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Hierarchical Nano/Micro-
Structured Surfaces With High
Surface Area/Volume Ratios

Recently, many studies have investigated additive manufacturing (AM) of hierarchical sur-
faces with high surface area/volume (SA/V) ratios, and their performance has been charac-
terized for applications in next-generation functional devices. Despite recent advances, it
remains challenging to design and manufacture high SA/V ratio structures with desired
functionalities. In this study, we established the complex correlations among the SA/V
ratio, surface structure geometry, functionality, and manufacturability in the two-photon
polymerization (TPP) process. Inspired by numerous natural structures, we proposed a
3-level hierarchical structure design along with the mathematical modeling of the SA/V
ratio. Geometric and manufacturing constraints were modeled to create well-defined
three-dimensional hierarchically structured surfaces with a high accuracy. A process flow-
chart was developed to design the proposed surface structures to achieve the target func-
tionality, SA/V ratio, and geometric accuracy. Surfaces with varied SA/V ratios and
hierarchy levels were designed and printed. The wettability and antireflection properties
of the fabricated surfaces were characterized. It was observed that the wetting and antire-
flection properties of the 3-level design could be easily tailored by adjusting the design
parameter settings and hierarchy levels. Furthermore, the proposed surface structure
could change a naturally hydrophilic surface to near-superhydrophobic. Geometrical
light trapping effects were enabled and the antireflection property could be significantly
enhanced (> 80% less reflection) by the proposed hierarchical surface structures. Experi-
mental results implied the great potential of the proposed surface structures for various
applications such as microfluidics, optics, energy, and interfaces.
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1 Introduction

Artificial nano/microstructures with high surface area/volume
(SA/V) ratios have received extensive attention due to their poten-
tial in a wide range of applications such as flexible electronics [1,2],
microfluidics [3], and tissue engineering [4]. For instance, in the
energy storage field, high SA/V geometries enable rapid ionic trans-
portation and ultrahigh power density [5]. Innovative surfaces with
high SA/V geometries can also improve the hydrophobicity, which
is beneficial to the fabrication of complicated microfluidic devices
[6]. In addition, scaffolds with a high SA/V ratio are significant
to cell-based studies in bioengineering applications [7,8].

One of the most common approaches that have been used to
increase the SA/V ratio is building hierarchical structures. Many
interesting and novel hierarchical structures from living beings
have been observed. It has been reported that the surface of some
biological systems, such as lotus leaves [9-12], are generally
highly hierarchical, resulting in a large SA/V. These hierarchical
surface structures enable advanced functionalities such as superhy-
drophobicity and antireflection. For example, the highly hierarchi-
cal cone-shaped crystals on the lotus leaf surface can increase the
hydrophobicity, resulting in anti-adhesion protection [13]. Simi-
larly, the hexagonally close-packed cone-shaped structures
observed in cicada wings exhibit anti-bacterial property [14]. Fur-
thermore, in some specific structures, surface wrinkles have been
integrated into these existing hierarchical structures to further
enhance the SA/V ratio. For instance, surface wrinkles found on
the cone-shaped surface structures observed in Rudbeckia, Biden,
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Viola, Dahlia, and Rosa are beneficial to hydrophobicity [15] and
antireflection [16]. Guo et al. performed extensive research to inves-
tigate biomimetic surfaces and their applications. They have pro-
posed 15 different combinations of designs, which can be
considered as 2-level hierarchical, including cone and wrinkle struc-
tures [17]. Most of these natural hierarchical structures show nano-
scale and/or micro-scale patterned cone structures integrated with
cuticles and winkles, substantially increasing the SA/V ratio of
the surface and significantly improving or even enabling function-
alities. Reported work in these and many other Refs. [18-20] dem-
onstrated that building hierarchical surface structures with high SA/
V ratios is a promising method to enhance functionalities.

To fabricate such hierarchical surface structures, several chemi-
cal and physical approaches have been investigated, including
chemical etching [21], immersing [22], laser machining [23], and
imprinting [24]. Yao et al. fabricated a novel water-repellent
surface by a chemical-based deposition method, which involves
the copper hydroxide nano-needle array coating on the copper
surface [25]. Shang et al. developed a superhydrophobic hierarchi-
cal sponge for oil/water separation by immersing approach [26].
Chen et al. successfully fabricated a series of wetting surfaces con-
sisting of conical microstructures at different aspect ratios (ARs) via
laser microfabrication [27]. Moreover, inspired by the moth eye’s
structure, Kuo et al. fabricated antireflective surfaces based on the
nano-imprinting lithography technique [28]. Although these
techniques have successfully produced hierarchically structured
surfaces, the processes usually involve multiple steps and platforms,
requiring expensive tools for multi-scale hierarchical manufactur-
ing, and are time-consuming for customization or small-volume
production. In addition, most methods can only create two-and-a-
half-dimensional (2.5D), rather than three-dimensional (3D)
structures.
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Recent advances in additive manufacturing (AM) enable the fab-
rication of more complex designs with ultrahigh resolutions and
relatively easy operations [29-36]. Two-photon polymerization
(TPP), as one of the most advanced AM techniques, has become
a promising approach to directly construct complex three-
dimensional (3D) parts in the sub-micron scale or even nanoscale
[37,38]. During the TPP process, based on the digital file, the cor-
responding voxel in the photosensitive liquid gets polymerized
once two photons are simultaneously absorbed at the center of the
tightly focused laser beam. The part is built in a voxel-by-voxel
manner. Moreover, the printing resolution of the TPP process can
be as high as 40 nm [39]. The ultrahigh resolution enables numer-
ous applications, including 3D hierarchical structure fabrication
with a high degree of spatial controllability [40,41]. For instance,
Zyla et al. used the TPP method and successfully fabricated a hier-
archical lamellar microstructure inspired by Morpho butterfly [42].
Thangaraju and Dhanapal fabricated hierarchical pyramid structures
to create superhydrophobic surfaces using the TPP process [7].
Moreover, Ha et al. developed highly hierarchical 3D meshed
microstructures using the TPP process [43]. Despite the advances
of the TPP process and all these efforts to create hierarchical struc-
tures, very few studies investigated the influence of the hierarchical
design parameters on the resulted SA/V ratio and surface function-
alities. Therefore, there is an urgent need to establish the link
between the design parameters, the SA/V ratio, and surface func-
tionality to understand the structural impact on the functionalities.

