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Abstract
Flexible and stretchable electronics have attracted increasing attention and been widely used in
wearable devices and electronic skins, where the circuits for flexible and stretchable electronics
are typically in-plane-based 2D geometries. Here, we introduce a 3D microprinting technology
that can expand one more dimension of the circuit in flexible electronics. We fabricated three-
dimensional serpentine microstructures based on direct laser writing. These microstructures with
a thin metal coated layer can be used as stretchable conducting meshes. Soft silicone serving as a
substrate and encapsulations for these 3D microstructures enables great light transmittance
(>90% in visible light range) and flexibility with 114° bending and 24° twisting. Further
optimization of the mechanical design of the 3D microstructures can also enhance the
stretchability up to 13.8%. These results indicate 3D flexible electronics can be realized by
simple microprinting methods. Furthermore, 3D microprinting would also allow for the precise
fabrication of other 3D structures, such as mechanically active 3D mesostructures, for the
function of mechanical and electrical testing.

Keywords: 3D microprinting, 3D microstructure, IPL-780 photoresist, 3D electronics, flexible
electronics

(Some figures may appear in colour only in the online journal)

1. Introduction

Flexible and stretchable electronics have been increasing atten-
tion due to their unique mechanical properties and irreplaceable
advantages on healthcare monitoring [1–4]. Flexible sensors in a
wearable format enable continuous monitoring of breathing,
movement, body temperature, heartbeat and other corresponding
health signals [5, 6]. Assisted by the wearable devices, it is
possible to realize the next generation of healthcare system by
creating a health database individually. Ultra-soft and stretchable

electronics, also known as ‘epidermal electronics’ are considered
as great candidates, since they can be comfortably laminated on
the skin as tattoos and monitor health information from the
human body [7]. From the stand point of materials, both
organic- and inorganic-based materials, including carbon nano-
tubes [8–10], graphene [11], polymers [12, 13], Si [14–16], PZT
[17], III–V [18], etc, have been applied as functional layers in
flexible electronics. These electronic devices are able to detect
and collect various signals, ranging from temperature, to pres-
sure/strain, and bio-fluidic flow.

Besides functional materials in flexible electronics, cir-
cuit design is another key issue since it dominates the
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electrical signal transmission. The widely adopted strategy is
reproducing the well-established circuits into a flexible format
by optimized mechanical designs. Generally, to increase the
deformability of the device, serpentine lines are often
designed to make the 2D circuit [19–21]. At present, the
circuit of most devices are in-plane fabricated (two-dimen-
sional (2D)). Expanding the circuits in one more dimension
would provide more options for circuit design for flexible
devices. We recently developed mechanically active three-
dimensional (3D) mesostructures by combining the transfer
printing technique and structural buckling [22–24]. In those
3D mesostructures, the 3D circuits are obtained by transfor-
mation of the well-mechanically designed 2D circuits through
compressive buckling [25]. The size of those 3D compressive
buckled electronics are typically in the millimeter scale [16].
Further downscaling the size of those 3D structures to micro
or nano scales by this method is still challenging. 3D
microprinting technology is a good candidate for micro or
even nano meter scale structures. The most advanced 3D
microprinting is based on the non-linear optical process of
two-photon polymerization, and this technique is widely used
in mechanical microstructures [26–28], micro/nano photonics
[29, 30], microfluidics [31], micromachines [32, 33], biome-
dical engineering [34, 35] and life sciences [36]. Moreover,
3D microprinting also allows the easy formation of micro-
structures on micro-devices. For instance, connecting 3D
microstructures with microchannels on the chip can realize the
optical and electrical communications [37–39]. Therein, the
question arises whether we can combine the mechanical design
in 2D flexible electronics with 3D microprinting techniques, to
create 3D microscale flexible structures for electronic appli-
cations. Such that the mechanical properties of the printed
structures would be of great importance. Since the current
existing materials for 3D microprinting is limited, the structural
design is no doubt the key factor in determining the applic-
ability of the 3D structure in flexible electronics [40].

In this paper, we report the design and fabrication of
flexible 3D structures by mechanical simulation and 3D
microprinting. These structures consisting of the serpentine
networks allow great improvements in flexibility. Meanwhile,
simple metal coating on these structures formed flexible
conducting films that provide the possibility of fabrication of
complicated 3D circuits. Therefore, the introduction of 3D
microprinting into flexible devices will greatly expand the
design and fabrication of wearable electronics.

