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Abstract

This study aims to design a stretchable metasurface system that can adaptively change its wettability using additive manufac-
turing. The system consists of a stretchable specimen with micro-surface patterns and a bi-layer actuator based on compliant
mechanisms. Both the specimen and actuator are manufactured using fused filament fabrication additive manufacturing meth-
ods. In the proposed system, the actuator stretches the specimen to modify the aspect ratios of the surface patterns. These
changes in aspect ratios reduce the air gaps at the liquid/solid interface, which weakens the hydrophobic properties of the
specimen surface. To investigate the effect of changes in pattern aspect ratios on surface wettability, experiment is conducted
by dropping water droplets onto the specimen while the actuator stretches it. The contact angles of the droplets are measured
to quantify the changes in wettability. Additionally, finite element simulations are performed to analyze the specimen strain
distribution under various deformation conditions. This allows the evaluation of precise elongation values and prediction
of surface wettability, displaying the potential for surface wettability control. These findings support the implementation of
additive manufacturing to fabricate a stretchable metasurface system with adaptive wettability.

Keywords Adaptive wettability - Additive manufacturing - Stretchable metasurface - Micro-surface pattern -
Compliant mechanism actuator

1 Introduction

This study aims to design a stretchable metasurface system
with adaptive wettability using additive manufacturing. The
system consists of a stretchable specimen with micro-surface
patterns and a compliant mechanism-based actuator, both of
which are manufactured using the fused filament fabrication
method. In this system, the actuator stretches the specimen to
modify the geometries of the surface patterns, which results
in changes to the aspect ratios of the patterns. This reduces the
air gaps at the liquid/solid interface and weakens the surface
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hydrophobicity. To investigate the relationship between sur-
face wettability and specimen elongation length, experiment
was conducted to measure the water contact angle (WCA).
Additionally, finite element (FE) simulations were conducted
to analyze the distribution of specimen strain under various
deformation conditions. The experimental and simulation
results were then used to predict the surface wettability for
various specimen deformation cases in the present study.
Superhydrophobic surfaces are defined as surfaces with
extreme hydrophobic characteristics, where the WCAs of
droplets exceed 150° [1]. Many relevant studies regarding
surface and interfacial phenomena have been conducted on
superhydrophobic surfaces, demonstrating promising appli-
cations in engineering fields. These include the application
of hydrophobic surfaces for various purposes such as spray
retention [2], prevention of ice adhesion [3], anti-corrosion
[4], and increased water protection [5]. Research has also
been conducted on changing and controlling wettability
for a variety of engineering applications. Relevant stud-
ies have been done on various types of surfaces [6-9] and
applied in various engineering applications such as magneto-
switchable electrodes [10], smart packaging [11], fluidic
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system transport [12], and biomedical implant purposes [13].
To enhance wettability control efficiency, studies have been
conducted on the effects of chemical composition [14-16],
surface micro-structures [17-20], and nanomaterials [21] on
the wettability of surfaces. Investigation of factors affecting
interfacial phenomena have also been conducted in [22, 23].
Based on these studies, various methods have been proposed
in the engineering fields to fabricate functional hydropho-
bic surfaces using chemical vapor deposition [24-26], laser
processing [27-29], and solution approach methods [30].
However, these proposed methods involve expensive equip-
ment and can lead to structural damage to fabricated surfaces.
Therefore, additive manufacturing has gained popularity in
the fields of wettability control and fabrication of functional
hydrophobic surfaces. Studies have been conducted to inves-
tigate the effects of layer heights [31] and printing angles
[32] on the surface roughness of additive manufactured prod-
ucts. These studies have led to the realization of functional
surfaces with wettability gradient by modifying the surface
roughness [33]. While significant progress has been achieved
in realizing surfaces with different wetness levels on a single
functional surface, there were limitations in actively con-
trolling surface wettability. Thus, the present study aims to
overcome these limitations and develop a system where the
wettability of fabricated functional surfaces is actively con-
trolled through the variation of micro-surface patterns using
actuators. To fully utilize the rapid additive manufacturing
scheme, the idea of compliant mechanism-based additive
manufactured actuators [34, 35] is utilized in the proposed
method to actively control surface wettability.