Another knowledge gap exists in the design and the TPP manu-
facturing process planning for high SA/V surface fabrications at the
sub-micron scale. Understanding the key manufacturing constraints
is crucial to ensure the manufacturability of the design. Typical con-
straints in the TPP process include (1) the smallest printable feature
size, (2) XY resolution, and (3) Z resolution. As reported by Lee
et al., the fabricated pattern in the TPP process can be slightly
larger than the designed CAD model with undesirable geometric
errors [44]. Such geometric errors originate from the arrangement
of voxels on the contour of the printed geometry, causing significant
defects in surface finish. High surface finish and geometric accuracy
are crucial in many engineering applications. A common approach
is to compensate the geometric error in the original CAD model
design [45]. To implement this method, the manufacturing con-
straints need to be understood, and relations between design param-
eters and geometric errors need to be built.

In this study, inspired by many natural surfaces, we proposed a
3-level hierarchical surface design that consists of the cone,
cuticle, and wrinkle structures. The SA/V ratio for each level was
modeled, and geometric and manufacturing constraints were
defined as functions of design parameters. The geometric error
caused by the voxel arrangement along the contour of each level
design was modeled. In addition, a process flowchart for TPP

process optimization was proposed for the 3-level design. To vali-
date the effectiveness of the proposed surface structure design on
tuning surface functionalities, the contact angle and antireflection
properties of the fabricated samples were characterized.

The rest of this paper is organized as follows. In Sec. 2, the
3-level surface structure design is proposed, and the SA/V ratio
for each level is modeled. In Sec. 3, methodologies, including the
modeling of constraints, geometric error, and the process flowchart,
are presented. Case studies and results are discussed in Sec. 4,
including model validation and functionality study. Finally, in
Sec. 5, conclusions and future work are discussed.

2 Design and Methods

2.1 Hierarchical Structures in Nature. As summarized in
Table 1, we calculated the SA/V ratios of varied common geometries
with the same surface area (200 mm?). We found that the cone
structure, especially with a large AR, exhibits one of the highest
SA/V ratios. This finding agrees well with numerous nano/micro-
scale patterns observed in bio-organisms. For example, hierarchical
cone structures enable anti-bacterial functionality, as shown in
Fig. 1(a). Kelleher et al. systematically studied the correlation
between the bactericidal properties and the surface topology of
various cicada wing surfaces with conical microstructures [46].
The bactericidal properties of two cicada wings species were charac-
terized by the dead/alive cell ratio on their surfaces with conical
structures. High dead/alive cell ratios were observed on the wings
of Megapomponia intermedia (SA/V ~0.053 nm™") compared
with the Ayuthia spectabile species (SA/V ~0.050 nm™"), suggest-
ing a strong correlation between the bactericidal properties and the
hierarchical surfaces with high SA/V ratio [46].

Moreover, some other biological organisms, such as the surface
of the lotus plant leaves, show patterned nano/micro-scale conical
structures with cuticles, as shown in Fig. 1(b). The lotus plant
leaves covered with conical structures and cuticles are superhydro-
phobic (161 deg equilibrium contact angle), while some lichens and
mosses with no such surface structures are superhydrophilic.
Studies by Wenzel confirmed that the conical surface structures
covered with wax cuticles play a vital role in developing the super-
hydrophobicity [47]. Additionally, Schulte et al. studied the corre-
lation between the hydrophobicity and the surface topology of
various hierarchically structured flower petal surfaces [15]. A
high contact angle of the water droplet was observed on the
petals of Viola tricolor (CA ~ 169 deg; SA/V = 0.373 um™") com-
pared with the A. spectabile species (CA~136.4 deg; SA/V~
0.31 um™"), suggesting an enhancement in the hydrophobicity can
be achieved by hierarbchical surfaces with conical surface
structures.

Table 1 SA/V of common geometries (SA =200 mm?)

