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nanopillars, ≈300–400 nm diameter, each 
with a slightly concave top surface. [ 5 ]  The 
adhesive mechanism of tree frogs has 
been extensively investigated, [ 3a , 5c , 6 ]  the 
surface topography being important both 
for the distribution of fl uid across the pad 
and for the generation of friction forces. [ 3d ]  
The benefi cial role of surface patterns for 
attachment under wet conditions has also 
been shown using tree-frog mimics by a 
few groups. [ 7 ]  Patterned surfaces showed 
higher friction forces than fl at analogues 
in the presence of a wetting liquid. The 
principle behind the enhanced friction 
was recently elucidated using frog-like 
polydimethyl siloxane (PDMS) micropat-

terns. [ 8 ]  The surface pattern allows draining of the liquid out 
of the contact area when a shear force is applied, and the estab-
lishment of strong direct (dry) contact. Note that both patterned 
and fl at surfaces show poor adhesion in the presence of a wet-
ting liquid, indicating that the surface design of frog toe pads 
is specialized for hanging or climbing on wet surfaces, where 
friction forces come into play.  

 In addition to tree frogs that are largely arboreal, there are 
also frogs that live around freshwater streams (stream frogs) 
and waterfalls (rock and torrent frogs) that also possess adhe-
sive toe pads. Biomechanical studies comparing the adhesive 
abilities of rock and tree frogs of comparable size has shown a 
signifi cantly superior ability of rock frogs to attach to rough sur-
faces in the presence of running water. [ 9 ]  Reported studies on 
their toe pad morphology revealed anatomic differences from 
the typical pattern of tree frogs. The toe pad epithelial cells 
of rock and torrent frogs were elongated [ 8–10 ]  (Figure  1 ), with 
relatively straight channels running across the pad in a distal-
proximal direction (white lines on scanning electron micros-
copy (SEM) images). However, until now there is no experi-
mental evidence that associates elongated patterns with higher 
adhesion or friction performance in the presence of increasing 
amounts of wetting liquid. In addition, the elongated pattern 
suggests that friction properties could be different depending 
on the friction orientation (along the short or along the long 
axes of the hexagons). None of these issues have been clarifi ed 
yet. 

 In this work, we study the frictional properties of elongated 
(torrent frog-like) PDMS hexagonal pillar patterns in the pres-
ence of water, and we compare them to those of regular (tree 
frog-like) hexagonal patterns. These studies demonstrate a posi-
tive role of elongated surface designs for wet attachment. We 
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  1.     Introduction 

 Natural patterned adhesives have attracted enormous scientifi c 
interest over the last ten years. [ 1 ]  They are conceptually dif-
ferent from classical adhesive formulations. They do not rely 
on reactive species able to form stable bonds with the contacted 
surface, but on a particular topographical design at the micro- 
and nanoscales. The best studied example is the toe pad of the 
gecko, consisting of several hundred thousand densely packed 
and highly branched hairs (setae) that allow intimate contact 
with different substrata and achieve great adhesive strength 
mainly relying on van der Waals forces. [ 2 ]  

 Less studied, but no less impressive, are frogs’ attachment 
pads. In contrast to geckos, adapted to dry environments, tree 
frogs are able to attach and climb on vertical and overhanging 
surfaces without falling. [ 3 ]  Their toe-pad surface shows a reg-
ular hexagonal topography with 10–15 µm epithelial cells sep-
arated by ≈1 µm wide channels ( Figure    1  ). [ 3c , 4 ]  The surface of 
each epithelial cell is covered by an array of densely packed 
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also study the frictional properties of the hexagonal patterns 
in different shear directions (along a diagonal, or perpendicu-
larly to one edge of the hexagons, Figure  1 ), in order to elu-
cidate possible orientation-dependent adhesive properties. The 
obtained results demonstrate superior ability of elongated pat-
terns to attach to wet surfaces, and an orientation-dependent 
performance. These fi ndings have important implications for 
the development of new reversible adhesives for wet conditions.  

  2.     Results 

  2.1.     Friction Force Curves 

  Figure    2  b shows a representative friction force curve meas-
ured on patterned surfaces using a ruby spherical probe. The 
raw voltage signal of the lateral (shear) force sensor is plotted 
against the displacement of the sample in two opposite direc-
tions (trace and retrace). The friction curves measured in the 
two orientations were inversely identical and showed two dif-
ferent regions. Initially, the friction force rapidly increased with 
increasing lateral displacement but no sliding occurred (static 
friction). At a certain displacement (gray arrow in Figure  2 b), 
the probe started to slide at a constant friction value (dynamic 
friction).  

