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Abstract

Functional surfaces have proven their potential to solve many engineering ptoblems,-attracting great interest among
the scientific community. Bio-inspired multi-hierarchical micro-structures grant the surfaces with new properties, such
as hydrophobicity, adhesion, unique optical properties and so on. The geometry and fabrication of these surfaces are
still under research. In this study, the feasibility of using direct fabrication of microscale features by Additive
Manufacturing (AM) processes was investigated. The investigation was carried out using a specifically designed vat
photopolymerization AM machine-tool suitable for precision manufacturing atthe micro dimensional scale which has
previously been developed, built and validated at the Technical University of Denmark. It was shown that it was
possible to replicate a simplified surface inspired by the Tokay gecko,,the geometry was previously designed and
replicated by a complex multi-step micromanufacturing method extracted from the literature and used as benchmark.
Ultimately, the smallest printed features were analyzed by conducting a sensitivity analysis to obtain the righteous
parameters in terms of layer thickness and exposure time. Moreover, two more intricate designs were fabricated with
the same parameters to assess the surfaces functionality\by its wettability. The surface with increased density and
decreased feature size showed a water contact anglex(CA) of 124°+0.10°, agreeing with the Cassie-Baxter model.
These results indicate the possibility of using ptecision AM for a rapid, easy and reliable fabrication method for
functional surfaces.

Keywords: Additive Manufacturing, ‘Functional surfaces, Biological features, Micro manufacturing, Polymer
components, Biomimetics

1. Introduction

Biological organisms have been a\source of inspiration to the scientific community due to its
outstanding capabilities to survive'and to adapt to the environment [1], [2]. Most of the talents
found in nature e.g. the superhydrophobicity of the lotus leaf or the dry adhesion found in gecko
toes, are traced to be dueto thenano-and microstructures of surfaces acting as an interface between
environment and specimen [3]. This type of features is used in wall climbing robots[4], grippers
for other robotics applications [S], hydrophobic shells for hearing aid etc. These so-called
functional surfaces are often artificially manufactured by virtue of nanotechnology to create
technologically/advanced products [6] (e.g. water repellent textiles inspired by the lotus leaf [7],
dry adhesive textile and tape with gecko toe pad mechanism as inspiration [8]). Although
successfully manufactured, these products can be prohibitively expensive to produce and far from
mass_production [9]. Moreover, there is still need for further understanding all the factors involved
in the functionality of different surfaces (i.e. chemistry, hierarchical assembly, topography and
complementary subsurface) and how they interact [10].
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A popular example of bio inspiration is the Tokay gecko. This animal has the unique ability to
cling to most of surfaces—smooth, rough, vertical or even upside down [11]. This dry adhesionis
achieved through Van der Walls forces [12]. If looked closely, the toe pads are covered by a
patterned 400-600 pum thickness flaps (i.e. lamellae), each of which formed bysan array of hundreds
of micro hairs or setae of 3-5 um thick and 30-130 um long, which terminates in asubdivision of
100-1000 nanoscale spatulae (~200 nm) [10], [13], [14]. Each setae generates an average of 40-
400 uN adhesive force [15] (depending on the amount of spatulae per seta) with.an adhesive force
of ~10 nN per spatulae [14], leading to an adhesion of approximate 10N pér 100 mm? of pad area
[13].

Aside from adhesion, geckos are known for their versatile functionalities. Autumn et al. reported
in 2002 superhydrophobicity with water contact angles in thewrange of 160° [12]. This
superhydrophobicity grants geckos with a self-cleaning mechanism, ‘another attractive feature
sought in engineering materials [16]. This wetting behaviour.also presents the opposite regime
where the toe pad is soaked in water, hence the surface switches to.a'superhydrophilic state [17].
This paradoxical phenomena of two opposite regimes with the same surface (aside from self-
healing) is found to be an important limitation when freproducing gecko surfaces. The current
literature reports rather successful gecko tapes; nevertheless, their performance ultimately depends
on the environmental conditions. Geckos, in turn, adapt and.maintain their functions given various
environments [18], [19]. The consolidation of multifunctionalities found in geckos, such as
adhesive strength and hydrophobicity/self-cleaning; led researchers to scrutinize these lizards and
come up with state-of-the-art manufacturing methods, to ultimately create exceptional adhesives
in the near future [6].