1@ @ <

Various Geometries

VY Y W\

Cylinder Sphere Capsule Octahedron Cube Con:rg.ow Tetrahedron Disc Cone (High AR)
f::;:ﬁtﬁ::; 318.37 3.99 2.82 7.60 5.77 17.98 10.75 7.62 126.89
Volume (mm3) 316.1 266.03 235.14 206.80 192.45 169.40 146.23 41.42 33.20
Base Radius (mm) 0.1 N/A 5.64 N/A N/A 3 N/A 3 0.5
SA/V Ratio (mm~')| 0.633 0.75 0.85 0.97 1.04 1.18 1.37 4.83 6.02
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Fig. 1
(c) rudbeckia: cone with surface wrinkles [16]

In addition to the conical structures and cuticles, some natural
surfaces also integrate wrinkles to further increase the SA/V ratio
and enhance some functionalities. Schulte et al. investigated the
influence of wrinkle surface structures on the ultraviolet (UV)
light reflection [16]. Their study investigated different flower sur-
faces consisting of conical hair-papilla with vertical surface wrin-
kles, as shown in Fig. 1(c). It was found that the reflection of the
papillae of Bidens ferulifolia (SA/V ~0.239 um™Y) is 1.2%, while
the reflection of the papillae of Rudbeckia fulgida (SA/V =~
0.194 um™") is 0.8%. The difference in antireflection properties of
B. ferulifolia and R. fulgida is mainly caused by surface morpholo-
gies, especially the height of conical papilla and vertical surface
wrinkles. According to these studies, varied functionalities can be
enhanced or even enabled by hierarchical conical structures with
high SA/V ratios and proper combinations of cuticles and surface
wrinkles.

2.2 Proposed 3-Level Hierarchical Surface Structure
Design. Inspired by these biological systems, a 3-level hierarchical
surface structure design is proposed in this study, as shown in
Fig. 2. Level-1 consists of a series of nonoverlapping conical
structures (P > 2R,) with constant pitch distance P. Level-2 consists
of numerous down-scaled Level-1 features (i.e., cuticles) on the
cone surface (rn,<R;). Inspired by cicada microstructure, the
aspect ratio of cone and cuticles were kept as same (a=a,).
Level-3 is based on both Level-1 and Level-2, with textures such
as surface wrinkles uniformly implemented on the cuticle surface.
Inspired by many natural structures with varied functionality,
including V. tricolor, Aztekium ritteri, Dahlia, R. fulgida, and
B. ferulifolia [15,16,18], and considering the ease of manufacturing,
vertical wrinkles were selected. Here, to study the influence of
design parameters in each level on the surface morphology, the
corresponding SA/V ratio is mathematically modeled as follows.

Hierarchical surface structures in nature: (a) cicada wing: cone [14]; (b) lotus leaf: cone with cuticles [9]; and

2.2.1 Level-1: Cone. As illustrated in Fig. 2(a), H, R}, and R,
are the height, radius of small, and big circular end of the cone,
respectively. The pitch distance is P. N is the number of nano/
micro-cones on a substrate surface with a length of L (mm) and
width of W (mm). The volume for Level-1 design consisting of N
cones can be calculated according to the generalized equation of
frustum:

1
Vi=N (5 nH[Rf+R§+R1R2]) 1)

And the conical structured surface area for Level-1 design can be
calculated as

SA; =N (z [(R + R2)S + R3)) )

where S is the slant height of the cone, N is a function of the pitch
distance P, and the substrate surface area covered by the conical

L w
structures, N = (F - 1) (F — 1).

2.2.2 Level-2: Cone With Cuticles. As illustrated in Fig. 2(b),
he, Ie1, Fea, and n,. are the height, radius of small and big circular end
of the cuticle, and the number of cuticles on each conical structure,
respectively. The number of cuticles n. ranges from 0 to
(R + Ry)S)/ rf,z for the closely packed distribution on the surface
of the cone structure. The volume of Level-2 design with N cones
and n,. cuticles on each cone can be calculated as

1
V, = 5N;r[H(R% + R+ RiRy) + ncho (72, + 15 + rara)] - (3)

The surface area of Level-2 design is
SAs = Nlneal(rer + ra)Se + r 1+ [(Ry + R)S + Rf —nerdy 11
“
where S, is the slant height of the cuticle.

(b)

~
T |
________________________‘_‘_‘ﬂ

\
\

{ N: Number of cones

@
®
e

&5+

n.: Number of Cuticles

ne: Number of folding:? oo

Fig. 2 Bio-inspired 3-level hierarchical design: (a) Level-1: cone; (b) Level-2: cone with cuticles; and (c) Level-3: cone with cuti-

cles and surface wrinkles
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2.2.3 Level-3: Cone With Cuticles and Surface Wrinkles. As
illustrated in Fig. 2(c), the width, height, and the number of wrinkles
on each cuticle are denoted as ps, dp and ng, separately. A higher
SA/V ratio can be achieved by keeping the gap between wrinkles
on the top face of a cuticle greater than the width of a single
wrinkle, i.e., fy>ps The height of the wrinkle is finite, i.e.,

df < T — (l‘f] . nj’/ZII').

