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Droplet-induced self-folding processes enable the easy and cost-effective fabrication of
millimeter to submillimeter 3D structures from planar templates. These templates were fabricated
by laser cutting of polymer foils that offer a high flexibility in design. The interaction of water
droplets with template surfaces induces a surface tension force that causes the deformation of the
laser-cut templates needed to form the 3D structures. In this study, laser patterning of 25 um thick
polyimide (PI) foils by UV ultrashort pulse laser ablation was used to systematically investigate the
effect of hinge geometry on the bending and self-folding process of cubes. The deposition of water
droplets on the laser-structured samples leads to forces that move the side faces of the cube template
causing a defined deformation of the hinges of the PI template and resulting in a bending angle
between hinged template regions. The bending angle was determined as a function of hinge
geometry and water droplet volume. The bending angle is increased with increasing droplet volume
below a certain maximum but decreased with increasing hinge thickness and width. Finally, 2D
laser cut templates with optimized v-shaped hinge structures was sucessful formed into a cube by

laser droplet induced self folding.
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1. Introduction

3D microstructures have a growing impact applications,
e.g., in of the field of microelectronics [1]. Technical ad-
vances in the micro/nanofabrication technologies allow a
rapid progress in the field of micro/nano-electromechanical
systems (MEMs/NEMs) [2] and smart medical devices [3,
4] where the miniaturization and multifunctionality is an
important issue. The folding of 2D patterns into functional
3D microstructures is a promising strategy for the cost-
effective 3D microstructure fabrication along with func-
tional integration [S]. Due to the micron size of the final
structures, self-folding processes without complex external
actuation are needed, which require highly accurate 2D
templates including moveable part such as hinges. To initi-
ate the self-folding process, forces must be provided to
trigger the folding of the 2D template. Both, external and
internal forces like capillary force [6-8] magnetic force [9,
10], ion/electron bombardment [11-13], strain gradient [14]
and mismatch of mechanical properties in multi-layer
stacks [15-17] has been utilized for folding processes. Es-
pecially capillary forces induced by surface tension of, e.g.,
water droplets enable easy and cost-effective self-folding
processes of 2D templates with minimal impact on the de-
vice [18]. The usage of short and ultra-short laser pulses
allows the fast, precise and flexible laser structuring of pol-
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ymer surfaces by laser ablation [19-26]. The laser ablation
process was studied for different polymers like polyimide
(PD), polyethylene terephthalate (PET), polycarbonate (PC),
polytetrafluoroethylene (PTFE) and polyether ether ketone
(PEEK [19, 27]. Laser irradiation of the polymers can re-
sult in the decomposition of the material due to the disinte-
gration of hydrocarbon chains by photothermal or photo-
chemical processes [22]. The optical, chemical, thermal
and electrical properties of polyimide qualify the polymer
for various applications [27]. The laser ablation of PI was
studied at pulse durations from femtosecond (fs) to nano-
second (ns) and at different wavelengths from UV to IR [21,
24, 25, 28, 29]. In this study, laser machining of PI was
studied in relation to the geometry and the material modifi-
cation for template fabrication for origami structures ena-
bling water-droplet-induced self-folding. Therefore, the
effect of laser machining to the mechanics of the hinge
structures was analysed to optimize their geometry and
demonstrate the self-folding of laser-machined 2D PI tem-
plates into cubes in the second part. The optimization target
for the water droplet-induced bending angle is 90 ° as a
successful self-folding of a cube is envisaged.
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2. Experimental Setup

Hinge structures and 2D templates for micron-scale
cubes were fabricated by laser ablation of 25 pm thin poly-
imide (PI, Kapton HN) foils. The general setup for laser
cutting and machining is described elsewhere [30]. Laser
machining by laser ablation of the PI foils was performed
with a ps - laser (wavelength A =355 nm, pulse duration
Aty, = 12 ps, repetition rate f= 100 kHz). The laser beam
was moved over the foil surface under computer control
using a galvano scanner unit that includes an f-theta lens
with a focal length of 103 mm to focus the Gaussian laser
beam to a spot size of ~ 24 pm.