1.1. Scope and Aim

Subtractive manufacturing methody such as micro milling process has been utilized for several
decades due to the flexibility and/efficiency of the method for fabrication of 3D micro features for
different materials [20][21]. A study investigated fabrication of microfluidic devices using micro
milling process. Due to the compatibility for biology applications plastic material was used as a
workpiece [22]. Another study micromachined drug delivery structures with 30 um x 30 pm
dimensions on metal orpolymeric material [23]. However due to the complexity of the features
this method is not very popular for the biological manufacturing method.

The most conventional strategies to fabricate hierarchical structures are photolithography, soft
lithography, or a combination of both [24]—-[26]. Soft-lithography based approaches are the most
common, specially replicaimoulding (REM) [26], [27]. REM counteracts the restrictions found in
photolithography [28], it is cost-effective, less time-consuming, material versatile and allows 2%2D
geometries [29], [30]. Nonetheless, in REM a master mask is needed; therefore, if a variety of
geometries are reproduced, the process becomes notably arduous and laborious.

Brodoceanu et al. [24] analyzed a compilation of micromanufacturing processes for hierarchical
gecko-inspired functional surfaces, highlighting the achievements by means of adhesive forces and
superhydrophobicity, and challenges (e.g. fiber buckling) encountered. The core of this study was
toidentify polymer-based microfabrication strategies, for structural geometries (non-fiber based
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methods) and their drawbacks. Accordingly, additive manufacturing with| ‘a_ vat
photopolymerization process [31], commonly known as Digital Light Processing (DLP).based 3D
printing, it is suggested to efficiently fabricate functional surfaces. Since the focus of this study
aims the feasibility of the manufacturing method, instead of an adhesion test)(which requires an
intricate setup), the samples validation will be executed by microscope observations and water
contact angle (WCA) tests.

Table 1 summarizes some manufacturing strategies in literature [24].°The first one,
Photolithography and soft lithography [32], is a conventional photolithography and soft
lithography combination. The following, 3D Direct Laser Writing [33], zepresents a more novel
approach by using two-photon polymerization (2PP), where a photeresist is polymerized locally,
allowing more intricate geometries 2PP technique allows fabrication'of prototypes with arbitrary
geometries and nanoscale resolution by using proper processing parameters, 2PP can fabricate
feature sizes of less than 100 nm and beyond the diffraction limit of light[22] [34]. Another study
investigate hydrated structures of lateral linewidth down to 0.5 pmwith 2PP method and indicated
to a few pum lateral and axial resolution [35]. Dip-transfer [36]3is another method combines a 3D
printed mould to create mushroom-shaped PU pillars, dipping them in PU and placed on an etched
mould to create the second (and smaller) hairs. Somestechniques were also applied for fabrication
of micro features, Milionis et al. [37] investigated different' manufacturing approaches to create
water-repellency and functionalize the surfaces of 3-D printed heat exchangers fabricated from
acrylonitrile butadiene styrene (ABS). The structures were printed linear with a commercial Fused
Deposition Modeling (FDM) 3D printer with the resolution about 100 um. The printed materials
had the form of miniature heat exchangers withreontinuous and interrupted fins. The wet chemical
pretreatment, followed by fluorocarbon layer deposition and a rubber coating material were
employed for coating the printed parts. The significant improvement of the coatings were found to
the performance of the heat exchangers in terms of increased water drainage. The
superhydrophobic coatings was evaluated in different studies and reveals to reduce adhesion with
low surface energy chemistry and.nano/micro roughness [38].

Feng et al. [39] studied fabricating macroscopic hierarchical superhydrophobic surfaces using
dual-scale Electron-Beam Lithography (EBL) on epoxy (SUS8). The primary structures were
fabricated in 10 pum x 10" pum square blocks spaced 10 pm apart and secondary-features with periods
ranging from 200 nmsto 500/hm. The superhydrophobic surfaces fabricated by EBL exhibit
distinctive wetting behaviors, high and low adhesion. The moulding of sub-um structures surfaces
with polymer films were studied in [40]. The process chain to realize polymer micro structures
investigated fof manufacturing lotus structures. Different parts were fabricated with the constant
pitch of the micro-structured pattern but various diameter and the thickness of the separating walls.
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Tab. 1 Microfabrication manufacturing strategies.

Strategy Material — Resolution  Method steps

1) Coating photoresist, soft bake and.masked

Photolithography and irradiation (repeat for the second hierarchical

soft lithography [32] L PMS <05 um level).

