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Abstract 

 

Micro/nano-hierarchical structures are the building blocks of textured functional surfaces. 

Having control over the 3D shapes of these building blocks will lead to better control over their 

friction and deformation when in contact with other surfaces, paving the way for better-engineered 

surfaces. In this study, a high-resolution two-photon lithography additive manufacturing technique 

was utilized to produce micro/nano-hierarchical structures composed of nanohairs on top of 

micropillars. Varying the tapering angle of the micropillar and the length of the nanohairs enabled 

control over the effective stiffness of the micro/nano-hierarchical structures. Individual 

micro/nano-hierarchical structures were subjected to normal and tangential loading inside a 

scanning electron microscope, which enabled in-situ monitoring of the structural deformation in 

addition to their frictional response. This study revealed that changes in the structure stiffness by 

varying the tapering angle resulted in changes in the onset of sliding motion, friction force, and 

coupling between the deformation of the nanohair and the micropillar, thereby providing a new 

direction for friction and deformation control by tailoring structure stiffness through 3D printing. 

 

Keywords: Two-photon lithography; Structural stiffness; In-situ SEM tribology; Buckling; 

Hydrophobicity 
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1. Introduction 

The ability to engineer interactions between surfaces has been gaining increasing 

importance. This is because such capability has enabled the development of surfaces with a wide 

variety of tailored functionalities, such as friction reduction [1–3] or enhancement [4–7], surface 

wettability manipulation [8–11], structural color generation [12,13], and even cell culture 

manipulation [14–16]. One of the main routes to achieving and manipulating surface 

functionalities is to introduce micro/nano-hierarchical structures to surfaces. This has been 

inspired by nature [17], whereby depending on the surface functionality, the micro and nano 

structures play distinct roles in achieving that functionality [18]. 

Examples of such natural surfaces are found in adhesive gecko feet that have microscale 

structures known as seta that branch off into nanoscale projections known as spatulae [19], 

butterfly wings with structural color and directional adhesion that consist of micro-ribs with 

nanoridges [20], rose petals with high water adhesion which are made up of micropapillae covered 

with nanofolds [21], and superhydrophobic lotus leaves that have micro/nano-hierarchical textures 

made up of micropapillae covered with nanohairs [22].  

The development of superhydrophobic surfaces inspired by lotus leaves, in particular, has 

attracted much attention due to their potential for self-cleaning [23], open microfluidics [24], 

oil/water separation [25], and buoyancy applications [26]. Since micro/nano-structures, such as 

lotus leaf-like surfaces, can reduce the real area of contact between surfaces and thus reduce the 

friction between them, they have also been studied for friction reduction [27]. Therefore, it is 

important to have control over the frictional responses of micro/nano-textured surfaces to enable 

new applications. For example, microelectromechanical systems (MEMS) suffer from high 
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adhesion and friction between rubbing surfaces [28–30]. Having lotus leaf-like superhydrophobic 

surfaces not only could reduce meniscus-mediated adhesion but also enable sliding motion by 

reducing friction.  

Even when the primary functionalities of the micro/nano-hierarchies are not concerned 

with their friction, surface topography directly determines its deformation properties under shear 

force, which affects the texture durability. For example, the high aspect ratio structures needed for 

superhydrophobicity are susceptible to structural deformation, which has been a hurdle that 

prevents their widespread application [31,32]. More control over frictional interactions between 

textured interfaces can provide solutions to some of the inherent limitations of textures. 

Small-scale structures such as microstructures, nanostructures, and micro/nano-

hierarchical structures are the building blocks of textured surfaces. Having control over their 

precise fabrication and testing will enable a better understanding of their mechanical behavior. 

This will lead to better-engineered textured surfaces that will not only overcome their inherent 

limitations but also allow the conception of novel surfaces, components, and applications. 

So far, only a limited number of studies have explored the potential of 3D modifications 

of surface micro/nano-structures [33–35]. The advancements in small-scale 3D printing methods 

with micro/nano-scale resolution [36–38], such as two-photon lithography (TPL) [39], laser-

induced forward transfer [40], and electrohydrodynamic inkjet printing [41], enabled new 

opportunities to study and engineer micro/nano-hierarchical structures for controlling friction.  

In this study, the frictional and deformation behavior of 3D micro/nano-hierarchical 

structures inspired by lotus leaves were systematically studied to understand how they are affected 

by the texture structural stiffness. Lotus leaf-inspired structures were chosen due to their 
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hydrophobicity which can reduce adhesion force in MEMS applications in addition to reducing 

friction in sliding contact. TPL was selected to fabricate the structures due to its simplicity and 

versatility. Micropillars with three different base dimensions (small-base, medium-base, and large-

base) covered with nanohairs of different lengths (no-hair, short-hair, and long-hair) were 

fabricated, resulting in a combination of nine structures with different structural stiffness.  