 When measuring friction curves on fl at hydrophobic sam-
ples in dry conditions, a saw-tooth like profi le was observed 
(Figure  2 c) which was associated with Schallamach according 

to microscopy observation. Schallamach waves were not 
observed on hydrophobic microstructured surfaces. Instead, 
stick–slip events were observed, and disappeared when water 
was added to the contact surface (Figure  2 d,e). Hydrophilic 
samples (i.e., oxidative plasma-treated hydrophobic samples) 
showed more pronounced stick–slip behavior than hydrophobic 
ones (Figure  2 d,e). Again, stick–slip vanished in the presence 
of water (Figure  2 e). Thus, water acts as a lubricant that sup-
presses stick–slip. 

 On hydrophobic samples the friction force showed a max-
imum at the static–dynamic transition and dropped in the 
dynamic range (Figure  2 b,d). On hydrophilic samples the tran-
sition was smooth and the static and dynamic friction force 
values were identical (Figure  2 e). On hydrophilic samples water 
is more effectively retained at the interface. It acts as a lubri-
cation layer and facilitates the onset of sliding, thus reducing 
static friction. 

 The force sensor voltage values were converted into friction 
force values using corresponding calibration factors (see Exper-
imental Section and Figure SI1a, Supporting Information, for 
details). The dynamic friction force values were obtained from 
the force values at half-distance between the two sliding pla-
teaus (Δ V /2 in Figure  2 b). The half-distance acts as “zero” value 
since the force applied is considered to be the same in trace and 
retrace directions. The friction force was measured at different 
normal loads between 1 and 8 mN. Higher loads correspond 
to higher penetration of the ruby sphere into the elastomer 
and, therefore, to a larger contact area and a higher friction 
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 Figure 1.    Tree frog  Rhacophorus pardalis  (top left) and torrent frog  Odorrana hosii  (bottom left) and the corresponding SEM images of their toe pad 
topography showing the regular and elongated hexagonal epithelial cells (middle). Scale bars correspond to 20 µm. The dimensions of the fabricated 
microstructures are also shown (right), as well as the shear orientations used in the friction experiments. b–d) Representative friction curves measured 
on different samples under different experimental conditions.
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force (Figure SI1b, Supporting Information). Roughly, a load of 
1 mN corresponds to an indentation depth of 2.7 µm (calcu-
lated from Hertz model [ 13 ] , and a contact diameter of 290 µm 
(≈18 pillars in contact) as observed during the friction experi-
ment by optical microscopy. A load of 8 mN corresponds to an 
indentation of 10.9 µm and a contact radius of 488 µm (≈30 
pillars in contact).  

  2.2.     Friction on Regular Versus Elongated Hexagonal Patterns 

 Friction on arrays of regular and elongated hexagonal pil-
lars (height = 5 µm) was tested in two different orientations: 
along a diagonal or perpendicularly to one edge of the hexa-
gons (Figure  1 a). In the elongated pattern, these orientations 
correspond to the long and short axes of the hexagon. Regular 
and elongated patterns have comparable apparent and real con-
tact areas. Measurements were performed in the presence and 
absence of water at the interface and were compared to meas-
urements on fl at samples. 

 We fi rst analyzed the onset part of the friction force curves. 
The slope of that part of the friction curve is related to the lat-
eral stiffness of the surface. Flat, unstructured surfaces showed 
slightly higher slope values than patterned ones (Figure SI2, 

Supporting Information), indicating a higher stiffness. No 
appreciable difference was found between the shear strength of 
regular and elongated patterns in samples with height of 5 µm. 

  Figure    3   compares dynamic friction forces for regular and 
elongated hexagonal patterns at a load of 1 mN in water; for 
measurements in dry conditions see Figure SI3, Supporting 
Information. When measured along the diagonal, friction 
forces were similar in regular and elongated patterns. Friction 
in the direction perpendicular to the edge was higher on both 
arrays: ≈50% on regular hexagons and more than 100% on 
elongated ones. The results were similar on hydrophobic and 
hydrophilic structured samples, in agreement with previously 
reported results. [ 8 ]  In contrast, on fl at hydrophilic surfaces, fric-
tion was much lower. The observed tendencies were also main-
tained at higher loading forces (Figure SI4, Supporting Infor-
mation). These results demonstrate the benefi t of an elongated 
hexagonal pattern versus a regular or a non-structured one for 
friction under wet conditions. The difference in friction forces 
in the two perpendicular orientations was signifi cantly larger in 
elongated patterns than on regular ones, indicating that elon-
gated patterns also favor orientation-dependent friction.  

