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A B S T R A C T

This paper proposed a hybrid printed electromagnetic pressure sensor using a metamaterial absorber. We used a
three-dimensional printed flexible resin for the transformable substrate with inkjet printed conductive patterns
stacked on the printed substrate to realize a hybrid printed electromagnetic pressure sensor. A square ring
pattern was implemented for the metamaterial absorber unit cell. Since absorption frequency varied with sub-
strate thickness, the device could be used as an electromagnetic pressure sensor with mechanically transformable
substrate. Performance was numerically and experimentally measured, and absorption frequency increased from
5.2 to 5.66 GHz by applying 0 and 20 N pressure, respectively; device sensitivity= 7.75× 108 Hz/mm
(0.2×108 Hz/N); and repeatability was retained up to 100 cycles.

1. Introduction

In contrast to components in electronic devices from the 1900s
[1–3], modern electronic devices require structures to also be func-
tional components, hence structural electronics have been widely stu-
died recently [4–6]. Structural electronics incorporates printed func-
tional electronic circuits onto irregularly shaped substrates and three-
dimensional (3D) structures to realize devices with integrated struc-
tures and circuits. Advances in structural electronics technology, such
as 3D surface printing [7,8], surface electronics [9,10], in-mould elec-
tronics (IME) [11], load bearing supercapacitors [12,13], and energy
harvesting skin [14,15] have facilitated rapid customization, material
and component cost reduction, and reduced weight and size. Three-
dimensional moulded interconnecting devices (3D-MID) [16,17] have
also been actively researched because they can overcome various two-
dimensional (2D) structural electronics limitations. In particular 2D
electronics cannot be applied for 3D structural devices, whereas 3D
printed electronics [18,19] can be realized using 3D-MID.

Three-dimensional printing is an excellent candidate to realize 3D-
MID. Whull [20] first introduced 3D printing and it offers reduced
components and manufacturing processes, such as assembly, work time,
and costs; weight and volume; and allows products to be manufactured
that cannot be successfully produced using previous approaches. Var-
ious 3D printing technologies have been developed, including binder

jetting [21,22], material extrusion [23,24], material jetting [25,26],
powder bed fusion [27], and vat photopolymerization [28]. Material
extrusion and vat photopolymerization methods are typically used for
electromagnetic (EM) devices.

Material extrusion, e.g. fused deposition modelling (FDM), melts the
construction material and sprays it into position from nozzles to stack
them. FDM is the simplest, and hence cheapest, 3D printing method,
and can deploy many material filament types, such as poly lactic acid
(PLA), acrylonitrile butadiene styrene (ABS), flexible, or metals, using
multiple nozzles. However, surface quality is somewhat poor and
printing speed is relatively slow.

Vat photopolymerization, e.g. digital light processing (DLP) or
stereo lithography (SLA), achieves 3D printing by hardening the resin
using projected light. This offers superior print quality and faster
printing speed than FDM, and overcomes material extrusion drawbacks.
However, vat photopolymerization equipment and materials are rela-
tively expensive.

Conductive materials must be patterned onto 3D structures to rea-
lize 3D-MID for electromagnetic applications. Inkjet printing [29] or
aerosol jet printing [30,31] are ideal candidate technologies to realize
these conductive patterns, and have been employed for various elec-
tromagnetic applications [32–34] because it can be applied to a variety
of substrates and offers excellent print resolution and accuracy. This
additive manufacturing technology also provides a cost-effective,
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simplified fabrication, and eco-friendly process [35] that overcomes
many traditional method limitations, such as screen printing [36] or
conductive sheet tape [37], which cannot be applied to 3D structural
applications.

This paper proposes a hybrid electromagnetic pressure sensor using
a metamaterial absorber (MMA). Metamaterials (MMs) can control
structural permittivity and permeability by specifically arranging the
infinite material periodic structure to be suitable for various electro-
magnetic applications, such as MM sensors [38], frequency selective
structures (FSSs) [39], imaging sensors [40], super lenses [41], high
gain antennas [42], terahertz devices [43], etc. They also offer some
unique advantages, e.g. MM based wireless electromagnetic sensors can
be realized without requiring a transmission line [44–46]. Therefore,
we used 3D and inkjet printing conductive patterns to produce a hybrid
printed electromagnetic (EM) pressure sensor. We used a 3D printed
flexible resin and 3D hinge structure to implement a sensor that can
respond to applied pressure. Silver ink based conductive square loops
were printed using a Dimatix inkjet printer to supply MMA unit cells on
the substrate. We simulated the proposed device using an EM simulator
to analyse its structural mechanics and demonstrate the proposed
concept. Subsequent experimental verification confirmed that the pro-
totype EM pressure sensor absorption frequency increased from 5.2 to
5.66 GHz when 20 N compressive force was applied, achieving
7.75×108 Hz/mm (0.2×108 Hz/N) sensitivity and good repeatability
over 100 cycles.