2) Development, soft molding and demolding.

1) SU-8 coating and soft bake.
3D Direct Laser IP-G 780 100 2) {)P;ig ;%O_ éilspensmg, soft bake and post-exposure
Writing [33] photoresist ’

3) Exposure by multi-photon absorption and
development.

1) 3D printed molded base.pillars dipped in PU layer.

2) Pillars placed onto an etched.Si mould for second
level hairs.

3) PU cured and Sidmould etched/away.

Dip-transfer [36] PU <250 nm

After analyzing these (among others) approaches, it was concluded that an in-depth expertise and
training for these specific micro and nano manufacturing approaches is needed. Clean rooms,
limited geometries, material, time and a considerable’ameunt of investment to reproduce bio-
inspired surfaces can be added to the strict list of requirements and limitations [41]. Furthermore,
since the working principle of the gecko toes (or other functional surfaces) are not fully understood
[6], the surface designs and approaches are subjected to.an iterative process which increases even
more the costs of the processes. These concerns established the motivation to tackle them by using
vat-polymerization as a cost-effective approach to fabricate functional surfaces, allowing the
fabrication of a wider range of geometrical functional surfaces in much less time (one hour per
part), and rather simple process than using an elaborated micromanufacturing process.

This study investigates the performance of a DLP AM machine for fabrication of functional
surfaces with micro feature size in-different geometries. In this article, firstly, the AM technology
used for the experiment is defined. Afterward, the proper printing parameters setting and post
processing method are selected.. Thenithe test parts for the study are described and the measurement
procedure is briefly explained./Finally the results are presented and conclusions are withdrawn.

2. Methodology
2.1. AM Vat Photopolymerization Method

The principle ofivat photopolymerization is that of a liquid photopolymer resin that is contained
in a shallow vat. By mask projection in the ultraviolet spectrum, geometries and features are
fabricated through.selective photo-initiated crosslinking of the resin [42], [43] to form solid matter,
following a layered fabrication method [31], [44]. The applied method employs a DLP based video
projector that contains a micro-opto-electro-mechanical mirror array, a Digital Micromirror
Device (DMD), to modulate a collimated UV light source, which is subsequently focused to an
imaging plane placed on the bottom surface of a transparent vat. In Fig. 1 the schematic of the
process is shown. The desired geometry is built up layer by layer by modulating image masks
corresponding to a sliced representation of the fabricated geometry as the vertical stage of the
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machine, and thus the workpiece is moved upwards layer by layer. The image for each layer is
projected over the whole surface with UV light based on the layer shape. This method of vat
photopolymerization is an evolution of stereolithography [31] which allows for more control on
the process. Consequently, uniform layer thickness are achieved [45], [46].

fz)
BU|Id|ng plate FR !
-
SupporT
\hmcferial Cured part
( vat ) ' = |_IO|UIO| resin

[Tronsporem bot‘rom xH(Prolector]

Fig. 1 Schematic representation of the DLP vat polymerization process, in a bottom-up
configuration!

2.2. Micro Vat Photopolymerization Process Chain

Manufacturing by vat photopolymerization is ajprocess'chain that involves three main stages. The
additive manufacture of part, the post-print-cleaning of the part and the post-print curing of the
part in order to ensure that no residual uneured resin is left on the manufactured components. The
protocol for these are as follows.