2.1 Fabrication and analysing of hinge structures

(b)
Fig. 1 (a) Sketch of the hinge test samples, (b) Exemplary micro-
scopic image of a thinned hinge structure.

For the studies of the hinge structure and their optimi-
zation, hinge test samples consisting of two flaps that rep-
resenting the faces of the cube being connected by hinges
were produced. The layout of these samples is shown in
Fig. 1 (a) with a hinge geometry defined by length Ay,
thickness h;, and width b.

The laser cutting of the PI foil for all samples was per-
formed at a laser power of P = 200 mW, a scanning speed
of v =500 mm/s and number of transitions N; = 130.

For the hinge structures, the PI foil was thinned by laser
ablation along scan lines having a lateral distance of 10 pm
which results in removing a specific PI layer thickness.
Therefore, a laser power P ~ 150 mW and a scanning speed
v =200 mm/s were used. The laser parameter used are
summarized in Tab. 1.

Table 1 Summary of the laser parameter used

P [mW] v [mm/s] Nt
Laser cut 200 500 130
Laser thinning 150 200 1-7
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The desired hinge thickness h; was adjusted by the
number of transitions of removed PI layers. An exemplary
microscopic image of a thinned hinge structure is shown in
Fig. 1(b).

For the hinge studies, one flap of the samples (see
Fig. 1) was clamped and the bending was determined from
side-view images. For the droplet-induced self-folding tests
of micron-scale cubes, the laser cut 2D PI templates were
fixed on superhydrophobic stainless steel [31] and a de-
fined volume of DI water was applied with a precision pi-
pette at room temperature.

The laser-machined PI was imaged by optical micros-
copy (OM). Furthermore, the shape and the thickness of the
hinge structures were analysed by white light interference
microscopy (WLIM). SEM images were taken also. To
eliminate any charging effect, the PI was magnetron sput-
tered with a thin gold layer. The water contact angle of
pristine PI foils was determined to be ¢mo = (77.5£3)°
using the sessile drop method [32]. Images and movies of
the self-folding process of 2D templates after the water
droplet application were taken with a camera with 30 fps.

2.2 Fabrication of 2D templates and self-folding

2D polyimide templates with before optimized hinge
structures were produced by laser ablation. The laser cut-
ting was performed with same parameter set but the opti-
mized hinge geometry and processing strategy (based on
the results of the first studies) were applied. The shape of
the hinges used in the water-droplet induced self-folding
was adapted based on the hinge structure tests. An exem-
plary 2D template for micron-scale cubes is shown in
Fig. 2.
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Fig. 2 CAD sketch of a 2D template for self-folding cubes in the
mm to micron range.

3. Experimental results and Discussion

First the design and the mechanics of the hinges was
studied for their optimization. Both the bending angle of
hinge test samples in dependence on the hinge geometry
(hinge thickness hi, hinge width) were measured for gravi-
ty forces and after water droplet deposition for gravity and
surface tension forces.
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(i)

droplet

Fig. 3 Microscopic images of the state of initial laser structured
PI and water droplet-induced state; (i) gravity (initial) and
(i) surface tension bending (with droplet of a volume about 1 pl).

3.1 Fabrication and analyzing of hinge structures

Side view images of the hinge test samples without and
after applying a water droplet are shown in Fig. 3 which are
referred to as gravity and surface tension bending, respec-
tively. As seen, gravity causes a negative bending angle 3
due to the mass of the flap that induces a torque to the
hinges (see Fig. 3 (i)). With the water droplet the surface
tension results in the alteration of the bending with an angle
a in the positive direction (see Fig. 3 (ii)).

hinge volume V, [um?]

0 1x10° 2x10° 3x10°

04 --- - =i -

Ay =112 pym L
b =56 ym

initial bending angle B [°]

_50 T T T T
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hinge thickness h, [um]

25

Fig. 4 Gravity induced initial bending angle o dependent on
the hinge thickness (black square: measurements, red line: fit
based on Eq. (1))

The bending due to gravity, as well as the surface ten-
sion of the hinge test samples, was studied depending on
the hinge geometry (hi, b) as well as on the water droplet
volume. In general, the bending angles (a, ) due to gravity
or surface tension of water droplets increase with thinner
and smaller hinges as expected by the Euler—Bernoulli
beam theory.