2. Proposed pressure sensor design

Fig. 1 shows the proposed pressure sensor geometry, designed and
EM simulated using the ANSYS high frequency structure simulator
(HFSS), and intended for fabrication using hybrid additive manu-
facturing, i.e., inkjet and 3D printing. Conductive patterns were in-
tended to be fabricated from a thin SU-8 dielectric silver ink, con-
sidering printing stability. The 3D printed flexible resin for the sensor
substrate had dielectric constant= 2.78 and loss tangent= 0.06 [47].
We used aligned holes and screws to control waveguide lateral move-
ment under measurement conditions. Fig. 1(b) and (c) show the defined
parameters for the proposed pressure sensor, with dimensions
ws=88.9mm, a=7mm, b=39mm, w=0.25mm, ls=63.5mm,
t1=1mm, t2=4.5mm, t3=1mm, and t4=1mm.

Fig. 2 shows simulated field distributions and vector current den-
sities for the proposed EM pressure sensor. The waveguide concentrates
the electromagnetic wave to the centre, as shown for the unit cell

structure in Fig. 2(a). The electric field distribution confirms the pro-
posed EM pressure sensor can control effective permittivity, εr . Fig. 2(b)
shows that top and bottom surface vector current densities flow in
opposite directions, and these antiparallel currents contribute magnetic
response, such as effective permeability μr .

Absorptivity for the proposed MMA based EM pressure sensor can
be expressed as
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where ε0 and μ0 are free space, and εr and μr are MMA permittivity and
permeability, respectively. Since the proposed EM pressure sensor is
completely covered with conductive ground, T(ω) can be assumed to be
zero, and hence the pressure sensor can achieve the highest absorp-
tivity.

From (2), Γ(ω) is minimum when ZM = Z0 (377 Ω). Fig. 3(a) shows
that maximum normalized impedance (ZM/Z0) for the proposed EM
pressure sensor= 0.8 (real) and -0.15 (imaginary) at 5.3 GHz. Fig. 3(b)
shows the proposed EM sensor Γ(ω) = -20 dB and A(ω)= 0.99 (from
(1)) at 5.3 GHz.

To verify frequency tunability with pressure, Fig. 4(a) shows si-
mulated EM tunability under compressive force. The proposed EM
pressure sensor height deforms depending on applied pressure because
the printed resin remains flexible and the substrate structure is de-
formable with printed hinges with air gap. Therefore, height variation
alters the waveguide dimensions and hence proposed EM pressure
sensor resonance frequency.

Fig. 4(b) shows the simulated compressive force with respect to
compressive length, using COMSOL Multi-physics. We converted the
ANSYS HFSS designed structure into stereolithography (STL) file format
and imported that into COMSOL Multi-physics. Various analysis para-
meters for structural compressive forces were set, including Young’s
modulus (5.6MPa), Poisson’s ratio (0.45), material density (1.05 kg/
m3), and relative permittivity (2.78) [48]. We established that 45 N
compressive force was required to increase the compressive length from
0 to 1.0 mm.

Fig. 1. Proposed electromagnetic pressure sensor geometry (a) perspective, (b) top, and (c) side view.
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Fig. 4(c) and (d) show reflection coefficients and normalized im-
pedances from ANSYS HFSS confirming that physical changes corre-
sponded to resonance frequency changes. Initial EM pressure sensor
resonance =5.3 GHz, with Γ(ω) = -20 dB and ZM/Z0=0.8 - j0.15 for
h=6.5mm. Resonance =5.5 GHz (0.2 GHz increase) and ZM/Z0=0.6
- j0.04 for h=6.3mm (0.2 mm reduction). Depressing a further
0.2 mm, resonance =5.6 GHz (0.1 GHz increase) and ZM/Z0=0.6 +
j0.1 for h=6.1mm; and resonance =5.74 GHz, ZM/Z0= 0.6 - j0.4 for
h=5.9mm.

3. Proposed pressure sensor additive manufacturing process

Fig. 5 shows the proposed hybrid printing fabrication process for the
proposed EM sensor comprises

• 3D print dielectric substrate;

• Inkjet print SU-8 dielectric buffer layer to improve surface rough-
ness and conductive layer adhesion; and

• Inkjet print conductive layers and sinter using low temperature
gradient.