 Macroscopic testing of the comparative performance of 
elongated versus regular hexagonal patterns or fl at substrates 
for wet friction was obtained by mounting the PDMS samples 

Adv. Funct. Mater. 2015, 25, 1499–1505

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    a) Setup for measuring friction forces. A ruby sphere with 4 mm diameter (7) mounted at the end of a vertical thin fi lm load sensor (8) acts 
as a force probe. The sample (6) sits on top of a sample holder (5) with glass bottom and integrated mirror to allow bottom view via a mirror using 
the video microscope (9). A motorized xyz-stage (1) allows coarse positioning. During measurements, vertical (2) and lateral (3) piezo translation 
stages are used to move the sample and friction forces are recorded by the lateral thin fi lm force sensor (4). Motion control and signal acquisition are 
done by a computer with an AD/DA board running a self-written LabView program. b) Lateral force sensor signal versus piezo position as obtained 
in friction experiments on a hydrophobic surface patterned with regular hexagons. The half-distance between dynamic friction plateaus (Δ V /2) cor-
responds to the dynamic sliding friction force. The gray arrow indicates the transition between the static and the dynamic friction. c) Friction curves 
for glass and for fl at and microstructured PDMS under dry conditions. Friction curves for d) hydrophobic and e) hydrophilic microstructured surfaces 
under dry and wet conditions.
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(fl at and structured) on a metal piece and placing them on the 
surface of a tilting stage that was fl ooded with water. The stage 
was tilted gradually and the sliding angle for the different sam-
ples was measured. Video 1, Supporting Information, shows 
the experiment and Figure  3 b shows snapshot images during 
sliding of the different samples in the direction perpendicular 
to the edge of the hexagons. The sliding angle, i.e., the tilting 
angle at which the probe started sliding across the fl ooded sur-
face, was 35°, 43°, and 58° for the fl at, regular hexagonal, and 
elongated hexagonal patterns, respectively. The corresponding 
calculated downhill forces were 140, 167, and 208 mN for the 
corresponding normal loads of 201, 179, and 130 mN (the size 
of the contact areas was 0.49 cm 2 ). The superior friction per-
formance of an elongated hexagonal patterned surface in wet 
conditions was thereby demonstrated. 

 Previous work has demonstrated that in the presence of 
water the surface microstructure has two effects on the fric-
tion performance. (i) The hexagonal channel structure allows 
drainage of the liquid out of the contact surface during shear. [ 8 ]  
Liquid drainage is a prerequisite for the establishment of dry 
contact between the tip of the pillars and the probe. (ii) The 
edges of the microstructures in contact arrest crack propaga-
tion, leading to higher peeling forces on structured substrates 
than on fl at controls. [ 14 ]  In the following paragraphs, we will 

discuss the infl uence of the elongated geom-
etry on these two contributions. 

 The effectiveness of the liquid drainage 
during shear is expected to depend on two 
pattern parameters: (1) the channel volume 
available for liquid fl ow, and (2) the liquid fl ow 
pattern. In our patterns, the channel volume 
was roughly the same in the regular and 
elongated hexagonal geometries (10 −4  cm 3  
total channel volume in 1 cm 2  micropillar 
array with 5 µm height). Therefore, it cannot 
explain the observed differences in friction 
force. 

 During sliding, the micropillars that come 
into contact with the probe are bent and 
deformed. The bending stiffness of a micro-
structure is related to its moment of inertia, 
 I . In regular hexagonal pillars, the values of 
the moment of inertia along the diagonal or 
perpendicularly to one edge of the hexagon 
are equivalent (see Figure SI5, Supporting 
Information, for details on this calculation 
and Figure SI6, Supporting Information, for 
the calculated values). The moment of inertia 
of elongated hexagonal pillars along the long 
axes is  I  = 12 281 µm 4  and along the short 
axes is  I  = 3320 µm 4 . The higher fl exibility 
(smaller bending stiffness) of the elongated 
hexagonal pillars along their short axes 
allows them to retain contact with the sliding 
sphere over longer sliding distances. This 
leads to higher friction forces, in agreement 
with the experimental observation. Note that 
this deformation did not cause permanent 
sticking or collapse of the pillars in the pat-

terns with 5 µm height. The micropillars recovered to the initial 
position when the shear forces were removed. 