Hence, the gap between wrinkles at the bottom face of a cuticle ¢,
can be written as

2]7,7'02 - pfnf:| (5)

tpp=t
2 f |:27Z'rc| - pfnf

The reduction in volume due to the grooves between wrinkles can
be modeled as

trp+t
V= nydyS. (%) ©6)
Substituting (6) into (3) yields

1
Vs = gN”[H(R% +R5 + RiRy) + ncho (12 + 1 + reirea)]

tr+1t
_nfdfsc(fz 5 f1>

And, an increase in surface area caused by the wrinkles can be
calculated as

@)

SAf = 2nfde6 (8)

Substituting (8) into (4), we can get the surface area for Level-3
design as

SA; = N[nc 7 [(rcl +7:2)Se + rfl] ©)
+a[(R) + R)S + R} — nerly | + 2npdyS. |

3 Two-Photon Polymerization Fabrication
of the Hierarchical Surface Structure
3.1 Experimental Setup and Materials. TPP fabrication of

the designed hierarchical structures was carried out with a Photonic
Professional GT (Nanoscribe GmbH, Germany) system. This setup

(a) (b)

; ~Smm Holder
— 1\ 4 —_
Fabrication
IP-S Resin drop 17O substrate

(d) @ (c)

UV light

—

Post-curing

mainly consists of three portions: (1) the laser system, (2) the scan-
ning system, and (3) the stage positioning system. In the laser
system, a femtosecond laser with 100 fs pulses delivering at
80 MHz repetition rate (center wavelength: 780 nm) was equipped
as the excitation source. The typical printing range of the given
setup is 300 x 300 % 300 um’, and the writing volume can be up
to 100x 100 x 8 mm>. According to the specification, the printer
has a 200 nm smallest feature size, 500 nm XY resolution, and
1500 nm Z resolution.

IP-S (Nanoscribe GmbH, Germany), a photocurable negative-
tone resin, was tested in this study. The resin is specifically
developed for the TPP process. A 700 um thick ITO-covered
glass (25x 25 mm?) was used as the substrate in all experiments.
A 25x1.4 NA microscope objective lens was utilized to tightly
focus the laser beam into the volume of liquid resin. In all the exper-
iments, 80% of the incident laser power (P) and 100% of the writing
speed (W) were used to prevent over-exposure. A CCD mono-
chrome microscope camera (AxioCam MRM) was mounted on
the microscope system to monitor the fabrication in real-time.

3.2 Fabrication Process. Figure 3 illustrates the typical proce-
dure to fabricate the proposed hierarchical nanostructured surface
using the TPP setup. A computer-aided design (CAD) model was
first created. 3 uL. of IP-S photoresist was carefully deposited in
the center of the ITO coated glass substrate. By using an appropriate
holder, the photoresist droplet was then transferred to the TPP
system. A voxel model was constructed using Describe (Nanoscribe
GmbH, Germany) software by adjusting the slicing (d;) and hatch-
ing (d,) distance, as illustrated in Fig. 4. According to the voxelized
digital file, the hierarchical structures were printed in a
voxel-by-voxel way, as shown in Figs. 4(c) and 4(d). In general,
the printing quality is highly dependent on the size of the three-
dimensional voxel (XY and Z resolution). It should be noted that
the smallest feature size is also one of the critical factors in deter-
mining the printing quality, which is usually characterized by the
smallest printable size of a single droplet within a voxel [48].

After printing, the samples were placed in a SU-8 (MicroChem
Corp., Westborough, MA) bath for 9 min to remove any unsolidi-
fied photoresist, as illustrated in Fig. 3(c). Subsequently, they
were then transferred to an IPA (Sigma-Aldrich, MO) bath for
another 2 min. Afterward, the samples were thoroughly dried at

voxel a4z
IP-S)
25X Objective lens
l Dissolving
Polymerized part Vessel

Solvent \

Fig. 3 Schematic illustration of the TPP fabrication procedure: (a) sample preparation, (b) TPP fabrication, (c) dis-

solving in SU-8 and IPA solution, and (d) UV light curing
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@ (b)

Slicing

CAD model

Sliced geometry

 Theoretical geometry

Voxelized geometry

Geometric error

Fig. 4 Voxelization in the TPP process: (a) actual geometry, (b) geometry after slicing, (c) geometry after hatching, and

(d) voxel arrangement based on XY and Z resolutions

room temperature to evaporate the remaining IPA. Finally, as illus-
trated in Fig. 3(d), samples were placed in the irradiation chamber
for heat curing (Dymax BlueWave 200, Torrington, CT) and
exposed to UV light with an intensity of 17,000 mW/cm? for 45 s
before any experimental characterizations.

3.3 Manufacturing Constraints for the Hierarchical
Surface Structure Design. We investigated manufacturing con-
straints for the typical TPP fabrication of the proposed hierarchical
structures. In most AM techniques, especially the TPP process,
several typical manufacturing constraints are (1) smallest printable
feature size a, (2) XY resolution AX and AY (AX equals to AY in
most cases), and (3) Z resolution AZ.

3.3.1 Level-1: Cone. Figure 5(a) illustrated the proposed
3-level hierarchical surface structure design with a cone angle of
6, which is a critical variable influencing the voxel arrangement
in the TPP process, and hence, printing quality. Figure 5(b) illus-
trates design parameters and voxel arrangements for the cone struc-
ture in Level-1 design. Based on the voxel arrangement, the
manufacturing of the cone structure is mainly limited by XY and
Z resolutions (AXY and AZ) of the TPP process. Accordingly, to
use the TPP technique to fabricate the Level-1 surface structure
design, the cone design should satisfy the following equations:

R, = kjAX (10)

R = khAX 11
and

H=kAZ (12)

where ki, kp, and k3 are integers and should satisfy k3 >k, > k.