A major challenge in understanding how 3D shapes of the structures affect their 

deformation when subject to normal and tangential loading has been the lack of in-situ observation. 

In this study, we subjected individual micro/nano-hierarchical structures to normal and tangential 

loading inside a scanning electron microscope (SEM), which enabled in-situ monitoring of the 

structural deformation in addition to their frictional force response. This resulted in not only 

discoveries in the relationships between the stiffness of the structures and their frictional force and 

deformation response but also new insights into the effects of modifying the 3D shapes of the 

structures on the onset of relative motion.  

2. Materials and methods   

2.1 Sample fabrication 

A two-photon lithography (TPL) machine that is commercially available (Photonic 

Professional GT, Nanoscribe GmbH) was used for additive manufacturing of the micro/nano-

structures. In TPL, tight focusing of the laser into a very small volume within the photoresist 

enables curing of the volume (known as voxel) due to two-photon absorption [39], resulting in the 

high resolution of this technique. For the structures in this study, CAD models of micropillars with 

three different base dimensions were imported into the software Describe (Nanoscribe GmbH) for 

slicing. The micropillars were printed using the ‘continuous mode’ as shown in Fig. 1a.i, whereby 
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the voxel was scanned continuously along the printing path within the same layer using the galvo 

scanning mirrors, curing the IP-DIP photoresist (Nanoscribe GmbH). To print the next layer, the 

piezo stage moved in the direction of the height of the structure at a slicing distance of 1 µm. To 

form the nanohairs, individual voxels were placed on top of the printed micropillars as shown in 

Fig. 1a.ii. Different lengths of nanohair were achieved by programming the individual voxels to 

be placed at different “z-offset” values relative to the top layer of the micropillar. Fig. 1b shows 

the combination of three micropillar base dimensions and three nanohair lengths resulting in 9 

unique structure types with the exact dimensions described in Section 3.1. 

To accelerate the sample fabrication process, replication of the 3D printed structures was 

carried out using soft lithography. To make the mold for soft lithography, parts A and B of 

SYLGARD 184 polydimethylsiloxane (PDMS, Dow Inc.) were mixed (10:1 ratio) and poured on 

the 3D-printed master and cured overnight at 55 °C in an oven. After curing, the mold was 

separated from the master. To replicate the samples, the PDMS mold and a glass substrate were 

used to sandwich the IP-DIP photoresist using a 1 kg mass under UV light (BlueWave 200, Dymax 

Corp.) for 800 s (600 s through the PDMS mold and then 200 s after removal of the mold) at a 

power density of 300 mW/cm2.  

The printed masters and replicated surfaces were silanized using vaporized 

Perfluorodecyltrichlorosilane (FDTS, Sigma-Aldrich Co.). This was done to facilitate detachment 

of the cured PDMS mold from the printed masters by preventing the structures from adhering to 

the mold and making the replicated surfaces hydrophobic. Before silanizing the surfaces by placing 

them together with FDTS droplets inside a vacuum chamber, surfaces were treated with oxygen 

plasma (PE25, Plasma Etch Inc.) for a duration of 20 s at a power of 150 W and a pressure of 200 

mTorr.  
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2.2 Tribological testing of micro/nano-hierarchical structures inside an SEM 

The samples containing the micro/nano-hierarchical structures were mounted on a 

Picoindenter (PI-88, Bruker) that has both lateral and normal force sensors. The Picoindenter was 

then placed inside a VEGA3 SEM (TESCAN OSRAY HOLDING, a.s.) and the tribological testing 

was carried out on individual micro/nano-structures. Fig. 1c shows a schematic view of the testing. 

A flat-ended conical tip (10 µm diameter at the flat end) was used as the counterface to subject a 

structure to an applied normal load (downward arrow) and relative lateral movement (leftward and 

rightward arrows). The structures were subjected to one cycle of tribological testing that included 

a 5 µm forward stroke and a 5 µm backward stroke at a speed of 1 µm/s. It should be noted that 

the lateral motion was provided by the piezo stage on which the samples were mounted. The 

horizontal arrows shown in Fig. 1 and the rest of the paper represent the relative motion of the 

probe to the sample. Fig. 1d illustrates examples of the in-situ SEM views of the structures while 

being tested and showcases the direct monitoring of deformation in the structures as they were 

subjected to normal and tangential loading.  Humidity was negligible as the tests were conducted 

inside a high vacuum SEM chamber. Five repeat tests were conducted on five unique structures of 

each hierarchy type. Results are presented as mean ± standard error. 
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Fig. 1. Fabrication and testing of micro/nano-hierarchical structures: (a) two-photon lithography of micro/nano-

hierarchical structures, (b) different structure types as a result of the combination of different micropillar base 

dimensions (small-base, medium-base, large-base) and nanohair lengths (long-hair, short-hair, no-hair), (c) schematic 

view of in-situ SEM testing of a structure subjected to normal and tangential loading, and (d) examples of SEM views 

of the structures being tested showcasing the ability of the method to observe the deformation of structures (scale bars: 

5 µm).  