The present research aims to use additive manufacturing
to design a stretchable metasurface system that realizes adap-
tive wettability. The system comprises a stretchable specimen
with micro-surface patterns and a compliant mechanism-
based actuator. The specimen was made of silicone rubber
and fabricated using a polylactic acid (PLA) plastic mold
manufactured using the fused filament fabrication method.
Liquid silicone and a curing agent were poured into the mold
and detached after the curing process was over to finalize
the silicone rubber specimens with micro-surface patterns.
The valley region (i.e., the area between individual pattern
structures) represents the part where the PLA mold existed.
This surface feature provides the most sufficient air gaps at
the liquid/solid interface and helps water droplets slide read-
ily [36], thereby strengthening the surface hydrophobicity.
This property is weakened when the patterns are deformed
to have lower aspect ratios, thus reducing the volume of val-
ley regions and the air gaps at the interface. In the proposed
system, this mechanism was realized by stretching the spec-
imen to reduce the pattern angle, as illustrated in Fig. 1. The
elongation of the specimen was carried out using the com-
pliant mechanism-based actuator. The actuator was designed
based on compliant mechanism topologies and manufactured
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Fig.1 Mechanism of stretchable metasurface with adaptive wettability

using the fused filament fabrication method. The relationship
between the surface wettability and the specimen elonga-
tion length was investigated using the WCA measurement
experiment. Furthermore, FE simulations were conducted to
analyze specimen strain distribution and evaluate elongation
values for different cases of specimen deformation. Together
with the experimental results, this made it possible to predict
and control the surface wettability under different defor-
mation conditions. This feature could be utilized in future
applications such as self-draining coatings for solar panels
[37] and functional windows [38] by enabling drainage chan-
nels that are highly hydrophobic compared to other parts of
the coated surface. The presented study supports the imple-
mentation of additive manufacturing for the fabrication of a
stretchable metasurface system with adaptive wettability.

The remainder of this paper is organized as follows.
Section 2 provides the problem definition and optimal design
of compliant mechanism topologies. Section 3 provides the
explanation on system manufacturing and wettability testing
method. In Section 4, the results of the proposed system’s
changing wettability are presented and discussed. Section5
presents further studies done for wettability prediction and
control using FE simulations. Conclusion and future research
topics are discussed in Section 6.

2 Optimization of compliant mechanism
2.1 Optimization formulation

The terms SE (strain energy) and MSE (mutual strain energy)
are used in the general design of the traditional spring model
for elastic structures that include compliant mechanisms. SE
and MSE describe the stiffness and flexibility of the designed
mechanism, respectively [39]. SE and MSE are formulated
as follows:

1 T
SE =~ [ ofeida (1
2 )4
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MSE = f ojerdA 2
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where o1, 02, €1, and A are the stress vector produced by the
input force, stress vector produced by the unit virtual force,
strain vector produced by input force, and the design area.
In topology optimization, the design domain is divided into
elements using the finite element method, making it possi-
ble to calculate SE and MSE numerically. The displacement
vector U due to input force and the displacement vector V
due to unit virtual force can be achieved as follows:

KU=F, KV=F, 3)

where K, F, and F, are the global stiffness matrix of the
design domain, load vector with the input load, and the load
vector with the unit virtual load. With the displacement fields,
it is possible to calculate the SE and MSE as follows:

1
SE = EUTKU, MSE = VKU )

The present optimization aims to maximize the output dis-
placement ¢ at a desired node. The output displacement can
be formulated using SE and MSE as follows:

¢ =FIU = V'KU = MSE o)

In [40], various objective functions were proposed for
optimizing compliant mechanism design. Out of these, the
objective function that focused on maximizing the output
displacement was chosen as the representative one. Thus,
the objective function was defined as follows:

N
Max : ¢(x) = VIKU = ) "(x.)"V; K, U,
X
e=1 6)

Subject to : =f, KU=F, 0<x<1

V(x)
Vo

where X, N, x., p, Ve, K¢, and U, are the density vector,
number of elements, density values at each element, penal-
ization factor, element displacement vector due to unit virtual
load, stiffness matrix, and element displacement vector due to
input load, respectively. The material volume, design domain
volume, and volume fraction are expressed as V (x), Vj, and
f, respectively.