Especially hinge structures with a low thickness h; feature
a gravity-induced initial bending (see (i) in Fig. 3). For
hinges (two hinges per flap) with a hinge volume
Vh=2-h;-b-Ay lower than ~1.6-10° pm?® or a hinge
thickness h; below 13 um, the gravity causes a significant
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bending angle (see Fig. 4). Considering the gravitation in-
duced bending angle is given by:

3-Ay

-7.610"7 ‘kg'm
2-E-b-h3

E-h3

B = prg-c’h= (0

with the density p, the gravity g, the flap edge size ¢ and
the Young’s modulus E. From the fit of the experimental
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Fig. 5 Water contact induced bending angle o dependent on the
hinge thickness h; (a) and the hinge width (b) at a water droplet
volume of Vo = 1 pl, respectively. (black square: measurement,
red curve: fit Eq. 2).

(c) Water droplet induced bending angle a dependent on the water
droplet volume V2o (red/black square: measurement, red/black
line: linear fit guide for the eye) of two selected hinge structures
with Vi =1.2%10° pm? (h1 = 13.1 pm, Ay = 105 pm, b =45 pum)
and Vi =2.2%105 um? (h; = 11.1 pm, Ay = 105 pm, b =95 pm).
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data, see Fig. 4, to Eq. (1), the modulus of the PI hinges has
been calculated to be E=(2.69+0.11)-10®Pa. The
Young’s modulus of these laser fabricated hinges is smaller
than the Young’s modulus of bulk PI that is in the range of
3 GPa [33]. In general, the degradation of polymers due to
UV, heating or laser irradiation is well known [33-35]. Es-
pecially carbonization of the polyimide surface can influ-
ence the young’s modulus.

For 50 pm thick polymer films the UV-irradiation in-
duced reduction of the Young’s modulus accounts for
10% [33]. In agreement with former studies on incubation
effects at laser ablation, the heat and UV stress of the poly-
imide during the laser ablative pattering process induce
chemical and structural alteration of the polymer within the
laser-exposed polymer depth. Hence, secondary processes
of the laser ablation can result in modifications of remain-
ing polyimide (hinge structure) which can explain the de-
termined reduced modified Young’s modulus.

Applying a water-droplet on top of these samples results in
upward bending of the flap as seen in Fig. 3 (ii). The de-
pendence of the bending angle o change due to the surface
tension is shown in Fig. 5

The bending angle o is almost linear to the water droplet
volume Vmo (see Fig. 5 (c)). Further, the experimental
results implied that the slope of the bending angle — water
droplet volume decreased at increasing hinge volume (see
Fig. 5 (¢)).

The increasing of the water droplet volume result in an
increasing of the contact area. At a water contact angel of
6= 77.5° and under assumption of a rigid substrate the
water droplet area Anoo can be described by:

2
Aypo =1+ <sin6 : 3\/(%) (1- cos@)z) )

The increase in the water contact area and the contact

volume leads to an increase in the torque and therefore to
an increase in the bending angle.
Furthermore, the bending angle o increases with reduced
hinge cross section (width and thickness) (see Fig. 5 (a) &
(b)). In addition to the experimental data shown in Fig. 5,
fitted curves to a beam theory-based model (see Eq. (3))
are shown. The approximation given in Eq. (3) considers in
addition to the gravity the torque caused by the surface
tension Mgr.

M,)

For a water volume of 1 pl an effective torque M of
M = (3.26 + 0.08) 10" Nm can be estimated. The impact of
the hinges width to the bending has been studied for gravity
and surface tension also; with reducing the hinges width
larger angles were measured.

Within the experiments, it has been found that sometimes
the hinges were broken for large bending angles. The issue
has been solved by modification of the hinge’s shape by
optimization of the machining strategy.

- (Msr — 3

Ebh3
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Fig. 6 (a) Laser machining strategy for the shaping the cross
section of stable hinge structures (The thickness of the lines
schematic illustrated the number of transitions N (thicker line
higher Ny)).

(b) Microscopic image of hinge structure with optimised contour
(c) WLI line profile of optimised hinge structure.