2.3 Water contact angle (WCA) measurement 

The WCAs of the textured surfaces were measured using an OCA 15 contact angle 

goniometer (DataPhysics Instruments GmbH, Germany). Water droplets of 9 µL in volume were 

deposited on the textured surfaces for the measurement of the static WCAs. This large droplet 

volume was chosen since smaller droplets could not be placed on textured surfaces with long-hair 

structures because of their superhydrophobicity. To calculate the contact angle hysteresis, 

advancing and receding WCAs were recorded by measuring the WCA while increasing 

(advancing) and decreasing (receding) the volume of the water droplet deposited on the surface. 
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WCA was measured on three samples, and the measurements were repeated three times on each 

sample. Results are presented as mean ± standard error. 

2.4 Microscopy and imaging 

VK-X260K 3D laser scanning confocal microscope (Keyence Corp.) was utilized for 

measuring the fabricated structures. VEGA3 SEM (TESCAN OSRAY HOLDING, a.s.) was used 

for the imaging of the textured surfaces and the in-situ observation of the structures during 

tribological testing inside the SEM.  

2.5 Finite element analysis  

Micro/nano-hierarchical structures subjected to tribological testing were analyzed by finite 

element analysis (FEA) using the ABAQUS software package (version 2020, Simulia, Providence, 

RI, USA) following the same procedures described in previous work [42]. Briefly, the FEA model 

consists of a rigid block representing the probe and a deformable hierarchical structure below the 

rigid block. The underlying material of the deformable hierarchical structure, i.e., IP-DIP 

photoresist, was treated as an elastic-plastic solid, which was motivated by the tensile testing data 

of the IP-DIP photoresist reported in the literature [43]. Specifically, the elastic component was 

modeled as a neo-Hookean solid with Young’s modulus of 2.6 GPa and Poisson’s ratio of 0.49, 

while the plastic component was modeled using a linear isotropic hardening behavior with the 

yield stress, hardening modulus, and ultimate strength of 80 MPa, 300 MPa, and 600 MPa, 

respectively [42]. Coulomb friction model was used to simulate the contact interface with a friction 

coefficient of 0.4 which was obtained by calibrating the model based on the results of the 

experimental tribological tests. 3D models were constructed for the no-hair micro-pillars. 

However, for the micro-pillar with short-hairs and long-hairs, 3D simulations were challenging 
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since the ten-fold difference in the size of the micro-pillar and nanohair requires drastically 

increased computational cost and is difficult to converge. Therefore, for the nanohairs + 

micropillar structures, two-dimensional (2D) plane strain models were adopted. The dimensions 

of the 3D no-hair micro-pillars were set to be the experimentally measured values as shown in Fig. 

2b. In the 2D models for nanohairs + micropillar structures, the geometry of the micro-pillar was 

simplified to a trapezoid. The nanohairs were added as five evenly spaced rectangles on the top 

edge of the micro-pillar. A detailed description of FEA simulations (e.g., mesh, material model, 

and analysis steps) can be found in Afshar-Mohajer et al. [42]. 

 

3. Results and discussions 

3.1 Imaging and structure dimensions 

The combination of three micropillar base dimensions (small-base, medium-base, and large-base), 

and three nanohair lengths (no-hair, short-hair, and long-hair), produced 9 distinct structures. Fig. 

2a shows SEM images of structures in a matrix, where moving horizontally (left to right) and 

vertically (top to bottom) in the matrix represents increasing the base dimension of the micropillar 

and decreasing the nanohair length, respectively. Micro/nano-hierarchical structures have reduced 

effective stiffness compared to micropillar (no-hair) structures [44,45]. Therefore, the principal 

diagonal of the matrix (from top left to bottom right) represents moving from the structure with 

the lowest to the highest structural stiffness. Detailed dimensions of the structures are provided in 

Fig. 2b by stacking the dimensions of all structures in one compact figure. This schematic drawing 

of the structures shows the variable dimensions, namely micropillar base and nanohair height by 

dotted arrows, and the constant dimensions, i.e., the micropillar height, the diameter of the 
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nanohairs, and the center-to-center distance between individual nanohairs are presented by solid 

arrows.  