2.2 Sensitivity analysis
The optimization problem was solved using the optimality

criteria (OC) method. Due to the large number of design
variables, the adjoint method was pursued to perform the

sensitivity analysis. The sensitivity of Eq. 5 with respect to
x. was derived by introducing the following augmented func-
tion:

¢ = VIKU + AT(KU — F) + AJ(KV — F,) @)

where A1 and A, are the adjoint vectors. Note that this aug-
mented function is equal to the original function as the terms
(KU — F) and (KV — Fy) are equal to zero, as shown in
Eq. 3. Differentiation of ¢ and rearranging of the terms result
in the following equation:

a¢ U v
? UKV 4 K + (KU + Kio)
0X, 0X, 0X, (8)
v By oy oKy
0X, ! X, 2 0X,
To eliminate the implicit derivatives % and %, adjoint
vectors A; and A, are defined as follows:
M=-V, ,,=-U ©

The defined adjoint vectors allow the simplification of
Eq. 8 as follows:

¢ IK
9 _ _yriky (10)
0x, 0X,

Taken into account that K can be expressed in terms of
K. and p, % can be expressed as follows:

0K

P pxe)P K, (11)
e

Thus, the sensitivity of objective function ¢ with respect
to x, can be computed as follows:

d¢
0x,

= —px)P 'VIK, U, (12)

Using this equation and the OC method, sensitivity anal-
ysis was done to obtain the optimal design for the compliant
mechanism-based actuator.

2.3 Design parametrization

The design parameters for the compliant mechanism-based
actuator were defined based on the optimization formulation,
as shown in Fig. 2. The actuator is designed to convert forces
applied at the input ports to an output displacement at the two
output ports in a direction orthogonal to the force vectors. For
simplicity, symmetry was considered for this problem. In the
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Fig.2 The problem definition and the simplified definition of compliant mechanism-based actuator

simplified problem, the design domain is a square with a
width and height of 100mm. The input and output ports are
located at the right end node of the lower boundary and at the
upper boundary 35 mm away from the left end, respectively.
The restricted degrees of freedom are positioned at the left
end of the lower boundary. The domain was discretized using
100 x 100 square elements with an edge length of 1.0 mm.
The objective volume fraction, filter radius, penalization fac-
tor, and convergence value were set as 0.3, 1.5 mm, 3, and
1.0x 1074, respectively.

Figure 3 illustrates the result of the topology optimization
for the prescribed stiffness of the input spring (ki,=1) and
the stiffness of output spring (kou,=0.001). These stiffness
values were selected to account for the difference in stiff-
ness between the rigid actuator body and the silicone rubber
specimen. Convergence was achieved at the 778th iteration,
as the changes in design variables became smaller than the

predefined convergence value. The result of the simplified
problem could be used to obtain the result of the initial opti-
mization problem and to determine the total geometry of the
compliant mechanism-based actuator. The designed actuator
consists of two hinges, each of which serves to change the
direction of the force vector Fj, and produce output displace-
ments in orthogonal directions.

3 Experimental section
3.1 Stretchable specimen fabrication

The stretchable specimen was fabricated using a 3D-printed
PLA plastic mold, which was designed using computer-aided
design software and printed using the fused filament fabrica-
tion method with a Dremel Digilab 3D45 printer. The printing
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Fig.3 The solution of the simplified problem and the full solution of compliant mechanism-based actuator
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Fig.4 Manufacture process of stretchable specimen with micro-surface patterns

speed, extruder temperature, platform temperature, and infill
density were set to 50 mm/s, 200 °C, 50 °C, and 20%, respec-
tively. The eSUN PLA 3D printer filament with a diameter
of 1.75 mm was used to print the molds, with a layer height
of 0.30 mm. It is important to note that PLA is printed in cir-
cular tube shapes and that the mold was printed on support
parts at a printing angle of 30°. The stacking of circular PLA
tubes and the printing angle induced the surface of the PLA
molds to have a continuous arch-shaped geometry, with a tilt
angle of 30°.