3.3.2 Level-2: Cone With Cuticles. The voxel arrangement of
cuticles in Level-2 design is illustrated in Fig. 5(c). The cuticles
are covering the curved surface of the cone. The geometry of the
cuticle is hence highly related to the cone angle 8. The manufactur-
ing constraints for fabricating these overhanging cuticles are

AX
Te1 = ky (13)
cos 0
and
AZ
he= ks (14)
cos 6

where k4 and ks are integers with ks> kj.
3.3.3 Level-3: Cone With Cuticles and Wrinkles. Figure 5(d)

illustrates the arrangement of voxel for wrinkle structure in
Level-3 design. The smallest wrinkle width ps and groove height

Journal of Manufacturing Science and Engineering

dy are limited to the TPP smallest printable feature size a, mostly
determined by the laser. The feature size a is usually characterized
by the smallest printable size of a single droplet. To fabricate defect-
free wrinkles, the wrinkle width p; and height d, should be greater
than the smallest printable feature size of the TPP printer

pr>aand dr >a (15)

3.4 Printing Geometric Errors. In the TPP process, the print-
ing geometric error depends on the voxel positions on the contour of
the geometry. As a result, the fabricated part shows a ragged
contour. It is noteworthy that the surface quality of the fabricated
geometry in the TPP process markedly depends upon the orientation
of the model and voxel dimension. This section aims to study the
influence of voxel arrangements of the proposed 3-level hierarchical
structures on printing geometric errors, as shown in Fig. 5, and
develop a generalized model to predict the geometric error for
each level.

In Figs. 5(b)-5(d), voxel arrangements for three levels and their
respective theoretical printing surface profiles, characterized by
cone angle 0, are illustrated. It can be seen that the voxel arrange-
ment influences the model surfaces: each step can be considered
as a triangle. The side lengths of the triangle can be characterized,
dependent upon the number of voxels in the X and Z direction,
voxel size, and cone angle, as shown in Fig. 5(e). The largest dis-
tance between the printed ragged contour and the designed
contour is denoted as ¢, representing the printing geometry error.
It is shown that &€ depends upon the orientation of the profile
shape in each level. Hence, the printing geometric error is trigono-
metrically obtained by

& =ndy sin (16)

where 7 is the number of voxels along X direction and £ is a function
of the cone angle 0 and design level i € [1,3] as follows:

0, i
p=3 26, i
0490 deg, i

an

Il
W N =

The 3-level surface structure design is characterized by various
geometric and manufacturing parameters, including the size of the
substrate, the number of structures in each level, pitch distance,
and printing resolution. These parameters can be optimized to
achieve a specific goal, such as the desired SA/V ratio with the
smallest printing error while meeting design and manufacturing
constraints. The proposed process flowchart is shown in Fig. 6.

The surface structure design optimization process begins with an
initialization step defining the targeted application with the desired
SA/V ratio, the printing geometric error, the constraints based on
Eqgs. (10)—(15), and setting the TPP process and initial design param-
eters. Predicted SA/V ratio and geometric error are then computed

AUGUST 2021, Vol. 143 / 081002-5
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Fig.5 Schematic of printing geometric error due to the voxel-by-voxel manufacturing mechanism: (a) schematic
drawing of 3-level design; (b)—(d) voxel arrangements for Level-1, Level-2, and Level-3 design, respectively; and
(e) illustration of the printed ragged profile comparing to the profile of the designed geometry

using Egs. (1)—=(9) and Eqgs. (16) and (17), respectively. The differ-
ence between the desired and predicted values of SA/V ratio (x;)
and geometric error (x,) are calculated and used to evaluate the objec-
tive function for the given application. If x; and x, are greater than a
certain threshold (5% used in this study), then design parameters H,
n., and nymust be updated based on the goal [49]. For instance, if the
goal is to increase the SA/V ratio, then we need to reduce H and
increase n. and n. The process goes on iteratively until x; and x,
are lesser than the threshold, e.g., 5% used in the test case in this
study. Once the design parameter settings satisfy the objective func-
tion, the 3-level hierarchical structure is designed and then printed.

Finally, the printed structure is characterized to validate the design
and tested for the target application.

4 Results and Discussion

4.1 3d Printed 3-Level Hierarchical Structures. Most
natural hierarchical structures, including Lotus leaf, Cicada wing,
and Rudbeckia exhibit a 10-50 yum cone size and a 10-100 ym
pitch distance. To mimic those bio-structures, the sizes of the hier-
archical surface structures tested in this work are within these

SA/V ratio and geometric

( Application with desired
error (£)

Define design and

-

manufacturing constraints

(equations 10-15)

SA/N desirea| and
X2= |E‘predicted -
& desired'

Set TPP process
parameters: P, W, d;,, ds

Find i
X1= |SA/Npredictea — Calculate predicted SA/V i Set initial design

ratio (equations 1-9) and
geometric error

(equatlons 16-17)

Update desigh parameter
values : H, n, and n,

Objective:
X1, X< 5%

: parameter values

! J
1

]

1

1

N

Characterize the printed
structure for the targeted
application
/

i

Optimal design

Fig. 6 Overview of the proposed process flowchart for 3-level design
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Table 2 Optimal design parameter settings and predicted properties

Optimal design parameters

L-1 L-2 L-3 Predicted values and error

P=64 um e =1.25 um pr=0.5 ym SA/V gesirea =4.60 ym ™! Edesirea =0.05 ym
R, = 10 um Fe2 = 2.5 um df= 0.5 um SANpredicled =4.54 ,um_l Epredicted = 0.048 um
Ry =50 yum h.=5 um t=0.8 um x1=1.3% X, =4%

H=80um n. = 88 ny==6

6 =76 deg a. =4

a =4

N=9

ranges. The design parameter settings used in this test case study
were based on the proposed process flowchart, the geometric con-
straints, and manufacturing constraints developed in Eqgs.
(1)—(17). The proposed process flowchart was applied to find the
optimal design parameter settings for printing surface structures
with the target SA/V ratio and € as 4.6 um™" and 0.05 um, respec-
tively. From the results summarized in Table 2, it can be seen that x1
and x2 are predicted to be 1.3% and 4%, respectively.