2. Experimental section

2.1. 3D microprinting fabrication

To fabricate the 3D microstructure, the Photonic Professional
GT system (Nanoscribe GmbH) was used as a high-resolution
printer (with the resolution of 200 nm) to create the 3D
structures. The 3D structures with arched elements and elec-
trodes were designed by Solidworks with the format of STL
(stereolithography). After converting the 3D structures into

the general writing language (GWL) scripts by the DeScribe
software, the 3D lithography could be realized by
Nanowriting.

In this research, the IPL-780 photoresist in the oil
immersion configuration (Nanoscribe GmbH) was used as the
printing material. Firstly, glass with a thickness of 0.17 mm
and length–width of 22 mm×22 mm served as the trans-
parent supporting substrates and was cleaned by acetone,
isopropanol and deionized water sequentially. The oil and
photoresist were dropped on the center of both the front and
back sides of the glass substrates. During printing, a 780 nm
laser was focused on the photoresist and two-photon
absorption occurred on the focus point. The structure was
printed layer-by-layer from bottom to top with a 300 nm sli-
cing and 300 nm filling. For each layer, the light was scanned
by the xy-plane Galvo scanner based on the GWL, and then
the sample was moved to the next layer along the z-axis by
the precise piezoelectric stage. After printing, the sample was
developed in propylene glycol methyl ether acetate (PGMEA)
for 10 min and soaked again with isopropanol for 3 min. After
air drying, a sample with 3D microstructures was acquired.

2.2. Flexible device fabrication

In order to achieve the electrical conductivity of the micro-
structures, the metal layers of chromium (Cr) with a thickness
of 10 nm and copper (Cu) with a thickness of 200 nm were
deposited on the structures by using a sputtering deposition
technique (Quorum sputter coater, Q150T S). To fabricate the
flexible device, polydimethylsiloxane (PDMS) was chosen as
the flexible substrate and encapsulation. The base (pre-poly-
mer) and curing agent (cross-linker) with a ratio of 20:1 were
thoroughly mixed and then dropped on to the center of the
printed samples (360 μl for each sample). Through vacuum
pumping for 30 min, the PDMS spread evenly over the glass
substrate and the 3D microstructure was immersed in PDMS.
After one hour curing in an oven at 70 °C, the PDMS with 3D
printed structures could be torn off and released from the
glass substrate. Finally, a flexible device with a thickness of
∼0.75 mm was obtained.

2.3. Structural characterization

Optical microscopes provide the basic observation of the
microstructure and welding operation in these devices. To
achieve high-resolution morphological characterization, the
3D printed microstructures were also characterized by scan-
ning electron microscopy (SEM, FEI Quanta 250) after
sputtering a thin metal layer. The metal coating provides the
electrically conductive thin film which can better represent the
surface topography.

2.4. Properties testing

Generally, the hollow mesh structures would allow light to
pass through the gaps among serpentine shape ribbons in the
structure. To verify the light transmittance of the flexible
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device, optical transmission was tested by UV-Visible spec-
trophotometer (UV-1700, Shimadzu Corporation).

The coating of a Cu metal layer on the structure allows
the device to exhibit a great conductive property with low
resistance. In this experiment, we connected the four electrode
patches with copper foils and wires by silver pastes. The
adjacent resistance and diagonal resistance of the mesh
structure were measured by a digital multimeter.

2.5. Mechanics simulation

The 3D flexible structures or devices undergo mechanical
deformations from daily use. Finite element analysis (FEA)
was used to quantitively analyze the mechanical properties of
the 3D printed microstructures under typical external loads
(stretching, bending and twisting) using ABAQUS, (com-
mercial software, Dassault Systems). The aim was to keep the
strain in the Cu layer below the elastic limit to prevent any

Figure 1. Fabrication of a representative 3D microstructure for flexible devices. (a) Schematic diagram of the 3D microprinting process;
(i) 3D structure design with serpentine networks and electrode patches. (ii) 3D microprinting process. The laser with wavelength of 780 nm is
focused on the photoresist and the photoresist is cured based on two-photon absorption. (iii) The 3D microstructure appears after
development. (iv) Metal coating with 10 nm chromium and 200 nm Cu. (b) SEM images of the 3D printed microstructures; top view of the
whole structure (i), mesh serpentines (ii), and joint of the serpentines elements (iii), lateral view of the whole structure (iv), mesh serpentines
(v) and joint of the serpentines elements (vi).
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plastic yielding. The PDMS substrate (elastic modulus 500
kPa and Poisson’s ratio 0.5) was modeled using hexahedron
elements (C3D8R) while the stiff IPL-780 photoresist (elastic
modulus 3.9 GPa and Poisson’s ratio 0.35) and Cu (elastic
modulus 119 GPa and Poisson’s ratio 0.34) layers were
modeled using composite shell elements (S4R). The minimal
mesh size was 1/8th of the wire width (2.5 μm). The mesh
convergence of the simulation was guaranteed for all cases.