 

Fig. 2. The geometries and dimensions of the printed structures. (a) SEM images of the structures. The structures in 

each row have the same hair length and those in each column have the same base dimensions (Scale bars: 5 µm). (b) 

A unified schematic of all the structures showing their dimensions for comparison with each other.  

 

3.2 Effect of base dimension on the static friction and the onset of relative motion of no-hair 

structures 

To discuss the impact of the shape of structures on static friction, no-hair structures 

(micropillar only) are examined first. Fig. 3 shows the representative plots of lateral force versus 

lateral displacement of one-cycle (i.e., a forward lateral displacement followed by a backward 

lateral displacement) tribological tests together with their corresponding in-situ SEM snapshots at 
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points specified on the force profiles under the smallest (400 µN in Figs. 3a and 3b) and the largest 

applied normal loads (1000 µN in Figs. 3c and 3d). 

3.2.1 Forward stroke (from point 1 to point 3) 

Fig. 3a shows that the slopes of the lateral force profiles between points 1 and 2 (the static 

friction region before the occurrence of relative sliding between the counterface and the structure) 

are steeper for larger base structures. This means that the onset of relative motion between the 

sliding surfaces occurred sooner for structures with a larger base. The corresponding SEM 

snapshots of the in-situ tests subjected to a normal load of 400 µN are presented in Fig. 3b. The 

small-base structure showed observable bending in the sliding direction at point 2. The lower 

flexural stiffness due to the smaller base dimension resulted in more bending of the micropillar 

before the relative sliding of the counterface started and delayed the onset of relative motion. 

When a larger normal load was applied (Figs. 3c and 3d), the bending of the structures 

became more noticeable as shown in the snapshots accompanying the lateral force plots for the 

case with 1000 µN applied normal load (Fig. 3d). The slopes during the static friction region still 

maintained their order (Fig. 3c): steeper slopes for larger base dimensions. It can be seen, however, 

that the lateral force plot of the small-base structure does not contain a steady-state plateau. The 

corresponding SEM snapshots of the small-base micropillar not only show the structure underwent 

the largest bending but the least relative motion during the forward stroke. The counterface and 

micropillar were constantly in contact without any sliding (Video S1, Supplementary Material). 

Point 2 is the peak force, after which the small-base micropillar started undergoing substantial 

bending, resulting in the negative lateral force slope until point 3 at the end of the forward stroke.  
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3.2.2 Backward stroke (from point 3 to point 5) 

When the forward stroke ends, the backward stroke is started by moving the counterface 

laterally in the opposite direction, as indicated by points 3 through 5. The same relationship 

between the base dimension and the pre-sliding slope can also be observed during the return 

motion between points 3 and 4. Similar to the forward stroke, the small-base structure under the 

1000 µN normal load did not exhibit a steady-state friction region as the backward stroke was 

completely expended by the recovery of the bent structure, and hence there was no relative 

movement between the structure and the counterface, as shown by the SEM snapshots (Fig. 3d), 

and Video S1 in the Supplementary Material.  

It can be further noted that the lateral displacement to overcome static friction during the 

backward stroke (the region between points 3 and 4) is larger than the static friction region during 

the forward stroke (the region between points 1 and 2). This is because, during the forward stroke, 

the micropillar underwent bending from an initially straight profile, while during the backward 

stroke, recovery of the already bent structure implies that a larger backward lateral displacement 

is needed to achieve the same level of backward lateral force. This also resulted in a shorter actual 

sliding distance during the backward stroke (compare the lateral displacement between points 4 

and 5 to the lateral displacement between points 2 and 3). 
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Fig. 3. Lateral force profiles and in-situ SEM snapshots of no-hair (micropillar only) structures under (a-b) 400 µN 

applied normal load, and (c-d) 1000 µN applied normal load (white arrows in the in-situ SEM images indicate the 

direction of the relative movement of the counterface. Scale bars: 5 µm)  
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3.3 Effect of the applied normal load on the lateral force response of no-hair structures 

To further study the impact of the applied normal load, Figs. 4a-c shows the lateral force 

profiles of the no-hair structures at four different applied normal loads (400, 600, 800, and 1000 

µN). The in-situ SEM snapshots (Figs. 4d-f) show the maximum structure deformation at the end 

of the forward stroke (marked with a filled circle on the lateral force profile). The small-base 

micropillar showed no steady-state horizontal region at applied normal loads above 400 µN (Fig. 