To validate the design, the fabricated 3-level hierarchical micro-
structures were characterized by scanning electron microscope
(SEM) imaging, as shown in Fig. 7. The specimens were coated by
6 nm platinum particles before SEM imaging to avoid charging.
Afterward, the samples were observed under a scanning electron
microscope (JEOL JSM-IT500HR FESEM) using its high vacuum
mode. The spot size and the accelerating voltage of the SEM were

4.0 and 5 kV, respectively. The SEM device has built-in measure-
ment functions with the smallest measurable feature size as 8 nm.
Figures 7(a)-7(1) show the SEM images of the TPP printed 3-level
surface structure design at various magnifications. By analyzing
the SEM images, the dimensions of the printed structures were mea-
sured. The corresponding feature size and the pitch distances of the
cone structures in Level-I were measured as 50 um and 64 um,
respectively. The height and diameter of cuticle structures in
Level-2 were 5 um and 5 um, respectively. The width and height of
wrinkles in Level-3 were 0.5 um and 0.5 ym. It can be seen that the
measured surface structure dimensions agree well with the design
parameter settings, allowing us to make conclusions about the high
degree of printing accuracy. It is also worth mentioning that the
printed structures show well-defined defect-free features and hierar-
chical geometries with excellent surface quality.

Fig. 7 SEM images of printed surface structures for: (a)—(d) Level-1 design; (e)-(h) Level-2 design; and (i)—(/) Level-3
design with the design parameter settings listed in Table 2

Journal of Manufacturing Science and Engineering

AUGUST 2021, Vol. 143 / 081002-7

nUBW/9E L 2/99/2001 80/8/S | /4pd-ajo1e/aousiosBuLnoenuew/B10 swse: uoijoa|jooelbipswse//:dpy wolj papeojumod

8 el

220z dunr /g uo Jesn ofealy) sioul|| jo Ausiaaun Aq ypd 200180



Table 3 Design of experiments table and experimental data

Experiment No. ¢ | H(@um) n. nf r (um™)  CA (deg)
1 1 0 0 0o 0 0.052 63

2 1 1 10 0 0 0.330 72.04
3 1 1 15 0o 0 0.299 76.3
4 1 1 20 0 0 0.286 81.37
5 1 2 20 8§ 0 0.346 84.7
6 1 2 20 13 0 0.377 93.9
7 1 2 20 18 0 0.399 92.53
8 1 3 20 18 3 0.404 93.7
9 1 3 20 18 6 0.406 94.31
10 1 3 20 18 8 0.408 97.18
11 2 0 0 0o 0 0.052 90.3
12 2 1 10 0 0 0.330 89.03
13 2 1 15 0o 0 0.299 90.4
14 2 1 20 0 0 0.286 102.98
15 2 2 20 8 0 0.346 114.22
16 2 2 20 13 0 0.377 122.2
17 2 2 20 18 0 0.399 126.25
18 2 3 20 18 3 0.404 127.55
19 2 3 20 18 6 0.406 128.61
20 2 3 20 18 8 0.408 138.5

4.2 Measurement and Analysis of Surface Wettability.
Here, we investigated the influence of manufacturing-constrained
design parameters, including the cone height H of Level-1, the
number of cuticles n. of Level-2, and the number of wrinkles ny
of Level-3 on the wettability of the printed patterned surfaces.
Nine hierarchically structured surfaces with different H, n., and ny
values (H: 10, 15, 20 um, n.: 8, 13, 18 um, ns 3, 6, 8, respectively)
were fabricated using the TPP process. The design of experiments
and experimental data are shown in Table 3.

As shown in Table 3, for a higher level design, the parameter
setting which gives the optimum experimental result in the previous
level is used. For instance, in L-1 design, H =20 gave the highest
contact angle. Therefore, in L-2 design, all surface structures are
designed with H=20 and the remaining two levels of H were dis-
regarded in the L-2 design investigation. In the study of L-2 design,
it was found that n.=18 resulted in the optimum experimental
result. Therefore, all L-3 designs used n.=18. Other design param-
eter settings were fixed as follows: in Level-1 design, for the cone,
the top radius was 5 um, and the base radius was 10 um. In Level-2
design, for the cuticle, the top radius, base radius, and height were
1.25 pym, 2.5 ym, and 5 um, respectively. In Level-3 design, both the
width and height of wrinkles were 0.5 um. The printed surface con-

The contact angle of the printed hierarchically structured surface
was measured using a dynamic contact angle measuring device
(DCAT-25, DataPhysics Instruments), which has a measuring
range of 0-180 deg with a measurement accuracy of 0.01 deg.
Deionized water droplets of approximately 1.5 uL. were carefully
deposited onto the sample surface using a pipette. The droplet was
recorded in real-time using the DCAT-25 software, and contact
angles were measured using the ImageJ software. All the experi-
ments were conducted under a temperature of 70 °F and humidity
of 45%. As shown in Table 3 and Fig. 8(a), the contact angles of
the printed hierarchically structured surfaces from smooth to
Level-3 design improved from 63 deg to 100 deg (orange bar).
Experimental results show that the proposed hierarchical surface
structures can effectively change the naturally hydrophilic IP-S
surface to hydrophobic.