3. Results and discussion

3.1. 3D printed microstructure

Figure 1 summarizes the fabrication and micro-morphology of
3D microstructure for the flexible device. The 3D serpentine

networks and electrodes were designed and printed with a
resolution of 500 nm by a direct laser writing technique based on
two-photon absorption. The laser was focused in the IPL-780
photoresist and scanned by the Galvo system (figure 1(a, ii)). At
the same time, the glass substrate was moved along the z-axis by
the precise piezoelectric stage. All the paths scanned by the laser
were enabled by the xy-plane Galvo scanner which was con-
trolled by the general writing language from the designed 3D
structure. After the 3D serpentine network with electrode pat-
ches were created, a 200 nm thick Cu was sputtered on the
network as the conductor.

The SEM images of the 3D printed microstructure,
including the top and lateral view, are shown in figure 1(b).
The structure consists of a serpentine network and four
electrodes. The dimension is the same for all electrodes, with
240 μm×240 μm (width×length) and 18 μm thick. The

Figure 2. Assembling of the flexible network and demonstration of its mechanical flexibility. (a) Schematic illustration of assembling the
flexible network onto PDMS. The 3D printed microstructures were immersed in the PDMS flexible substrate and was torn off from the glass
substrate. (b) The flexible device on the finger. (c) Folding the flexible substrate. (d) Attaching the flexible device on tubes with different
radius. (e) Optical transmittance test of the flexible device. The light transmissivity is over 90% in visible light region. (f) Electrical
performance test for the flexible device. The adjacent resistance and diagonal resistance of the mesh structure were 24.6 Ω and 28.7 Ω,
respectively.
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serpentine network consists of 36 ribbon-based arch elements
with an orthogonal array of 6×6. For each element, the size
is 150 μm (length)×52 μm (height)×20 μm (width) and
the thickness of the ribbon is 4 μm. Therefore, the whole size
of the 3D microstructure is 1.2 mm×1.2 mm×52 μm. For
3D microprinting, the slicing and filling distance are both
0.3 μm. The trace of the 3D printing can be clearly identified
from the microstructure as shown in figure 1(b, iii and vi).
Moreover, the shape of the arch is exactly consistent with the
designed 3D microstructure.

3.2. Flexible device

After 3D microprinting and metal coating, a 3D conductive
serpentine network was obtained. Figure 2 demonstrates the
fabrication process, optical images, light transmittance and
electrical resistance of the 3D printed serpentine network
device. The conductive 3D structure was immersed in the
PDMS with pre-polymer and cross-linker’s ratio of 20:1. The
flexible device with a thickness of 0.75 mm was acquired after
tearing off the PDMS from the glass substrate (figure 2(a)).
Figure 2(b) shows the optical image of the flexible device
wrapped on a finger, where we can observe the device is very
soft and can be conformal laminated on skin with good
optical transparency. The intact 3D conductive network
ensures the serviceability of the flexible device that can
accommodate the body and skin curvatures. Moreover, the
serpentine network and the electrodes keep in the good status
even under an extreme folding condition (figure 2(c)).
Figure 2(d) shows the flexible device laminates on various
tubes with different radiuses of 5.50 mm, 3.50 mm, 2.50 mm
and 1.25 mm, which correspond to bending angles 13.1°,
20.6°, 28.9° and 57.8°, respectively.