4a).  Instead, the data consisted of a peak force followed by negative slopes. This is very similar 

to the phenomenon observed in our previous studies [42,46], which is attributed to the severe 

bending of small-scale structures happening before any interfacial sliding could occur. Bending 

became more prominent at larger normal loads, as indicated by the downward dashed arrow (Fig. 

4a) and the in-situ SEM snapshots (Fig. 4d), as increasing the normal load increased the threshold 

lateral force for sliding (i.e., the static friction). 

Comparing the lateral force loops of the small-base structures (Fig. 4a) to those of medium-

base and large-base structures (Figs. 4b and 4c), it is evident that, as the base dimension increased, 

a steady-state kinetic friction region due to the relative sliding of the contacting surfaces was 

observed, as opposed to the constant sticking during the small-base tests at loads above 400 µN. 

The medium-base and large-base structures, which did not show the extreme deformation of the 

small-base structures with the increasing applied normal load (Figs. 4e and 4f), exhibited the 

expected friction increase with the increasing normal load.  
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Fig. 4. Effect of increasing the applied normal load on the lateral forces of (a) small-base, (b) medium-base, and (c) 

large-base structures. In-situ SEM snapshots of (d) small-base, (e) medium-base, and (f) large-base structures as the 

forward stroke came to an end (Scale bars: 3 µm).  

3.4 Lateral force profile of micro/nano-hierarchical structures (short-hair and long-hair 

structures)  

 Fig. 5 shows the lateral force loops of the hierarchical structures, i.e. short-hair (Figs. 5a 

and 5b) and long-hair structures (Figs. 5c and 5d) subjected to the normal loads of 400 µN and 

1000 µN. The incipient sliding regions of the lateral force profiles of the short-hair structures under 

400 µN (Fig. 5a) and 1000 µN (Fig. 5b) normal loads showed the same trend as observed in no-

hair structures: increasing slope with increasing base dimension. However, there are obvious 

oscillations/undulations in the lateral force profiles of the short-hair structures (Figs. 5a and 5b), 
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which were not observed in those of the no-hair and long-hair structures. These oscillations of 

friction force from textured surfaces have been observed when using a counterface that is smaller 

than the spacing between the texture features [47] or when the counterface covers multiple features 

[48]. The observed pattern is quasiperiodic, meaning that there are variations between and within 

the tests [49]. Interestingly, Fig. 5b shows that the distance between the two force peaks for the 

large-base structure is around 1µm, which is very close to the distance between the centers of two 

short nanohairs (~750 nm) plus the diameter of the nanohair (~300 nm). Fig. 5c shows a magnified 

view of the lateral force profile of the short-hair + large-base structure during the forward stroke 

of the test, along with the normal displacement of the counterface. Note that the smoothed data 

using a 100-point adjacent averaging is shown together with the raw data in Fig. 5c. The underlying 

physical mechanism of the force oscillations may be attributed to repeated stick-slip cycles of the 

short nanohairs, i.e., the nanohairs first underwent bending while remaining adhered to the 

counterface and then slide back suddenly under sufficiently large lateral force. Fig. 5c supports 

this explanation by showing that the lateral force oscillations are in sync with the normal 

displacement oscillations. In other words, when the normal displacement increased (positive slope) 

due to the bending of short nanohairs, the lateral force also increased (positive slope) due to 

sticking. When the normal displacement decreased (negative slope), the lateral force also reduced 

due to slip. This can explain why such oscillations were absent in the no-hair or long-hair structures 

since the former lacked a well-defined pattern and the latter underwent buckling and collapse of 

nanohairs, both of which resulted in sliding of the counterface on a more flattened surface in 

comparison to the short-hair structures.  

 The addition of long nanohairs (Figs. 5d and 5e) resulted in more significant changes in 

the behavior of the structures, specifically in the incipient sliding region (between points 1 and 2). 
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Firstly, as seen in Fig. 5d, the lateral force exhibits a unique behavior between points 1 and 2 

whereby instead of transitioning to a steady-state sliding regime with a fixed slope, there is an 

initial positive slope (between points 1 and 1.1), followed by a negative slope (between points 1.1 

and 1.2) and a final positive slope (between points 1.2 and 2) that transitioned to steady-state 

sliding. This indicates a multi-step incipient sliding due to the hierarchy of the structure as 

discussed in our previous papers [42,46]. Upon initial contact, the nanohairs resist sliding, resulting 

in an increase in friction and a positive slope. Further lateral movement of the stage causes the 

nanohair to bend, resulting in a negative slope. Interestingly, the lateral force pattern observed 

between points 1 and 1.2 of the long-hair structure (Fig. 5d) is similar to the pattern seen when 