After the mold manufacture process, Jnmade S1 liquid sil-
icone and curing agent (20:1 ratio) were mixed and poured
into the printed mold to create the stretchable specimen. The
silicone paste was allowed to cure at room temperature for 2
h before being detached from the mold. Raising the curing
temperature can decrease the curing time and hence speed
up the manufacture process, but additional treatment might
be required to separate the specimen afterward. The speci-
men was designed to have length, width, and thickness values
of 100 mm, 20 mm, and 2 mm, respectively. Two holes with
length, width, and depth of 5mm, 3 mm, and 1.5 mm were
created on the bottom of the specimen to allow attachment
with the actuator. The arch-shaped geometry of the mold
surface induced the detached specimen to have continuous
wave-shaped micro-surface pattern with pattern angle of 30°,
identical to the value of tilt angle. The specimen fabrication
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Fig.5 Manufactured specimen with micro-surface patterns

process and the specimen surface pattern realization mech-
anism are illustrated in Fig. 4. The manufactured specimen
and the magnified image of its micro-surface patterns are
shown in Fig. 5.

3.2 Actuator manufacturing

The actuator was designed using computer-aided design soft-
ware based on the topology optimization results in Section 2.
The actuator was printed using the Flashforge Dreamer 3D
printer with dual extruders shown in Fig. 6a. The print-
ing speed, platform temperature, and infill density were set
as 20mm/s, 100 °C, and 100%, respectively. Two materi-
als were used in the manufacture process to achieve high
stiffness while realizing hinges that facilitate bending. The
materials used are shown in Fig. 6b: arigid acrylonitrile buta-
diene styrene (ABS) plastic was used for the actuator body,
while a flexible thermoplastic polyurethane (TPU) was used
for the hinges. The Flashforge ABS filament and the eSUN
TPU filament, both having a diameter of 1.75 mm, were used
in the additive manufacture process with 240 °C and 205 °C
extruding temperatures, respectively. The layer heights of
the printed ABS and TPU were set as 0.200 mm. The printed
bi-layer compliant mechanism-based actuator is shown in
Fig. 6c¢.
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Fig. 6 a 3D printer used to print the bi-layer actuator, b ABS and TPU filaments used for the bi-layer actuator, and ¢ printed bi-layer compliant

mechanism-based actuator

3.3 Testing and characterization

Experiment was conducted to investigate the change in spec-
imen surface wettability when stretched by the actuator.
WCAs of water droplets dropped on the specimen were
measured for different cases of elongation length. The exper-
imental setup is shown in Fig. 7. The actuator was fixed using
a jig, and the specimen was attached to the actuator by fitting
the top parts of the actuator into the bottom holes of the speci-
men. Masses of equal weights (100 g) were added to each end
of the actuator for every trial the specimen was stretched. For
each trial, water droplets were dropped on the center of the
specimen to measure the WCAs. Micro-pipette was utilized
in this process to ensure that droplets with constant volume of
3.5 ul were dropped on the specimen. ViTiny UM12 digital
microscope was used to acquire enlarged images of surface
patterns and water droplets. The microscope was set to a

Dropping water droplet with fixed
volume of 3.5 uL using micropipette

Bi-layer actuator

Digital microscope

magnification of 32 x for precise measurement of the surface
pattern and WCAs. Various relations between added mass,
elongated length, pattern angle, and WCA were investigated
to evaluate the changes in specimen surface wettability.

4 Results and discussion

An experiment was first conducted to investigate the perfor-
mance of the actuator in stretching the specimen. The relation
between the mass added to the actuator and the resulting
elongation length of the specimen was analyzed. This exper-
imental result is presented in Fig. 8. The result shows the
mean value of 10 experiments, each conducted using differ-
ent stretchable specimen. Note that the experiment was done
by applying equal masses to each end of the actuator, until
the elongation length value reached approximately 10 mm to

Analysis of pattern angle
and water contact angle

Mass added to apply force

Fig.7 Experimental setup to measure changes in pattern angles and water contact angles
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Fig. 8 Experiment results. Relation between mass and elongation of
specimen

only consider elastic deformation. The experiment was con-
ducted with a maximum load of 4000 g, with 2000 g applied
to each end of the actuator. The average elongation length of
the specimen at a load of 4000g was 11.1 mm. The results
suggest a linear relationship between added mass and elon-
gation length, where the average load needed to elongate the
specimen by 1.0 mm is 360.36 g.