 Surface microstructures have been demonstrated to arrest 
crack propagation during detachment by peeling. [ 14,15 ]  The 
effectiveness of the crack arrest is expected to increase with the 
edge density per unit length along the friction direction. In our 
patterns, the direction of highest edge density corresponds to 
the short diagonal of elongated hexagons, which also showed 
the highest friction forces (Figure  3  and Figure SI3, Supporting 
Information). The prominent contribution of the edges to the 
total friction force is also apparent from friction force experi-
ments that were carried out on the elongated hexagons using 
atomic force microscopy (AFM). Friction forces between a 17 µm 
diameter glass sphere and the elongated hexagons were meas-
ured on a scale of 50 × 50 µm 2 . From these experiments, we 
obtained friction maps ( Figure    4  ), which show the distribution 
of the friction forces within the scan area. Friction is directly 
proportional to the measured detector signals in volts. It is 
obvious, that also at this microscopic scale, friction is higher 
when scanning perpendicular to the long axis of the elongated 
hexagons and the friction is highest at the edges of the pillars.  

 In summary, elongated hexagonal micropatterns show 
higher friction than regular hexagonal patterns under wet 
conditions. Low bending stiffness of the pillars and high edge 
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 Figure 3.    a) Dynamic friction forces for different sample geometries and orientations meas-
ured at 1 mN load. Measurements on hydrophilic and hydrophobic PDMS patterns in the 
presence of water are shown. Friction force values in dry conditions are shown in Figure SI3, 
Supporting Information. Error bars indicate the standard deviation. b) Snapshot images of 
Video 1 showing the angles at which fl at and micropatterned hydrophilic samples (regular and 
elongated hexagonal pillars) slide on a tilting stage fl ooded with water. The PDMS samples are 
mounted on metal blocks for the experiment.
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density of the pattern in the sliding direction seem to be benefi -
cial for high friction surface design. In the elongated patterns, 
this is maximized when in the orientation perpendicular to the 
long axes of the hexagons. According to these criteria, arrays of 
longer and thinner hexagons would lead to higher friction. This 
possibility is explored in the next section.  

  2.3.     Friction on Elongated Patterns with Increasing Height 

 The infl uence of the height of the hexagonal pillars in the fric-
tion performance of regular and elongated 
geometries was studied on patterns with 
heights 5, 10, and 20 µm; the results pre-
sented in the previous sections correspond 
to patterns with 5 µm height. The slope of 
the static friction curve revealed the signifi -
cant decrease in the effective stiffness of the 
hexagonal patterns with increasing height 
(Figure SI2, Supporting Information). 

 In the main, dynamic friction forces 
obtained on patterns with 10 µm height pil-
lars were not signifi cantly different to those 
of patterns with 5 µm pillars ( Figure    5  ). Only 
friction forces under non-wetting conditions 
measured in the direction perpendicular to 
the edge were smaller when the pillar height 
increased to 10 µm. This corresponds to the 
orientation of lowest bending stiffness of the 
pillars (i.e., highest deformation), and also 
the orientation of highest pillar–pillar contact 
area in the deformed state. As a consequence, 
sticking of neighboring pillars and a decrease 
in the contact area might occur during the 
friction experiment. This led to lower friction 
values, in agreement with measured data. 
The hydrophobic pattern recovered its initial 
structure when the shear force was released. 
For hydrophilic patterns, the higher surface 
energy led to a higher probability for the pil-
lars to stick to each other.  

 Friction forces measured on samples with 
20 µm height pillars were geometry and ori-
entation independent and approached the 

values of the friction forces of the fl at surface. Microscopic 
inspection of the samples revealed that the hexagonal pillars 
stick at their top ends and formed clusters even before shear 
occurred. Therefore, the frictional behavior of the large pillar 
blocks approached that of a fl at surface. Note that the clustering 
of pillars was a consequence of the demoulding step during 
fabrication. This is a well-known effect in PDMS patterns when 
the aspect ratio increases. [ 16 ]    

  3.     Conclusions 

 Elongated hexagonal patterns show higher friction forces than 
regular patterned or non-structured surfaces under wet condi-
tions. High pillar deformability and high edge density of the 
pattern in the sliding direction cause this increase in friction. 
In the elongated patterns, friction is maximized in the orien-
tation perpendicular to the long axes of the hexagons. How-
ever, for very high pillars, high deformation ratios lead to pillar 
clustering and reduced contact surface. Deformability and 
mechanical stability need to be balanced in the design of tor-
rent frog-inspired structures with high friction performance, 
with an optimum of pillar height for a given material stiffness. 
The elongated patterns also favor orientation-dependent fric-
tion. Our fi ndings have important implications for the develop-
ment of new reversible adhesives for wet conditions. 
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 Figure 4.    Maps of friction forces between 17 µm diameter glass sphere 
and the elongated hexagons as measured by AFM. Friction is higher for 
the scan direction perpendicular to the long axis and always highest along 
the edges of the pillars.