small-base structures of any hair length are subjected to the largest normal load (Fig. 3c, Fig. 5b, 

and Fig. 5e) as they also underwent bending due to their lower stiffness, except for the fact that 

bending of long nanohairs happened under smaller applied normal loads comparing to small-base 

micropillars. When subjecting the long-hair structures to 1000-µN applied normal load, the lateral 

force profiles (Fig. 5e) did not exhibit the same signature as in Fig. 5d. This is because the higher 

applied normal load caused the long hairs to buckle before sliding even started. This pre-sliding 

buckling is also the reason why the lateral force did not start from zero (marked with dotted circles 

in Fig. 5e) since the development of lateral forces started before the lateral displacement started. 

The initial friction could be either positive or negative, depending on the long hair buckling 

direction. 
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Fig. 5. Lateral force profiles for micro/nano-hierarchical structures: short-hair structures tested under (a) 400 µN and 

(b) 1000 µN applied normal load, (c) magnified view of the lateral force profile and normal displacement of the 

counterface during the forward stroke of the short-hair + large-base structure. Long-hair structures tested under (d) 

400 µN and (e) 1000 µN applied normal load.  

 

Another effect of increasing the length of the nanohair, besides making the nanohair itself 

less deformation-resistant, is how it results in changes in the deformation and friction mode 

(sliding vs. sticking) of the micropillar base. Fig. 6 shows the deformation of the small-base 

structures with different nanohair lengths captured as the forward stroke came to an end, 

accompanied by the lateral force profile when subjected to a normal load of 400 µN. The long-

hair structure showed a significantly larger base deformation compared to the other two structure 

types. Here, the existence of long nanohairs on the small-base structure resulted in the sticking of 
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the contacting pair with no relative sliding, while for the short-hair and no-hair structures, relative 

sliding occurred. Video S2 in the Supplementary Material shows the sliding vs. sticking of 

different small-base structures shown in Fig. 6.  

 

Fig. 6. Deformation of the small-base structures as a function of nanohair length for (a) no-hair, (b) short-hair, and 

(c) long-hair structures (scale bar: 2 µm). 

 

 

 

 

 



21 

 

3.5 Quantification of pre-sliding slopes 

Fig. 7 shows the quantified values of the pre-sliding slopes as the lateral stiffnesses [50] of 

different structure types under various applied normal loads (400, 600, 800, and 1000 µN). It is 

evident that the micropillar base dimension, regardless of the nanohair height, was the dominant 

factor in determining lateral stiffness. The lateral stiffness increased as the micropillar base 

dimension increased. Long nanohairs reduced the lateral stiffness of all structures, and more so for 

structures with medium and large bases. Short nanohairs also reduced the lateral stiffness of the 

structures with the large base.  

 
Fig. 7. Quantified values of pre-sliding slopes as the lateral stiffness of the structures for (a) small-base, (b) medium-

base, and (c) large-base structures.   
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3.6 The effect of structural stiffness on the friction force  

Fig. 8 presents the kinetic friction force (extracted from the lateral force profiles, such as in Figs.  

3-5) of the micro/nano-hierarchical structures with different base dimensions and hair lengths 

when tested under different normal loads. For the small-base structures, the friction force under 

normal loads above 400 µN is not plotted since no relative motion occurred and there was no 

steady-state plateau in the lateral force profile. It is evident that, as the base dimension increased, 

the friction force and normal load had a more linear relationship. For all the structure types with 

medium and large bases, the no-hair structures have the greatest friction force under all applied 

normal loads, the short-hair structures have the smallest friction force, and the long-hair structures 

have a friction force between them. This is because the no-hair structures have the highest contact 

area, while the short hairs effectively reduced the area in contact. However, even though the long-

hair structures have the same apparent contact area as the short-hair structures, the real contact 

area increased to be in between that of the short-hair and no-hair structures under normal load due 

to buckling-induced collapse of the long nanohairs.  

In addition to the contact area, the stiffness of the structures also showed to affect the 

friction. As illustrated by the in-situ images in Fig. 4d-f, the increase in the stiffness of the 

structures (as the base dimension increased) reduced the bending of the structures. This resulted in 

a more linear relationship between the contact area and the applied normal load, and hence friction, 

as the base dimension increased. The 3D FEA simulation results shown in Fig. 8d-f are consistent 

with the experimental results. Since 3D models were only used for the FEA simulation of no-hair 

structures, only the FEA results of no-hair structures are shown in Fig. 8. FEA simulations of 

small-base structures showed steady-state friction under 600 µN normal load too, while 
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experiments showed steady-state friction under 400 µN normal load only. This difference could 

be due to the material calibration and Coulomb friction definition of the models.  