In addition, it has been reported that the deposition of the
Parylene-C layer can further improve the hydrophobicity of the
surface [51]. To test the effect of Parylene-C coated surface struc-
ture, a thin layer (=100 nm) of Parylene-C was coated on all
samples using a vacuum deposition system (PDS 2010 Labcoater,
Speciality coating system, Indianapolis, IN). The TPP printed
samples were first cleaned using the IPA solution for 2 min
before Parylene-C coating. In the deposition chamber, the vaporized
Parylene-C was deposited onto the hierarchical surface structure at
680 °C. As summarized in Fig. 8(a), the static contact angles of the
Parylene-C coated hierarchically structured surfaces were in the
range of 90-138 deg (right bar).

Evaluations of wetting characteristics in different coated struc-
tures with varied hierarchy (i.e., smooth, Level-1 to Level-3) and
varied SA/V ratios are summarized in Fig. 8(b). The SA/V ratio
of each level of design was calculated using Egs. (1)—(9). From
detailed investigations of contact angles in four samples varied by
increasing the SA/V ratio, one can observe that an increase in the
SA/V ratio led to an increase in contact angle. By using a 3-level
hierarchical structure, the contact angle increased to 138 deg. This
reflects that the structured surface with a large SA/V ratio was effi-
cient in enhancing the hydrophobicity.

Furthermore, using the first-order regression analysis, a mathe-
matical predictive model for contact angle was developed according
to the analysis of the experimental results, as shown in Table 3:

CA=3544+28.10c—-2321+1.139H

(18)
+1.320n, +0914 n; =214 r
where ¢ denotes the coating type with 1 for no coating and 2 for
coated, / denotes the hierarchy level of the design with possible
values of 0, 1, 2, and 3, and r denotes the SA/V ratio.
In order to evaluate the goodness of fit of the developed contact
angle regression model, the fitted regression model Eq. (18) was

0.399
= 0.406
. 0.408

sists of 45 by 45 microstructures, and the center-to-center distance
(a) [ CA before coating
[__] CcA after coating
120

0.052

Contact angle ()

between micro-cones is 45 um [50].
wn N~
150 p> e,
RRYZ o0
MmN
o O o
%0
60
30
0 P =

Smooth H:10 15(20) n,:8 13

L et 0.404
o

|Smooth| Level-1 | Level-2 Level-3

Fig. 8 Contact angles of the surfaces with different microstructures: (a) the contact angle
measurements conducted before and after Parylene-C coating and $b) correspondin

water droplet images for surfaces with SA/V ratio (i) 0.052um™~

(iii) 0.399 um~", and (iv) 0.408 ym™'
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Fig. 9 Predicted versus measured values of contact angle

plotted as a function of the experimental data, as shown in Fig. 9. It
shows that the fitted model agrees well with measured experimental
data (less than 5% error), verifying the adequacy and goodness of fit
of the developed model. Moreover, to validate the model further, six
new confirmation tests were performed with new experimental con-
ditions. Table 4 summarizes the experimental conditions, the exper-
imental data, the predicted data computed from the regression
model, and the prediction error. The experimental values are
found to be in good agreement with predicted values with an
average prediction error of ~2.67%. As shown in Fig. 9, the six vali-
dation experimental data were plotted as red triangles, and they all
fall within the 4% prediction error range (denoted by the translucent
zone in Fig. 9).

4.3 Antireflection Properties of the 3-level Design. Antire-
flection is an important property for many natural structures, includ-
ing the moth eye and fish scale. Moreover, antireflection is widely
used in a variety of engineering applications, including solar cells
and optoelectronic devices [52]. To further validate the potential

of the proposed hierarchical surface structure, in this study, we
investigated the influence of the 3-level design on the antireflection
property of the printed surfaces over a broad range of wavelengths
(350-800 nm). According to previous literature [16], the height of
the Level-1 cone has an influence on the reflection value; therefore,
the comparison was made between Level-1, Level-2, and Level-3
hierarchically structured surfaces with identical values of the
common Level-1 cone height. Three hierarchically structured sur-
faces, one for each level, were designed with H=20 um, n.=18,
and n,=38 and fabricated using the developed method.