2.2.1. Additive Manufacturing

A series of test parts to replicate the functional surface of the Tokay gecko feet were produced on
an experimental photopolymerization'machine-tool for precision AM. The resolution of the build-
stage in the vertical direction is 0.4 wm. The projection mask pixel spacing is 7.6 um in the image
plane, which dictate that.any feature will be resolved to a 7.6 um pixel grid in the image plane and
with a height corresponding;to the layer height of the machine. The experimental machine-tool has
been engineered, builtand validated at the AM Laboratory of the Technical University of Denmark
[45] as can be seen'in Fig.2. The light engine of the machine tool is based on a LUXBEAM RS
WQ WOXGA projectorand equipped Projection Lens LRS-10 P/N 6501980 with x1 magnification
[47]. This projector, has a DMD with a 2560 x 1600px array and an image plane size
20.736 x 11.664 mm(7.56 pm pitch). The vertical stage of the machine tool are based upon GTen
spindles with zero backlash couplings and an error of e300 = £8 um. The machine employs ISEL
LFS-12-10 precision steel shaft guide rails with pillow blocks and the vertical stage assembly is
resolved int6:0:4 um increments at the encoded positioning accuracy limit. The repeatability of the
AM process 1is critical in order to fabricate micro features with constant manufacturing quality,
thus finding optimal parameters are imperative for a stable process. The photopolymer used for
the manufacture is a proprietary methacrylate and acrylamide monomer/oligomer blend, photo
1pitiated by a titanium dioxide based photoinitiator.
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Based on prior experiments [48], carried out for characterization of micro parts produced by AM
processes by using the same AM method, a simple 22 full factorial design of experiment:DOE was
carried out. The effects of the layer thickness and exposure time on the final quality were
investigated. The selected exposure time was applied for each single layer during printing. Table 2
shows the experimental conditions for each level (D1 refers to the first design as shown ,in
Fig.3 (b)). The light intensity used during experiments equates to a radiant flux of,1.75 mW
distributed over the imaging plane.

(b)
Fig. 2 (a) Experimental set-up'DLP.3D printer and (b) build plate close-up.

Tab. 2 Experimental conditions of D1.

Parameters Level I  Level 2
Layer thickness um 15 18
Exposute time S 3.5 4

2.2.2. Post-processing

The post-processing of the manufactured features consists of two steps (1) cleaning and (2) post-
curing. The printed sample/is carefully released from the build plate, still covered with liquid resin.
To remove th¢ excess resinfrom the sample, isopropanol was used for cleaning, followed by an
ultrasonic cleaning (8 minutes cycle). Afterwards, the samples were air-dried by a controlled air
jet of pressurized air flow over the micro-features, removing any remaining resin, particles and
solvent residues. Finally, the parts are cured in a flood-light based post curing unit for 30 minutes
with awdiffuse’UV light with an irradiant flux density of 300 W/m?. This ensures that no reactive
resin residue is left on the samples, and optimal mechanical properties are achieved.

3. Sample designs and measurements

3:1. Gecko-inspired surface design

Page 6 of 17



Page 7 of 17

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JMM-103368.R2

The Tokay gecko-inspired surfaces were designed in three morphologies, mimicking the:multi-
scale features seen on the lamella of the gecko’s feet. In this study, the first design«(D1) was
extracted from the work of Murphy et al. [36], using the same dimensions reported in this work.
The goal was to achieve the same geometrical shape and magnitude, usingea simplet.approach.
Fig.3 (a) details the top and side views, containing mushroom shaped hairs (smallest features),
each with a top diameter of 110 um and neck of 50 pum. The hairs are spaced 160 um apart in
center to center distance. Nine hairs were placed on a bigger mushroom shaped pillars, forming
and array of pillars covering an area of 18 mm x 12 mm. Once D1 was suecessfully manufactured,
two new surfaces were designed (D2 and D3), conceived from the foot of the Tokay gecko in
addition to be designed to be more complex-shaped as it is manufacturedithrough AM process.
(Fig.3 (c) and (d)).

ProT ‘-‘;l o&o‘l‘ DETAILC gk 1 r W .
[ 3 SCALE 2011 Y
| et
[ ﬁiii b :g,— s o0s
18 z::a:ii::ﬁiii 0,16 0,725

DETAIL B
SCALE 100:1

DETAILA

(@) (b)

Fig. 3 Bio-inspired featuresidesign (a) top and side views (dimensions in mm). Isometric views
of (b) D1 (c) D2 (d) D3.

3.2. Geometrical' measurements

Measurements were conducted by means of an Alicona Infinite Focus 3D microscope that is
maintained_calibrated by the Metrology Group at the Technical University of Denmark. The
measurement procedure consisted in a stratified sampling, where each sample surface was divided
in 9 regions, each region subjected to a randomized sampling. Using this approach, the dimensional
representativeness is improved reducing error.

Two eptical magnifications were applied, 10X for the pillars and 20X for smaller hair structures.
Greater attention was placed on the measurement of the smaller hairs as this is where features
reach a critically small size and it is more challenging to fabricate the features in this scale. The
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fabrication of bigger structure is straightforward but in this study to push the limit of the AM
machine the hair structures are evaluated. Fig. 4 shows the acquisition of first design features. Due
to the top light exposure on the features measurement, undercuts were not detected.