The following experiment was conducted to investigate
the system’s adaptive wettability features with changing
specimen elongation values. A total of 10 experiments were
conducted using different specimens, and the mean value was
used for the analysis. Figure 9a presents the relation between
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Table 1 Mean changes in parameters for elongation length 10 mm

Load (g) Pattern angle (°) Water contact angle (°)

3603.6 -9.91 —14.09

specimen elongation and pattern tilt angle. The mean pattern
angle changed from 30.14 to 20.23° as the specimen was
elongated by 10mm from its initial state, showing a total
reduction of 9.91°. Figure 9b presents the relation between
specimen elongation and WCA. The mean WCA reduced
from 136.78 to 122.69° when the specimen was elongated
by 10mm from its initial state. This reduction in WCA by
14.09° demonstrates that the stretchable metasurface sys-
tem, incorporating micro-surface patterns and compliant
mechanism-based actuators, is capable of exhibiting adap-
tive wettability. The mean changes in load applied to actuator,
pattern angle, and WCA for specimen elongation of 10 mm
are summarized in Table 1.

5 Wettability prediction

The significance of the elongation—-WCA relationship pre-
sented in Fig. 9b lies not only in demonstrating the adaptive
wettability characteristics of the system but also in high-
lighting its potential for wettability control. Each elongation
value of the specimen corresponds to a specific WCA. This
suggests that it is possible to control surface wettability by
inducing specific elongation values in the specimen. To ver-
ify the potential for wettability control, we predicted WCAs
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Fig. 9 Experiment results. a Relation between elongation of specimen and pattern tilt angle and b relation between elongation of specimen and

WCA
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Experiment using 100 mm X 20 mm silicone rubber specimen
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Expected WCA = approx. 127.58°
Measured WCA = average 127.50°

Water droplets at center point
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Fig. 10 a Simulation results of stretchable specimen and b experimental results of stretchable specimen

using strain distributions simulated through FE analysis and
the elongation-WCA relationship. These predictions were
then experimentally validated by measuring the actual WCAs
under identical deformation conditions.

ANSYS Mechanical APDL 2021 R2 was used to analyze
the strain distributions of stretchable specimens under var-
ious deformation conditions. The specimen was discretized
using SHELL 63 four-node quadrilateral shell elements, with
each element having a constant length and width of 4 mm.
The material properties were defined with Young’s modulus
of 3.4 MPa and Poisson’s ratio of 0.35. Note that the aim of the
FE simulation is to evaluate the precise elongation values at
different points of the specimen to predict surface wettability
using the specimen elongation—WCA relation. Thus, surface
properties were not realized in the FE simulation process.

The first case study considered a specimen of the same size
as the one used in the experiment, modeled using 125 ele-
ments. In contrast to the experiments where identical masses
were used to create equal deformations in opposite directions,
deformations of 2.5 mm and 4.0 mm in opposing directions

Simulation of 100 mm X 100 mm silicone rubber specimen

Points where deformation are applied

were applied to introduce varying deformation magnitudes at
each point. The tensile strain of the specimen at center point
was analyzed to predict the corresponding WCA. The sim-
ulation conditions and results are shown in Fig. 10a, which
indicates that the elongation at the center point is 6.5 mm.
Based on the experimental result of the elongation-WCA
relation, the expected WCA is approximately 127.58°.

Experiment was conducted to validate the predicted WCA
value for the first case study. Masses of 900 g and 1350 g were
applied to each end of the actuator to induce deformations of
2.5 mm and 4.0 mm in opposing directions. A water droplet
of 3.5 ul was dropped on the center of the specimen, and ten
experiments were conducted to acquire the mean WCA of
the water droplets. The results of the experiments are shown
in Fig. 10b, which reveals that the mean WCA is 127.50°.
The predicted and measured WCAs have a small difference
of 0.08°, indicating that the prediction of surface wettability
shows great accuracy.