 

 
Fig. 8. Kinetic friction forces under various applied normal loads for structures with different structural stiffness. 

The friction force data for the small-base structure under a load above 400 µN (600 µN for modeling) is not plotted 

because no relative motion occurred. 
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3.7 Effect of micropillar base dimension on the critical buckling load of the long hairs 

Fig. 9 shows the load-displacement curves of the tests during the initial loading, i.e., before 

sliding started (under the largest applied normal load of 1000 µN). There is a noticeable difference 

in the load-displacement curves for the long-hair structures (Fig. 9c), compared to no-hair (Fig. 

9a) and short-hair (Fig. 9b) structures. Instead of normal displacement continually increasing with 

the applied normal load, there are points at which irregularities were initiated on the long-hair 

curves (outlined with the dashed circles in Fig. 9c), due to the buckling of the long nanohairs 

during the application of the normal load. It is evident from the curves in Fig. 9c that as the base 

dimensions of the micropillars increased, it took a larger normal load to cause buckling in the 

nanohairs. The dotted arrow in Fig. 9c shows the trend of the increasing critical buckling load as 

a result of increasing the base dimension of the micropillar underneath the long nanohairs.   

The FEA results for long-hair structures (Fig. 9e) also confirm the relationship between the 

buckling of the long nanohairs and the base dimension of the micropillars. Although the values 

resulting from FEA tests are not the same as those from experiments, the same trend is observed 

whereby the larger base dimensions resulted in nanohair buckling at a higher applied normal load, 

as outlined using the dotted arrows and circles. Snapshots from the FEA model, together with the 

schematic view in Fig. 9d, show that as the long nanohairs go through different stages of buckling, 

they exert lateral force. Although only a normal load is applied, lateral forces start developing as 

a result of nanohair buckling, causing the bending of the micropillar underneath (FEM snapshot 

of point 2 in Fig. 9e).  Bigger base dimensions provide more resistance to bending due to their 

higher moment of inertia/higher bending stiffness. The critical buckling force in a hierarchical 

structure hence corresponds to the normal force that induces enough lateral force to deform the 
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nanohairs to initiate the bending of the micropillar underneath (point 2 in Fig. 9e). Point 3 in Fig. 

9e shows the complete collapse of the nanohairs.  

 

Fig. 9. Load-displacement curves extracted from the initial loading of the structures before the starting of 

lateral displacement for (a) no-hair, (b) short-hair, and (c) long-hair structures under the applied normal load of 1000 

µN , (d) schematic of the buckling of the long nanohairs, and (e) FEA-generated load-displacement curves and structure 

models for long-hair structures.   

It can be seen from Fig. 9 that in the pre-buckling region of the long-hair plots, the slope 

of the curves decreased as the applied normal load increased as opposed to the more constant slope 

of the no-hair and short-hair plots. This change in slope was relatively smooth and insignificant in 

the case of experimental results (Fig. 9c) while appearing as a more sudden change in the case of 

FEA results (Fig. 9e, point 1) as is evident by the sudden change around the applied normal load 

of 500 µN. The sudden change in the modeling results is due to the transition from elastic 

deformation to plastic deformation of the nanohairs. The contour plots of the equivalent plastic 
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strain in long-hair + medium-base structure shown in Fig. S1 Supplementary Material illustrate 

the elastic to plastic deformation transition.  

3.8 Effect of 3D geometric variations on normal stiffness of structures 

Although this study has mainly focused on the effects of structure shape on the friction 

force and lateral stiffness, we can also use the plots in Fig. 9 to examine the effect of the shape on 

the normal stiffness of the structures. Looking at the load-displacement curves of no-hair structures 

(Fig. 9a), it can be seen that the increasing base dimension resulted in a smaller normal 

displacement for the same applied normal load of 1000 µN as outlined using the dashed arrow. 

These curves were used to calculate the effective normal stiffness values presented in Fig. 10, 

which shows that the effective normal stiffness of the structures was reduced as a result of the 

addition of nanohairs and hence the existence of hierarchy. In the case of hierarchical structures, 

the increase in the length of the nanohairs also resulted in a reduction in the normal stiffness. The 

reduction in the effective stiffness with the addition of another level of hierarchy was also reported 

previously in similar micro/nano-hierarchical structures [44,45]. 
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Fig. 10. Normal stiffness of the different structure types as a function of base dimension and hair length calculated 

from the load-displacement curves.  

