the device has to be both wearable
and flexible. Cellulose laurate
Adhesive Cop er

4.1. Antenna design

The microstrip patch antenna was designed at 2.45 GHz on a 0.4
mm-thick CL substrate. As initial values for the length and the width
of the patch antenna, equations given in [35] have been used. Then, to
realize an antenna with a good gain, slots are introduced in the ground
plane. This technique has already been applied for the improvement of
the gain [36,37]. All dimensions of the antenna and the positions of
the slots are determined by using the ANSYS HFSS optimization tool to
achieve high gain and good matching at 2.45 GHz. All the dimensions
of the optimized structure are given in Fig. 2. In Table 2 are given the
properties of the various materials constituting the antenna (Fig. 3). The
simulation study takes into account all materials, including the adhesive.

In order to better understand the impact of the adhesive layer (h,,
€.,) on the antenna characteristics, a study was performed on ANSYS
HFSS. It consists first in varying the thickness of the adhesive layer and
observing the antenna gain and resonance frequency (fr).

Fig. 4a illustrates how the effective dielectric constant (e.¢) of the
structure (Fig. 3) changes with the thickness of the adhesive layer (h,).

Fig. 3. Stack-up of the proposed antenna.

In this simulation, the properties of the different materials are those
given in Table 2. One can note a decrease of the effective dielectric
constant as a function of the adhesive layer thickness. This variation of
the £.¢ leads to the increase of the resonance frequency according to h,
(Fig. 4b).

Fig. 5 shows the simulated gain of the antenna as a function of the
thickness of the adhesive layer. It can be observed that the gain increases
slightly with the adhesive layer thickness. This can be explained by the
fact that the adhesive layer brings no additional losses (tan5=0 for the
adhesive).

Fig. 6 presents the impact of the dielectric constant of the adhesive
layer on the resonance frequency and the gain. An increase of ¢, results
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Fig. 4. Simulated effective dielectric constant (a) and antenna resonance frequency (b) versus the adhesive thickness.
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Fig. 5. Simulated gain for different values of the adhesive thickness.

in a rise of the effective permittivity and consequently to a drop of the
resonance frequency (Fig. 6a). The impact on the antenna gain is low
(Fig. 6b).

4.2. Antenna fabrication

In order to avoid the use of high temperatures and potentially aggres-
sive chemicals for our bio-based material, we have developed a fabrica-
tion process that does not involve conventional microelectronics manu-
facturing methods such as photolithography. This process is character-

2.46 -

2.45

2.44 -

fr (GHz)

2.43

2.42 -

1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50

Era

(@)

ized, in particular, by the simplicity of implementation and the speed of
execution. It is inspired by the technique proposed in [38] and [39] and
based on the use of a laser to cut the adhesive copper to the wanted
shape and the use of adhesive tape to transfer the desired copper part
onto the substrate.

The fabrication process, illustrated in Fig. 7, begins by fixing a piece
of adhesive copper on glass using double-sided adhesive tape (Fig. 7a).
Then, we use the laser to trace the shape of the circuit on the copper
(Fig. 7b). At that point, we use a single-sided adhesive tape to extract
the desired copper part (Fig. 7(c and d)). Finally, we transfer this part
of copper to the biopolymer and carefully remove the adhesive tape
(Fig. 7(e and f)).

Cutting with laser is a precise process that requires the adjustment
of a set of parameters (wavelength, power, speed, etc.). These obviously
depend on the type of material being cut. Thus, the choice of the set of
parameters for copper is made after a series of optimizations; a photo-
graph of the final antenna prototype is given in Fig. 8.

4.3. Antenna characterization

The fabricated antenna was first characterized with a Vector Net-
work Analyzer (N5242A Agilent Technologies) through the measure-
ment of its reflection coefficient. After that, the radiation patterns were
measured in an anechoic chamber by using a standard horn antenna
(SAS-200/571) and an Agilent 8735ES VNA (30 kHz-6 GHz).

The results obtained are presented in Fig. 9 and Fig. 10 respectively
for the reflection coefficient and the radiation patterns. In general, a
good agreement is observed between simulations and measurements for
the reflection coefficient and radiation patterns. One can note, in partic-

-4 4

-6

Gain (dB)

-8

-10 4

-12

50 o0 50
Theta (°)

()

-150 -100 100 150

Fig. 6. Simulation of the impact of the adhesive layer dielectric constant on (a) the resonance frequency (b) the gain.
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Fig. 7. Main steps for the antenna fabrication.

Fig. 8. Antenna prototype (a) top view (b) bottom view.

_10_

—-15

|S11] (dB)
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Frequency (GHz)

Fig. 9. Simulated and measured antenna reflection coefficients.

ular, that the reflection coefficient is lower than -20 dB at the resonance
frequency and that the bandwidth at -10 dB is between 2.41 GHz and
2.47 GHz.

Regarding the radiation patterns, the maximum gain measured for
the null angle is equal to 1.9 dBi for the H plane and 1.8 dBi for the E
plane. Concerning the aperture angle at 3 dB, it is equal to 75° for the
H plane (XZ) and 72° for the E plane (YZ).