 Figure 5.    Friction force of fl at and patterned samples with increasing heights in the presence 
of water. Friction forces were measured at 1 mN preload. The optical microscopy pictures show 
the micropillar arrays with heights of 5 and 20 µm. The pictures at 50× magnifi cation show 
regular (left) and elongated (right) micropillar arrays.
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 At this point, it is interesting to compare our results on frog’s 
mimics with previous theories of the functioning of torrent 
frog toe pads. The toe pad epithelial cells are elongated along 
the distal/proximal axis of the toes and the resulting straight 
channels run in the same orientation. [ 9,10 ]  Since toes are usually 
placed approximately facing uphill to reduce any tendency for 
unintentional detachment by peeling, [ 3c ]  it has been assumed 
(though without any supporting experimental evidence) that 
the orientation of the straight channels would promote good 
drainage and thus aid the production of high friction forces. 
This is at odds with the conclusions drawn above where the 
highest friction is produced by having the long axis of the cells 
at right angles to the slope. A possible explanation, not tested in 
the above experiments, is the additional infl uence of running 
water, for channels parallel to the water fl ow are always likely to 
be more effective than those at right angles to it. Future work 
will tackle these issues.  

  4.     Experimental Section 
  Materials and Equipment : Silicon wafers (100 orientation) were 

provided by Crystec (Berlin, Germany). SU-8 photoresist types 2005 and 
2010 covering a thickness range from 5 to 20 µm and the developer 
mr-Dev 600 were provided by Micro Resist Technology (Berlin, Germany). 
Hexadecafl uoro-1,1,2,2-tetrahydro-octyl tri chloro silane was purchased 
from ABCR (Karlsruhe, Germany). Masks for lithography were provided 
by ML&C (Jena, Germany) in quartz with 0.7 × 0.7 cm 2  chrome patterned 
fi elds. PDMS prepolymer Sylgard 184 was purchased from Dow Corning 
(MI, USA). A mask aligner MJB 3 UV 400 (Süss MicroTec Lithography, 
Garching, Germany) was used for lithography. A PL-360 LP fi lter (Omega 
optical, Brattleboro, USA) was used for cutting wavelengths shorter than 
350 nm during the exposure step. A spin-coater WS-650SZ-6NPP/LITE/
IND (Laurell Technologies Corporation, North Wales, USA) was used 
for preparation of photoresist fi lms. Baking steps were carried out on a 
Präzitherm heating stage (LHG, Düsseldorf, Germany). The profi les of 
the microstructures were measured with a confocal microscope µSurf C 
(NanoFocus AG, Oberhausen, Germany). Plasma treatment of samples 
was carried out with a Plasma Activate Statuo 10 USB chamber (Plasma 
Technology GmbH, Rottenburg, Germany). 

  Fabrication of SU-8 Mold Micropatterns by Optical Lithography : 
Silicon wafers were cleaned in piranha solution (7:3 (v/v) 98%H 2 SO 4  
/30%H 2 O 2 ) overnight and rinsed with deionized water. Before SU-8 
lithographic processing, the wafers were rinsed with acetone and blown 
dry with nitrogen. The processing parameters are specifi ed in Table SI1, 
Supporting Information. Patterns fi elds of 8 × 8 mm 2  with arrays of 
hexagonal micropillars (regular and elongated) in hexagonal packing 
were obtained. Regular micropillars had a diameter of 15 µm (corner-to-
corner). The short and long axes of the elongated hexagonal micropillars 
were 12 and 30 µm (see Figure  1 ). The height of the pillars was 5, 10, 
or 20 µm, and the interpillar channels were 3 µm wide. Before being 
used for soft lithography, the SU-8 patterned wafers were perfl uorinated. 
Samples were treated in oxygen plasma for 10 s (power 100%, gas 100%, 
pressure 0.1 mbar) followed by silanization in an evacuated desiccator 
for 30 min using ≈50 µL of 1H,1H,2H,2H-perfl uorodecyltrichlorosilane 
followed by baking for 1 h at 90 °C in a vacuum oven. Silanization 
increased the contact angle of the cured SU-8 from 73° to 115°. The 
obtained patterns were used as hard molds for the subsequent soft 
replication processes with PDMS. 