A scanning probe image-processing software (SPIP) was employed for the data analyticsyBefore
measurement extraction, each image was levelled and calibrated to minimize measurement errors.
Additionally, a scanning electron microscope (SEM) was used for observation.of the samples. Due
to the non-conductivity of the polymeric material, a layer of carbon (5-10 nmythickness) was
deposited onto the samples prior to SEM imaging.

¥ Range: 542um

Fig. 4 Acquisition of tips taken,by Alicena (20X magnification).

3.3. Water contact angle (WCA) measurements

An efficient procedure to test whether the structured surface exhibits the same functionalities,
found in the surfaces with multi-hierarchical micro structures a wettability test was conduct [16].
Water contact angle measurements (WCA) are often used to characterize the wettability of a solid
surface. Based on how the water drop interacts with a solid surface, the surface can be categorized
as hydrophilic, hydrophobic,.everhydrophobic and superhydrophobic surface [49] [50], Fig. 5
represents the four mentioned wetting regimes.

-0

Y
0?<B6<90° 90° <6< 120° 120° < B < 150° 6 > 150°
Hydrophilic surface Hydrophobic surface Overhydrophobic Superhydrophobic

surface surface

Fig. § Wetting regimes for different contact angles. The superhydrophobic state is found to be
from 150°.
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The hydrophobicity of the manufactured surfaces was measured using a contact angle goniemeter
(Ramé-hart Instrument co. Model 200, USA), using the sessile drop technique [51] whereithe water
contact angles (WCA) were measured. A 5 uL droplet of ultra-pure water Mili-Q™ was suspended
over each sample, letting the water rest for one minute. After the droplet is stabilized, alight source
illuminates the droplet from behind. In total, 30 droplets per sample were measured: A flat surface
(of the same material) was also included in the measurements for control and comparison,purposes.

4. Results
4.1. Surface samples result

The experimental parameters reflected that the hairs (small second-level features) diameter were
affected by the exposure time (ET) and layer thickness (LT). Fig. 6 shows the measured diameter
in a box-plot. Samples with lower LT (D1_1 and D1_3) presentedfeatures with clear signs of over-
exposure; on the other hand, sample D1_2 with lower ET presented underexposed features. Sample
D1_4, with higher ET and LT, not only had near-to-nominal (110 um) diameter, it also showed
the highest resolution.

m D1 1 Y ®'®

150 4 IT: 15 um | Skl
ET:3.5s

mD12

........... 110
=Dl 3
LT: 15 pm
ET:4s

Diameter [um]

100

D1_1 D12 D1_3 D1_4
Sample ID

Fig. 6 Box-plot of DIrhair diameters with different process parameters. Sample D1_4 showed
values closer to the nominal value (110 um) at a LT 18 pm and ET 4s.

Fig. 7 shows SEM,images of sample D1_4. As it can be seen in Fig. 7 (a) left, the array of pillars
and hairs were successfully printed with straight and regular features. Fig. 7 (a) right, shows a
close-up of one pillat where each of the 18 um layers can be distinguished. The influence of post-
cleaning protocol greatly affected features separation. Fig.7(c) presents the residual resin between
pillars which was not properly dissolved by the solvent used for post-cleaning. Fig. 8 with higher
magnification of pillar and hairs shows the clear defined pixels projected from the DMD.
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Fig. 7 SEM images of sample D1_4. (a) Left: Array of micto-pillars, right: Single pillar with
visible 18 um layer thickness. (b) Top view of pillars with visible:pixel-formation perimeter.
(c) Merged pillars due to the inadequate post-¢leaning process.

Fig. 8 Top view of a pillar; clear and distinguishable pixels show the high resolution obtained
(a) Selected area of pillar edge and (b) Selected area of hair at higher magnification.