In Fig. 6 (a) the initial and the optimized laser machining
strategy are compared as well as in Fig. 8 a microscopic
image of the complete laser cut 2D template is shown. The
cross section of the hinges changes as seen in Fig. 6 (¢) to a
rather V-shape.

Fig. 7 SEM images of laser fabncated hinge structure
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Slightly adapted laser processing parameters were used:
distance of Al = 5 pum, a laser power of 200 mW and a
scanning speed of 500 mm/s. As sketched in Fig. 6 (a), the
number of laser scans applied for hinge thinning changed
across the hinge length from 1 at the edges to 7 at the cen-
tre. The resulting hinges feature a well-defined V-shape
with a thickness of 2.5 pm in the centre (see Fig. 6 (c)) that
leads to a smoother stress distribution within the hinge to
handle the large deformation. This causes the localization
of the bending to the centre of the hinges and results in a
well-defined bending geometry. The SEM images of the
hinge structure are shown in Fig. 7. The laser treatment
results in the distinct increasing of the surface roughness in
the hinge structure. It can be assumed that the laser induced
chemical and morphological changes in the hinge locally
influence the water contact angle. However, the contact
area of the hinge is two orders of magnitude smaller than
the contact area with the cube surfaces, so that an influence
on the folding process can be almost excluded.

In consequence, a random bending location is avoided
which leads to the undesired result of a less-defined 3D
shape formation by self-folding and the collision of adja-
cent faces during the folding process. This can result in
additional forces that contribute to the overall stress in the
hinges and can cause the failure of the hinges.

3.2 Fabrication of 2D templates and self-folding

HA

P A "L

Fig. 8 Optical image of ps-laser-cut polyimide foil
The white circle frames a hinge structure (Optical image of la-
ser-structured hinge structure, see Fig. 6 and 7).

For a complete self-folding of templates to cubes, folding
angles exceeding 90° are necessary. With the optimized
design features, the 2D template for the cube — the contour
is seen in the CAD sketch of Fig. 2 —was complemented.
The design was used to laser machine the 25 um PI using
the given parameters. An exemplary optical image of the
laser structured 2D template is shown in Fig. 8. The 2D
templates of the cubes were fixed to an antiadhesive, su-
perhydrophobic steel to exclude the interaction of the water
droplet with the whole substrate surface and allow only for
the wetting of the upper side of the template. The manual
application of a water droplet with a volume of ~27 ul by a
pipette to the upper side of the 2D template results in a self-
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Fig. 9 Optical images of Water-droplet induced self-folding of 3D
polyimide cube with an edge length of 3 mm.

folding into a 3D cube. A series of images extracted from
videos of the self-folding process shows: first the applica-
tion of the water droplet, the wetting the surface and the
very fast folding process that is finished in less than 300 ms
can be seen in Fig. 9. The individual facet fold even faster,
within one range of one frame of the video and thus within
33 ms.

4. Conclusion and Outlook

The application of water droplets to a flexible laser-cut
2D template leads to a deformation of the template. The
laser-based adjustment of the hinge structure geometry
allows a well-defined tuning of the deformation and the
bending angle. The bending angle increases with increasing
droplet volume and decreases with increasing hinge thick-
ness and width. For small hinge volumes (small width and
thickness), gravity alone leads to a bending of the PI struc-
ture characterized by a downward bending angle. For wa-
ter-droplet-induced formation of a cube structure from a
laser-cut 2D template, i.e., a bending angle of at least 90°, a
small hinge depth or hinge volume is required. Laser ma-
chined V-shaped hinge profiles meet these requirements
with that self-folding of 3D cubes has been successfully
demonstrated. The shown adjustability of the bending angle
allows the fabrication of complex 3D structures based on
laser-cut and structured 2D templates. As a guideline for
the fabrication of laser cut 2D templates for successful wa-
ter drop induced self-folding, it can be deduced from the
results that for small target bending angles, homogeneously
thinned hinges are very suitable as this allows a very pre-
cise adjustment of the bending angle. For large bending
angles (>90°), on the other hand, a V-shaped hinge is most
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suitable, as this profile allows a large bending angle with
sufficient mechanical stability at the same time.
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