  Fabrication of PDMS Pillar Micropatterns by Double Soft-Molding : 
PDMS precursor (ratio of prepolymer to crosslinker, 10:1) was 
degassed and poured onto the SU-8 patterned wafer with hexagonal 
pillars and cured at 90 °C for 1 h in a vacuum oven. The obtained 
PDMS pattern was the negative replica of SU-8 pattern and was used 
as a mould for a second replication process. The PDMS replica was 

perfl uorinated using the same condition as described above for the 
SU-8 pattern. PDMS precursor was cast onto the perfl uorinated PDMS 
soft mold, cured at 90 °C for 1 h and then demoulded. Hydrophilic 
PDMS samples were obtained by oxidative plasma treatment of the 
PDMS sample for 10 s (power 100%, gas 100%, pressure 0.1 mbar). 
Samples were used for the friction experiments immediately after the 
treatment. 

  Friction Measurements : Friction forces of fl at and microstructured 
PDMS surfaces were measured using custom-built equipment 
consisting of a ruby sphere (5 mm diameter) mounted at the end of a 
cantilever with a thin fi lm force sensor (Figure  2 a). The samples were 
brought into contact with a spherical ruby probe of 5 mm diameter. The 
lateral (friction) and normal forces between the sample and the sphere 
were measured. A load of 1 mN (unless different conditions indicated) 
was applied and kept constant during the measurement using force 
feedback. Before data collection, pretests were run to set a predefi ned 
and constant normal force during the friction. The sample was moved 
at 100 µm s −1  over a distance of 500 µm forward and backward (trace 
and retrace). The noise of the detection system was less than 10 nN. 
Measurements were performed in the presence of 0.1 µL of water 
(unless otherwise indicated) that was applied to the spherical probe 
using a micropipette. Since the mechanical properties of PDMS may 
change over time, all friction experiments were performed on freshly 
prepared samples, fabricated under the same experimental conditions. 
The laboratory temperature and humidity were recorded for each 
measurement and were in the range of 20–25 °C and 20%–35% humidity. 
A minimum of 3–5 measurements on at least three different locations 
were performed on each sample. Different batches of the same type of 
microstructure were also analyzed and compared. We characterized the 
friction behavior of arrays of hexagonal regular (diagonal = 15 µm, height 
= 5, 10, or 20 µm, interpillar distance = 3 µm) and elongated (diagonal = 
30 (long), 12 (short) µm, height = 5, 10, or 20 µm, interpillar distance = 
3 µm) micropillars, as well as fl at controls. Hydrophobic and hydrophilic 
samples were tested, in order to investigate the role of surface wettability 
in friction performance. The measurements were performed in the 
presence of water and also in dry state. Friction force measurements 
with an AFM (Dimension 3100, Veeco, Santa Barbara, USA) were carried 
out on arrays of elongated hexagons. Borosilicate microspheres with a 
nominal diameter of 20 µm were glued to the end of an AFM cantilever 
(Budget Sensors, part D, Aluminium refl ex coating) using an optical 
microscope and a micromanipulator to act as a colloidal probe [ 11 ]  with 
an epoxy glue (Epikote 1004). The spring constant ( k ) of the cantilever 
( k  = 40 N m −1 ) was determined by the thermal noise method. [ 12 ]  The 
length of the cantilever was 100 µm, width 50 µm, thickness 2.7 µm. 
By choosing the scan direction perpendicular to the long axis of the 
cantilever, the friction between probe and sample leads to a tilt of the 
cantilever. This tilt is detected by a laser beam that is refl ected from the 
back side of the cantilever onto a photodetector. The detector output 
signal in volts is directly proportional to the friction force acting on 
the probe. During scans of the surface of the sample, these lateral tilt 
signals are recorded for both trace and retrace directions. To obtain 
friction maps of the scan area, we subtracted the trace from the retrace 
signals. By changing the sample orientation, we could measure friction 
forces for scan direction both along and perpendicular to the long axis 
of the hexagons. The applied load between sphere and sample was kept 
constant via the feedback loop of the AFM operating in constant force 
mode. A scan size of 50 µm and a scan rate of 0.5 Hz at different applied 
loads were used. For each image scan, the trace and retrace signals 
were recorded. The difference between the trace and retrace signals was 
calculated using Gwyddion 2.36 software.  
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