Besides the experimental investigations, a DOE analysis was carried out to illustrate the
contributions of different parameters on the printing quality. Fig. 9 presents the interaction and the
main effect plots on the hair diameter. The layer thickness was observed as an influential factor
rather than‘€xposure time. As shown in the main effect plot by increasing the layer thickness to 18
um smaller diameter was measured, near to the nominal CAD geometry. The determination of the
P-value, or prebability value, of ANOVA with 95% confidence interval was calculated. The P-
values are\as follows for different factors and combination, the exposure time 0.244, layer
thickness 0.023 and exposure time * layer thickness 0.048. The P-values less than 0.05 was
considered as significant factor and had important influence on the responses.
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Main Effects Plot for Hair diameter [um] Interaction Plot for Hair diameter [um]
Data Means Data Means
Layer thickness [um] Exposure time [s] 5 18
116
15
14 [l
L] 10
nz
Exposure time [s] 05
o 00
E 108 . ' 4
=
1% 15
104 m L]
102 L Layer thickness [um]
00
100
95
15 18 35 4.0 35 40
(a) (b)

Fig. 9 (a) Main effects plot of hair diameter (b) Interaction plot of hair diameter

Exposure

time s}
- 35
" 40

Layer
thickness
[um]

5

Using the same parameters from sample D1_4, where the best results were achieved, the other
designs D2 (Fig. 10) and D3 (Fig. 11) were fabricated. Unlike. D1, where all the micro features
were differentiated, the surface quality was diminished, This was traced due to number of reasons
such as different sample designs (smaller’ nominal 'dimensions and higher feature density),
optimization process, and cleaning process. The.optimization procedure for printing parameters
carried out for the first design with bigger features (the mushroom shape with 100 um diameter
and 50 pum neck diameter) where D2 had-ahair diameter of 50 um with rounded hair-ends, and D3
had hair-ends (also rounded) of 7.6 pm. In the post:processing the same procedure was applied for
D2 and D3 however, with smaller features and less distance between them. Consequently, it was
more challenging to remove the'leftover resin, thus sample D3 had all the hairs completely merged

due to excessive density and small-size of the micro features.
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Fig. 10 D2 SEM images (a) and (b) Side views of the micro features. (c) Top view of one of the
hairs. (d) Top'view of one tip.

Fig. 11 D3'SEM images (a) Side view of the micro features. (b) Top view the tips.

4.2. Wetting Properties

The WCA of the three different designs can be seen in Fig. 12. All the designs presented a certain
degree.of hydrophobicity, the results are presented with their final averaged value and standard
deviation. D1 (from the literature [36]), is the surface with lowest WCA, 90°+2°, which is in the
lower, limit of hydrophobicity. By increasing the hair density and complexity, higher
hydrophobicity was obtained. D2 presents overhydrophobicity with a mean WCA of 124°+3°, and
D3resulted a slightly lower hydrophobicity of 116°+4°.
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24 Fig. 12 Water contact angles on gecko-inspired-designs. Sample D2 showed the highest

;2 hydrophobicity (1 24°£3°).

27 These results are in agreement with the Cassie-Baxter equation[50] [52], which defines the contact
;g angle for a liquid drop in a heterogeneous surface where’'one component is air (gaps between micro
30 features) and the other component is the sample material,

g; cos6, =\f;cos8 — (1 —f5)

gi where @ and 6, are the WCA on smooth and texturized surfaces respectively, and fs is the area
35 fraction of the hierarchical surface. According to Cassie-Baxter model, as the area fraction
36 decreases, the WCA is increased. As seen in the SEM images, D2 had features of 30 um
37 (Fig. 10 (d)), in contrast, D1 had a diameter of 100 um (Fig 7 (a)) and D3 had merged features of
gg around 50 um altogether, as seen in\Fig. 11 (b). Hence, the results presented a coherent agreement
40 with the theory, where,smaller.and‘denser features achieve higher hydrophobicity levels.

2; 5. Conclusion

22 In conclusion, the, Tokay gecko (multi-hierarchical surface) has been proven to be directly
45 manufacturable by photopolymer based AM method. This is a simpler and less time consuming
46 process chain than previoussmethods used for manufacturing of similar surfaces. The samples tests
47 were Tokay gecko-inspired test part with simplified micro designs features. After a process
23 optimization, the samples printed were within a +9 um tolerance range from the nominal values of
50 the CAD model, this is supported by the measurement of the circular hair features. In addition, a
51 wettability test was carried out revealing high hydrophobicity of the surfaces due to the higher
52 density of the features. The results of this study prove the possibility of 3D printed bio-surfaces
g i whichymay become commercially viable in the near future. The improvements to the DLP
55 machine, material and removal of error sources, would likely be possible to reach the minimum
56 theoretical feature size, or even sub-pixel resolution by DMD manipulation. Hence, further
57

58

59
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investigation ought to be directed to achieving a better alignment between DLP technology and
the small scale printing of complex bio-inspired surfaces.
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