Great light transmission of conducting films exhibits
many advantages and many applications, such as displays and
photovoltaics [41, 42]. The serpentine network presented here
can allow the transmission of the light through the gaps
among conducting ribbons. Furthermore, the width of these
ribbons is only 20 μm and light can also generate effective
diffraction behind the ribbon arches. As shown in figure 2(e),
the light transmittance of the flexible device is over 90% in
visible region, which is among the best transparent conduct-
ing thin films. Benefit from the high light transmittance, the
optical image of the flexible device laminating on an object
also shows great transparency. Next, the electrical properties
of the conductive 3D network devices were measured. The
resistance of the 3D network was measured after encapsula-
tion of the whole structure by PDMS and releasing from the
glass substrate. Since the electrode patches were connected
with silver paste, the contact is not as good as conventional
soldered wire. So, here we only present the static resistance of
the flexible device. Further improvement of the connection
can be achieved by considering the use of anisotropic con-
ductive film. Thus, the 3D printed electrodes would be also
integrated with other flexible electronic devices based on the
conductive film connection. As shown in figure 2(f), the
adjacent resistance and diagonal resistance of the flexible
device are 24.6Ω and 28.7Ω, respectively.

3.3. Mechanics simulation

The mechanical deformations including stretching, bending
and twisting for the flexible device are displayed in figure 3(a).
The mechanical simulation method was used to calculate the
deformation limit of this device. Figures 3(b)–(d) present the
FEA studies of the 3D printed microstructure with PDMS
encapsulation, under mechanical caused deformations of
stretching, bending and twisting, respectively. For stretching,
displacements corresponding to uniaxial stretching were

Figure 3. (a) Demonstration of mechanical deformations including
stretching, bending and twisting. FEA of the strain distribution in the
Cu layer of the 3D printed microstructure during (b) stretching,
(c) bending and (d) twisting.

Figure 4. Schematic illustrations of the cross-section views of two
optimized periodic serpentine elements for the 3D mesh structures.
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applied to two opposite ends of the printed microstructure. For
bending, the bottom surface of the printed microstructure was
prescribed a rotational angle. For twisting, both ends are
twisted by a relative angle. Figure 3 shows that the strain in the
Cu layer is less than the yield strain 0.3% for∼2.7% stretching,
114° bending (bending radius 387 μm) and 24° twisting, and
no plastic deformation occurs.

3.4. Structure optimization for better flexibility

The mechanical properties of the devices discussed above are
good enough for the actual applications in wearable tech-
nology, but the stretchability is still not promising. In order to
improve the stretchability of the 3D devices, the geometric
configuration of the 3D printed microstructure was optimized
by a systemically study of FEA. Figures 4(a) and (b) show the
cross-section views of two optimized periodic serpentine
elements for the 3D mesh structures. The first periodic ser-
pentine is designed by connecting a central concave arc of
radius r=22.5 μm and central angle α=264° with two
convex arcs of radius r=22.5 μm and central angle
α=132° at the ends of the central arc; a 10 μm straight line
at the ends of the convex arcs offset the next period of the
serpentine. The second periodic serpentine is designed by
connecting a central concave arc of radius r=15 μm and
central angle α=208° with two 40 μm straight lines at an
angle of 80° from the horizontal. Then, two convex arcs of
radius r=15 μm and central angle α=100° are connected
at the end of the straight lines respectively; a 10 μm straight

line at the ends of the convex arcs offset the next period of the
second periodic serpentine. Figure 5 shows the FEA of strain
distribution in the Cu layer during stretching, bending and
twisting for the two optimized microstructures. For the opti-
mized structure 1, the stretchability increased from ∼2.7% to
∼12.5%, the maximum bending angle increased from 114°
to 115°, and the maximum twisting angle increased from 24°
to 35°. Similarly, for the optimized structure 2, the stretch-
ability increased from ∼2.7% to ∼13.8%, the maximum
bending angle increased from 114° to 160°, and the maximum
twisting angle increased from 24° to 32°.

4. Conclusions

In summary, we introduced the 3D microprinting technology
into the development of flexible electronics. A 3D micro-
structure with microscale resolution was fabricated by the
direct laser writing method. Combining with conventional
sputtering technology of metallic thin films and PDMS
releasing process, 3D conductive serpentine networks were
developed into a wearable format. Moreover, the periodic
serpentine mesh geometry allows 3D devices to exhibit great
light transmittance. Under the guidance of the mechanical
FEA design, the optimized 3D serpentine ribbon-based
structures can achieve mechanical tolerance for 13.8%
stretching, 160° bending and 24° twisting. The advanced 3D
printing manufacturing process and numerical simulation
have proved the feasibility of applying 3D microprinting in

Figure 5. FEA of the strain distribution in the Cu layer during stretching, bending and twisting for (a) optimized microstructure 1 and (b)
optimized microstructure 2.
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flexible electronics. These results indicate the design of 3D
circuit would greatly enrich the structure and function of the
flexible electronics.
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