The proposed antenna can potentially be used in a situation where
it undergoes a bending, so its flexibility must be evaluated. For this,
the antenna is characterized by applying several radius of curvature (40

mm, 70 mm and 120 mm) using patterns made in ABS by 3D printing
as shown in Fig. 11.a (40 mm is a radius value close to that of a human
arm.). A photograph of the antenna bent using the 40 mm radius pattern
is shown in Fig. 11b. The comparisons of the measurement results to the
simulation data for the reflection coefficient and the radiation diagrams
are given in the Fig. 12 and Fig. 13 respectively.

First, a good agreement is observed between the simulation and the
measurement. Moreover, the resonance frequency and the maximum
gain direction are almost unchanged, while a small decrease in gain
and directivity is recorded.

So, these tests demonstrate that the different bending configurations
applied to the antenna (Fig. 11) have very little effect on the perfor-
mance of the proposed antenna.

The impact of mechanical stresses on the adhesiveness of the copper
has also been checked. Although the evaluation was conducted in an ar-
tisanal manner (series of manual bending tests), the adhesive was shown
to have excellent adhesive properties, allowing the copper to remain at-
tached to the substrate. It is worth mentioning that adhesive copper is
widely used for RF applications, especially in case of paper substrates.
Examples of applications can be found in the literature such as a 24 GHz
radar front-end [40], a patch antenna array [41] and a mixer [42].

4.4. SAR evaluation and on-body tests

As the different tests show good performance of the antenna made on
CL substrate even in bending situations, its use for wearable applications
can be considered. Nevertheless, before evaluating the stability of the
antenna performance on a human body, we first ensure compliance with
safety regulations. For this purpose, the specific absorption rate (SAR),
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Fig. 10. Simulated and measured far-field antenna radiation patterns in the H and E planes.
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Fig. 11. (a) Three bending radii (b) Bended antenna (R=40 mm).
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Fig. 12. Simulated and measured reflection coefficients for different bending
radii (40, 70 and 120 mm) applied to the antenna.
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which is the power absorbed by the human body, is estimated. It must
be less than the limit of 1.6 W/kg under 1 g of tissue for US standards,
and less than the limit of 2 W/kg under 10 g of tissue for European
standards.

The average SAR was simulated on a single homogeneous layer of
tissue modeled in the ANSYS HFSS library (1048 kg/m? density), for 1
g and 10 g of tissue. The input power is 1 W and the distance between
the model (human tissue) and the antenna ground plane is equal to 0.5
mm (Fig. 14).

Simulations show that the maximum SAR values at 2.45 GHz are
0.1298 W/kg under 1 g of tissue and 0.0335 W/kg under 10 g of tis-
sue. So, the maximum SAR values are well below the limits required by
international standards.

After the check of the conformity to the safety regulations of the
proposed CL-supported antenna, we have tested the antenna on a human
body. To that end, the antenna was placed on a real subject, for different
positions on the body (arm, chest and back) (Fig. 15).

0°

180°

180° R= 40 mm Measurement

Fig. 13. Simulated and measured far-field radiation patterns of the antenna for different bending radii (40, 70 and 120 mm) applied to the antenna.
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Fig. 14. Simulated SAR at 2.45 GHz of the proposed antenna for 1 g and 10 g of tissue.

Fig. 15. Antenna at different positions on a human body.

V] ﬁ
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-10
2]
)
~ -15
-
-l
LY
—254— In free space
—— On arm
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1
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Frequency (GHz)

Fig. 16. Reflection coefficient measured in free space and at different positions
on the human body.

According to the reflection coefficient measurements shown in
Fig. 16, no significant degradation of the antenna performance is ob-
served when it is placed on the human body, whatever the position.

It is worth mentioning that in a previous study a dual-band antenna,
also using a CL substrate, has been fabricated by means of an alternative
method [43]. Compared to this latter, the antenna proposed in this paper
is better in terms of stability. Indeed, whether under bending conditions
or when placed on a human body, it shows a better steadiness than
the previous antenna that suffers from a resonance frequency shift and
shows a weaker matching when placed on a human body. Additionally,
it has a lower SAR value, making it safer. Finally, this antenna, compared
to the previous one, permits the reduction of the back radiation that is
desirable for WBAN applications.

5. Conclusion

In this work, a bio-based substrate, cellulose laurate (CL), is pro-
posed to replace conventional polymers for flexible electronics applica-
tions. The different characterizations achieved demonstrate that CL was
potentially usable as RF substrate. In particular, its dielectric and me-
chanical characteristics suggested that RF applications where mechani-
cal flexibility is required could be addressed.

Therefore, CL substrate was used for the fabrication of a slotted mi-
crostrip patch antenna using a process based on adhesive copper tape
and laser structuring. The different investigations performed demon-
strate a good agreement between the simulations and the measurements
for the reflection coefficient and the radiation patterns of the patch an-
tenna. Finally, tests under different bending configurations and on a
human body show only a slight performance degradation, which makes
our solution suitable for flexible and wearable applications. In addition
to its flexibility, its biocompatibility makes the CL suitable for WBAN
(Wireless Body Area Networks) applications in healthcare and sport, for
example.

All together, the results obtained demonstrate that the proposed bio-
based polymer is an interesting candidate for the development of flexible
and green electronics.
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