The substrate was fabricated with a Formlabs Form 2 stereo-
lithography 3D printing system using Formlabs FLGR02 flexible pho-
topolymer resin. This material is a ‘rubber-like’ elastomer with tensile
strength=7.7–8.5MPa and 80 % elongation [49]. The material was
characterized using the Nicolson-Ross-Weir (NRW) method, with di-
electric constant= 2.78 and loss tangent= 0.06 at 5.2 GHz. The sub-
strate comprised a 50 um printed layer and treated following the usual
wash and cure post-processing.

• Formlabs Formwash system, 15min in 91 % isopropyl alcohol to

remove remaining resin.

• Formlabs Formcure system, 60min under 405 nm light at 60℃.

Wash and cure post-processing can dramatically increase printed
substrate accuracy, consistency, and structural strength; and reduce
electromagnetic losses due to improved polymer cross-linking.

Although the resulting 3D printed substrate exhibited a relatively
visually smooth surface, this remained comparatively rough (up to RMS
=42 μm) compared with 0.8 μm thick silver nanoparticle ink conductor
layer. Therefore, we first printed a MicroChem SU-8 dielectric buffer
layer onto the substrate to reduce surface roughness [50], measuring
surface roughness using a KLA Tencor Alpha-step D-100 stylus profil-
ometer. Four SU-8 layers provided a suitably smooth surface (RMS <
1.6 μm). We then cured the printed SU-8 as follows: soft bake at 95℃
for 5min, cure under 254 nm light for 300mJ/cm2 energy, then hard
bake at 95℃ for 10min.

We adopted 90 s ultraviolent ozone treatment before printing the
conductive SNP traces to improve silver nanoparticle ink wettability
and adhesion without losing too much resolution. This decreased SNP
ink contact angle on the smoothed SU-8 surface from 46° to 29°.
Subsequently, we printed 6 SunChemical EMD5730 SNP ink layers
using a Dimatix 2800 inkjet printer with 20 μm drop space (1270 dpi).

Generally, EMD5730 SNP inks require high temperature sintering,
typically 180℃, for best conductivity and adhesion. However, retaining
the 3D printed FLGR02 substrate above 150℃ for more than 30min
would dramatically reduce elasticity, causing the substrate to break
under compression; and sudden temperature changes can cause sub-
strate shrinkage and hence crack conductor traces. Therefore, we used a
low temperature gradient sintering process [51]. The printed substrate
was placed on a hot plate, heated from 25℃ to 90℃ at 150℃/hour, and
then held at 90℃ for 30min to completely dry the metallic traces. The

Fig. 2. Simulated electromagnetic field distributions for the proposed electromagnetic pressure sensor: (a) electric field magnitude and (b) vector current density.

Fig. 3. Simulation results for the proposed EM pressure sensor: (a) normalized complex impedance and (b) reflection coefficient and absorptivity with respect to
frequency.
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temperature was then increased to 120℃ at 150℃/hour, and held at
120℃ for 20min to sinter the SNP without breaking the 3D printed
substrate. Finally, the temperature was reduced to 25℃ at 100℃/hour
to avoid damage and/or deformation due to sudden temperature
change. Fig. 6 confirms the proposed low temperature gradient sin-
tering process produced good uniformity and conductivity (8×106 S/
m), and Fig. 7 shows the final fabricated EM pressure sensor.

4. Measurement results and discussion

Fig. 8 shows the measured reflection coefficient according to the
various heights. The measured initial reflection coefficient of the pro-
posed EM pressure sensor has −16 dB at 5.2 GHz. Next, when the
height has been varied by 0.2mm from 6.5 to 6.3mm, the absorption
frequency has been increased by 0.2 GHz from 5.2 to 5.42 GHz. Then,
when the height has been pressured by 0.2mm from 6.3 to 6.1 mm, the
absorption frequency has been increased by 0.13 GHz from 5.42 to
5.55 GHz. Lastly, when the height has been decreased by 0.2 mm from
6.1 to 5.9 mm, the absorption frequency has been increased by
0.11 GHz from 5.55 to 5.66 GHz.

Fig. 9 shows the compressive force measurement setup for the
fabricated sample, using and INSTRON 5569 compression

Fig. 4. Simulation results for the proposed EM pressure sensor under compression: (a) pressure area; and (b) compressive force (c) reflection coefficients, and (d)
complex impedance with respect to achieved compression (h from (a)).

Fig. 5. Fabrication process for the proposed hybrid (3D and inkjet) printed EM
sensor.
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electromechanical device to measure compressive force with respect to
compression length. We investigated the mechanical effect of the 3D
printed substrate after the thermal sintering which is necessarily for the
inkjet printing process. Fig. 9(b) shows the compressive force at dif-
ferent compressive length of the 3D printed substrate with and without
the sintering process. Before sintering process, the 3D printed substrate
requires compressive force of 17 N to increase compression length from
0 to 0.8 mm. On the other hands, more compressive force of 38 N is
required to increase the compression length of the 3D printed substrate
from 0 to 0.8mm. The compressive force is increased after the thermal
sintering process because tensile stress and young’s modulus of elas-
tomer materials such as rubber are increased [52].”