 

 

3.9 Hydrophobicity 

Fig. 11 shows the measured WCA of textures (Fig. 11a), together with the summary of the 

results presented earlier, i.e., friction, normal stiffness, and lateral stiffness under the 1000 µN 

applied normal load (Figs. 11b-d). For WCA measurements, 3 × 3 mm surfaces made up of patterns 

of micro/nano-hierarchical structures were fabricated (shown in Fig. S2 Supplementary Material). 

Fig. 11 is an overview of the results in one place to facilitate their comparison which can offer 

general guidance in selecting the structure for a desired combination of properties. For example, a 

short-hair + large-base structure provides low friction as the short-hair texture reduced the contact 

area, while still maintaining a relatively high stiffness (small deformation) provided by its large 

base, and hydrophobicity (WCA of 144.1º ± 0.5º). Fig. S3 Supplementary Material provides more 

details regarding the WCA values.  

Fig. 11a shows that increasing the base dimension of the micropillar did not considerably 

decrease the WCA, if at all. This means that the micropillar stiffness can be separately tuned by 

controlling the 3D shape to circumvent the inherent issue of reduced mechanical stability [32,51] 

when attempting to increase the WCA of surfaces using simple slender structures to trap air 

between the surface and water and reduce the contact area between them [52,53]. Long nanohairs 

were still required to transition from hydrophobic (~145º) to superhydrophobic (>150º), which 

lowered the effective stiffness. Despite this, the small-scale 3D shape control offered by TPL still 
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delivered improvements as the long nanohairs supported by a large-base micropillar were shown 

to have the advantage of having a higher critical buckling load than that supported by a small base 

or a medium base (section 3.7), delaying the nanohair failure. 

 

Fig. 11. Comparison of the effects of 3D shape control on (a) WCA, (b) friction force, (c) normal stiffness, and (d) 

lateral stiffness at 1000 µN normal load.  

 

4. Conclusions  

The versatility and resolution of TPL enabled control over the 3D shape and dimensions 

of fabricated micro/nano-hierarchical structures. Such control resulted in the ability to increase the 

stiffness and hence decrease the deformation of the structures. Additionally, the 3D variations in 

the shape of the structures showed to affect the onset of sliding motion, friction, friction-normal 

load relationship, WCA, and the interplay between the micro-nano scales structures.   

 Stiffer structures showed reduced lateral and normal deformation, earlier onset of relative 

sliding motion, and a more linear relationship between the friction force and the applied normal 

load. The addition of nanohairs reduced the effective stiffness and contact area of the structures.  
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 Noteworthy interplays across the micro-nano scale structures were observed. The small-

base micropillars with long nanohairs on top experienced complete bending under the smallest 

applied normal load while no-hair and short-hair structures did not, showing how the nanohair 

affected the behavior of the micropillar. Moreover, it was discovered that, as the micropillar base 

dimension increased, it took a larger applied normal load for the long nanohair to buckle. This, 

together with the fact that larger micropillar base dimensions did not reduce the WCA, provides a 

solution for addressing the inherent challenges of developing surfaces with high WCA with 

mechanical stability. 

 The combination of small-scale 3D printing (TPL), in-situ SEM monitoring of friction 

tests, and FEA modeling resulted in discoveries that can be used to guide the design of surfaces 

with desired properties. Using faster fabrication methods, such as shown in this study when 

replicating 3D printed structures and surfaces, can speed up the fabrication process while 

maintaining the accuracy, resolution, and versatility of 3D printing.  
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Fig. S1. Finite element analysis results of long-hair + medium-base structure. (a) Load-
displacement result. (b) and (c) Equivalent plastic strain (PEEQ) contour plots for the (b) entire 
structure and (c) zoomed-in view of the nanohairs. The three points are around the slope 
transition region in the normal load versus normal displacement curve. The change of slope is 
due to the transition from elastic to plastic deformation. 
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Fig. S2. (a) the larger area being tested for water contact angle (scale bar: 1 mm), and (b) the 
arrangement of the different structure types within the larger area (scale bars: 5 µm), the insets 
show the 9 µL water droplets deposited on each surface type.   

 

 

Fig. S3. Detailed WCA measurements of the surfaces including static, advancing, and receding 
WCAs and contact angle hysteresis.  
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Supplementary Videos 

Video S1: In-situ SEM video (including the corresponding lateral force VS lateral displacement 
plot) of small-base structure with no-hair under 1000 µN normal load, showing no sliding 
between the counterface and the structure as the structure completely bends.  

 

Video S2: In-situ SEM video (including the corresponding lateral force VS lateral displacement 
plot) of the small-base structures with no-hair, short-hair, and long-hair under 400 µN normal 
load, showing the sliding of no-hair and short-hair vs. sticking of long-hair structures. 