The spectral measurements were performed using a single-beam
UV-VIS spectrophotometer (V721, Shanghai Yoke Instruments
Co., Ltd., China). A smooth polymer surface was used as a refer-
ence. Experimental results are plotted in Fig. 10(a). It shows that
the 3-level hierarchically structured surfaces exhibit significantly
lower reflection values than the smooth reference surface. The
reduction of the reflection by 3-level surface structures can be
seen through the entire range of wavelengths from 350 nm to
800 nm measured in this experiment. As the level increased, the
reflection value significantly reduced. For example, at 700 nm
wavelength, while the smooth reference (SA/V =0.052) reflected
about 11% of the incoming light, the Level-1 (SA/V =0.286)
surface demonstrated 7.8% reflection. With the surface structure
hierarchy level increased, the reflection of Level-2 (SA/V =0.399)
surface reduced to 3.7%, followed by the Level-3 (SA/V =0.408)
surface with a reflection as low as 1.7%. Figure 10(b) shows the
average reflection of the smooth and the 3-level hierarchically struc-
tured surfaces in 4 wavelength ranges, 400-500 nm, 500-600 nm,
600-700 nm, and 700-800 nm. It shows that the average values
of the measured reflection of Level-1, Level-2, and Level-3
surface in the four wavelength ranges were all lower than 12%,
9.5%, and 8%, respectively, compared with the smooth surface
(> 12%). In particular, in the 700-800 nm range, a light reflection
reduction of 83% was demonstrated, with the average reflection
measurement reduced from 12.4% of the reference surface to
2.0% of the Level-3 surface. The addition of micro-cuticles and
nano-wrinkles induces strong geometrical light trapping effects in

Table 4 Experimental validation

Response
Exp. no. c I H (um) n, ny r (um™") Experimental CA Predicted CA &(%)
1 1 1 8 0 0 0.360 65.1 62.7 3.67
2 1 2 12 10 0 0.403 75.82 77.14 1.74
3 1 2 15 15 0 0.405 84.79 87.10 2.72
4 1 3 22 14 5 0.433 97.18 95.41 2.14
5 1 3 17 30 6 0.488 113.2 110.57 232
6 2 1 8 0 0 0.360 87.78 90.80 3.42
(a) (b)
20 —smooth 16 4 18,2 W Smooth
. _ g Level-1
16 Lavekz X 12.4 lLevel2
. c 12 A Level-3
X —Level-3, 2
g 12 A é 10 4
=] v 8
s g
& g ° 1
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Fig. 10 Reflection spectra: (a) percent reflection of light by smooth and 3-level surfaces in the wave-
length range of 350-800 nm and (b) average reflection in different wavelength ranges
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the Level-2 and Level-3 surfaces, thereby resulting in stronger anti-
reflection properties compared with the Level-1 surface and the
smooth surface. The results agree well with the findings in the
work presented by Schulte et al. [16] and Ahn et al. [53]. It also indi-
cates the feasibility of the proposed 3-level hierarchical surface
structure design for tuning different functionalities, including wett-
ability and antireflection functions.

5 Conclusion

In this paper, inspired by many natural surfaces with cone,
cuticle, and wrinkle structures, we proposed a 3-level hierarchical
surface structure design. The SA/V ratio for each level was
modeled, and geometric designs were mathematically defined. A
TPP technology was investigated for fabricating the proposed
surface structures. The manufacturing geometric error caused by
the voxel-by-voxel printing mechanism of the TPP process was
modeled. In addition, a process flowchart was developed to identify
the optimal design parameter settings of the proposed 3-level hier-
archical structures based on the target functionality, desired SA/V
ratio, and printing geometric error. Surfaces with hierarchical struc-
tures were designed using the flowchart and fabricated by the TPP
process. SEM imaging technique was used to experimentally
observe and measure the printed surfaces. It was worth noting
that the observed feature sizes in all sample surfaces agreed well
with the digital model designs. The printed structures showed well-
defined defect-free features and hierarchical geometries with a high
degree of printing accuracy.

To demonstrate the potential applications of the proposed hierar-
chical surface structures, the influence of the surface structure hierar-
chy and SA/V ratio on the wettability and antireflection properties
was investigated. It was found that the proposed hierarchical
surface structure design could effectively reduce the wettability and
could even change a naturally hydrophilic surface to a near-
superhydrophobic surface. Besides, the proposed hierarchical
surface structures can effectively work as strong geometrical light
trapping structures and hence significantly enhance the antireflection
property. By adjusting the surface structure design parameter settings,
the antireflection property could be tuned within a wide wavelength
range of 350-800 nm. Compared with the smooth surface reference,
an antireflection enhancement of >80% was observed in the Level-3
hierarchically structured surface sample. The results indicated that by
using our proposed design and process planning approach, surface
structures with a wide range of functionalities can be produced.

Although TPP provides a relatively efficient method to fabricate
the proposed hierarchical surface structures, its material choice is
limited. Only a few photosensitive resins are printable by TPP
process. Limited by the material properties of the TPP printable
resins, the nano/micro-structured surfaces printed by TPP could not
withstand large mechanical forces and thus may have limited life
time, especially for applications in harsh environments. Various
approaches have been proposed to protect nano/micro-structured sur-
faces. For example, protective coatings that possess high friction
coefficient were shown to be effective for increasing the wear life
of microstructures [54,55]. Besides, successful manufacturing of
fiber/particle-reinforced polymer composites with TPP processes
have been reported in literature [37,56-58]. With functional com-
posites as feedstock for TPP, productions of hierarchically nano/
micro-structured surfaces with a wider range of programmable func-
tionalities and superior mechanical properties would be possible.

To conclude, we believe that this study could help design and
engineering of biomimic hierarchical surface structures and
promote inventions of novel substrates for various applications,
including microfluidics, energy, optics, and interface. Future work
could extend the proposed hierarchically structured surface design
to multi-material hierarchically structured surfaces (e.g., comprising
both soft and hard materials), by utilizing multi-material manufac-
turing approaches which can fabricate parts with spatially varied
material compositions, for a wider range of advanced applications.
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