The second case study considered a larger specimen with
a length of 100mm, width of 100mm, and thickness of

Points where WCA are measured

Lo eSS
’ * 1
‘ 2
A B

[ ) [ ) 3
‘ 4:

. o o 2

y L ey o s

X

: Deformation of 4.0 mm in y-axis direction
: Deformation of 5.0 mm in y-axis direction

: Deformation of 4.5 mm in y-axis direction

Deformation of -4.0 mm in y-axis direction

: Deformation of -5.0 mm in y-axis direction

: Deformation of -4.5 mm in y-axis direction

Fig. 11 Simulation results of stretchable specimen using three actuators
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Experiment using 100 mm X 100 mm silicone rubber specimen

Points where WCA are measured

Water droplets at each points

Point A :

Point B :

Fig. 12 Experimental results of stretchable specimen using three actuators

2mm. The specimen was modeled using 625 elements. The
simulation conditions and results are presented in Fig. 11.
Deformations of 4.0 mm, 4.5 mm, and 5.0 mm were consid-
ered to diversify the strain distribution. Two points A and B
were defined to be located near the edge and in the middle
of the specimen, respectively. The tensile strain distribution
of the specimen was analyzed to predict the WCAs at these
specific points. The results show that the elongation values
are 3.317 mm and 8.848 mm at points A and B, respectively.
Using the elongation—-WCA relation, we could evaluate that
the expected WCA values are 131.30° and 124.39° at points
A and B, respectively. We can infer from the results that the
edge of the specimen experienced smaller elongation, result-
ing in greater surface hydrophobicity compared to the center
of the specimen.

Experiment was conducted to validate the predicted WCA
values at points A and B. A new PLA mold was manufactured
using the Dremel Digilab 3D45 printer. The mold was used
to fabricate stretchable specimens with six holes to allow
attachment with three actuators simultaneously. Masses of
1500¢g, 1650¢g, and 1800 g were applied to the ends of each
actuator to induce the desired deformation values of 4.0 mm,
4.5 mm, and 5.0 mm. Water droplets of 3.5 ul were dropped
on the designated points of the specimen, and ten experiments
were conducted to acquire the mean WCAs. The results are
presented in Fig. 12. The measured mean WCA values are
131.80° and 124.12° at points A and B, respectively. The
predicted and measured WCAs at points A and B differed
only slightly with differences of 0.50° and 0.27°, respec-
tively. Despite the variation in elongation and WCA values
at two different parts of the specimen, the method using
FE simulation and experimental elongation—-WCA relation
demonstrated high accuracy of predicting surface wettability.
These findings support the proposed stretchable metasurface
system with adaptive wettability as a means of predicting
and controlling surface wettability under various deforma-
tion conditions.

Expected WCA = approx. 131.30°
Measured WCA = average 131.80°

Expected WCA = approx. 124.39°
Measured WCA = average 124.12°

6 Conclusion

This study realizes stretchable metasurface system with
adaptive wettability using a stretchable specimen with micro-
surface patterns and compliant mechanism-based actuator.
The actuator design incorporates compliant mechanism
topology to maximize the efficiency of converting down-
ward forces into horizontal displacements for specimen
stretching. Both the metasurface of the stretchable specimen
and the rigid-flexible actuator were fabricated using addi-
tive manufacturing, respectively, by incorporating geometric
imperfections caused by printing in the form of circular tubes
and the capability to blend two printing materials during
the manufacturing process. Experiments were conducted to
investigate the adaptive wettability feature of the manufac-
tured system, which involved measuring the pattern angles
of surface patterns and WCAs of water droplets dropped on
the stretched specimen. The experiment validated that the
stretching of the specimen induced changes in micro-surface
pattern geometry and WCAs, with an average reduction of
9.91° and 14.09°, respectively, at an elongation length of
10mm. Extended studies were conducted to predict surface
wettability based on FE simulations of strain distribution at
different deformation conditions. The simulated strain dis-
tribution allowed for the precise evaluation of specimen
elongation at different points, enabling the prediction of
WCAs at those exact points based on experimental data of the
specimen elongation—WCA relation. Case studies involving
experimental validations were conducted for verification, and
the differences between predicted and measured WCAs were
small, with values being 0.08°, 0.50°, and 0.27°. Overall,
this research demonstrates the use of additive manufactur-
ing to realize a stretchable metasurface system with adaptive
wettability. The introduction of compliant mechanism-based
actuators has overcome the limitations in actively controlling
surface wettability that were found in previous work on func-
tional surfaces. However, more research is required to make
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this system usable in real-world engineering applications.
For future research, the optimization of pattern angles and
strain distribution within specimens, taken into considera-
tion delicate drainage processes, can be conducted to address
practical issues.
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