Fig. 10 shows measured absorption frequency with respect to
compressive force and compression length. The proposed EM pressure
sensor exhibited resonance at 5.2 GHz for initial zero compressive force;

which increased to 5.4 GHz (0.2 GHz) for 2.3 N compressive force ap-
plied; and to 5.53 (a further 0.13 GHz) for 8 N compressive force; and
finally to 5.66 GHz (a further 0.13 GHz) for 20 N compressive force, as
shown in Fig. 11(a) (b) shows the correlation for absorption frequency
with compression length. Under initial compression (i.e., zero), the
absorption resonance =5.2 GHz, then 5.4, 5.53, and finally 5.66 GHz
for 0.2, 0.4, and 0.6 mm compression. Thus, measured absorption re-
sonance can be expressed analytically as y=0.775x + 5.25, where y is
resonance, and x is compression length. Hence sensitivity= 7.75× 108

Hz/mm (0.2×108 Hz/N).
Fig. 11 shows the effects of cycling the prototype 300 times, since

repeatability is critical for any practical device. Resonance maintained
at 5.2 GHz until beyond 100 cycles, with gradual subsequent increased
resonance beyond that, reaching 5.3 GHz after approximately 300 cy-
cles as shown in Fig. 11(a). In addition, the conductivity of conducting
pattern surface was measured to verify the repeatability of con-
ductivity. Similar with resonance repeatability result, conductivity re-
tains as 6×106 S/m until 50 cycles and slightly decreased from 6 to
5×106 S/m by 1× 106 S/m at 100 cycles. From 100 to 300 cycles, the
conductivity decreased gradually from 5 to 1.2× 106 S/m as shown in
Fig. 11(b). Thus, the proposed EM pressure sensor maintained con-
sistent performance up to 100 pressure cycles. Table 1 compares the
proposed device with several current best practice sensors. The pro-
posed sensor offers simpler fabrication and cost benefits; and the ad-
dictive manufacturing fabrication also provides ecological advantages.

5. Conclusions

This paper proposed a hybrid printed electromagnetic pressure
sensor using MMA. We employed additive manufacturing, combining
3D and inkjet printing techniques for the substrate and conductive
layers, respectively. Flexible resin was used for 3D printing to obtain an
approximately linearly compressible structure, with a flexible MMA
(silver ink) electromagnetic pattern inkjet printed onto the substrate
comprising a series of square loop unit cells over a contiguous con-
ductive ground. Because substrate thickness variation alters the im-
pedance of the MMA, deforming the structure will affect the resonance

Fig. 6. Silver ink pathway surface morphology from (a) sintering at 180℃ and (b) low temperature gradient sintering.

Fig. 7. Fabricated electromagnetic pressure sensor prototype (a) top and (b) side view.

Fig. 8. Results of simulation comparison with reflection coefficients measured
at different heights (h).
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Fig. 9. Compressive force with respect to compression length for the fabricated prototype sensor: (a) measurement setup and (b) measurement results with and
without the sintering process.

Fig. 10. Measured absorption resonance with respect to (a) compressive force and (b) compression length for the fabricated prototype sensor.

Fig. 11. Fabricated EM pressure sensor repeatability over 300 cycles: (a) measured reflection coefficients and (b) corresponding resonance frequency and resistivity.
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frequency in a deterministic manner with respect to overall sensor
thickness. Numerical simulations for the proposed sensor were experi-
mentally verified for a fabricated prototype. Applying 20 N pressure
changed resonance from 5.2 to 5.66 GHz, with excellent agreement
between simulation and experimental results. The proposed EM pres-
sure sensor achieved 7.75×108 Hz/mm (0.2× 108 Hz/N) sensitivity
and consistent outcomes beyond 100 cycles because of the resilience
due to the elastic force of the 3D printed substrate material. As a result,
the proposed EM pressure sensor has sufficient sensory value and was
successfully experimentally validated against numerical simulation.
The proposed sensor can be used for a wireless passive pressure sensor
by reading the reflected signal. In addition, the proposed hybrid ad-
ditive manufacturing technique has advantages of the low cost, light-
weight and flexibility. As a potential application, the MMA can be de-
ployed to sense the pressure in a large area because it can be ideally
extended in infinite size. In addition, we expect that the proposed hy-
brid fabrication technique can be useful for the integration of the 3D
microwave circuits and systems compared with the traditional fabri-
cation technologies such as milling machines [54–56] or manual as-
sembly [57–59].
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