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Abstract 

 

In this thesis, we describe the bio-inspired design and fabrication using the 

wing locking device of beetles for exploitation to form a reversible interlocker and 

flexible and multiplex sensor. The binding of reversible interlocking is based on 

van der Waals force between high aspect-ratio polymer hairs. Multiscale analysis 

for reversibility and directionality of interlocking is investigated with structural 

parameters. Based on van der Waals-assisted interlocking, flexible skin-attachable 

sensor is demonstrated by utilizing of mechanically interlocking in a reversible, 

directional manner. 

Firstly, we present that the wing locking device of beetles can be exploited 

to form a reversible interlocker based on van der Waals force-assisted binding 

between high aspect-ratio polymer hairs. Such a reversible interlocking is inspired 

from the wing-locking device of beetle where densely-populated microhairs 

(termed microtrichia) on the cuticular surface form numerous hair-to-hair contacts 

to maximize lateral shear adhesion. We found that the interlocking is mediated by 

non-retarded van der Waals forces, which can be significantly amplified owing to 

the presence of high-density micro- or nanohairs. Especially, the maximum shear 

locking force of ~40 N/cm
2
 was observed for the nanopillar arrays of 50 nm 

radius and 1 m height (AR = 10). The measured shear locking forces depend on 

geometric parameters as well as material rigidity of polymer hairs, in good 
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agreement with a simple theory based on force balance and hair-merging 

probability. 

From the bio-inspired and reversible interlocker, we analyzed preload-

dependent reversible interlocking between regularly-arrayed, high aspect-ratio 

(AR) polymer micro- and nanofibers. We fabricated various high AR, vertical 

micro- and nanopillars on flexible substrate and investigated the shear locking 

force with different preloads (0.1 ~ 10 N/cm
2
). A simple theoretical model is 

developed based on the competition between van der Waals (VdW) attraction and 

deflection forces of pillars, which can explain the preload-dependent maximum 

deflection, tilting angle, and total shear adhesion force. 

Next, we investigated bi-directional, asymmetric interlocking between 

tilted, high aspect-ratio (AR) micro- and nanohairs utilizing geometry-tunable 

replica molding and broad ion beam irradiation from the directionality of wing 

locking device. Using this method, various stooped micro- and nanohair arrays 

(tilting angle < 40
o
) were formed, and then reversibly interconnected each other to 

measure the shear locking force. It turned out that the maximum force was as high 

as ~60 N/cm
2
 when the two surfaces were pulled in the reverse direction with 

respect to the bending angle. The hysteresis in this asymmetric, bi-directional 

adhesion was measured to be ~3, which was in a good agreement with a simple 

theoretical model. 

Finally based on van der Waals-assisted interlocking, we developed a 
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highly sensitive, flexible, and multiplex strain gauge sensor by utilizing a single 

active layer of high aspect-ratio Pt-coated polymeric nanofibers that can 

mechanically interlock in a reversible, directional manner. The sandwich-

assembled, interconnected nanofibers that are supported by thin 

polydimethylsiloxane (PDMS) layers displayed specific, discernible strain-gauge 

factors (GF) for multiple sensing stimuli such as pressure, shear, and torsion even 

from an arbitrary input like finger touch. These GF factors were measured from 

the change in electrical resistance as a function of applied compressive strain (≤ 

5%). Highly repeatable and reproducible responses were observed over multiple 

cycle tests (<10,000 cycle) with excellent on/off switching behaviors. In addition, 

the assembled device was used to monitor the continuous kinetic motion of a 

bouncing water droplet on a superhydrophobic surface, as well as the physical 

force of a heartbeat under different conditions. 

 

Key Words : Biomimetics, Beetle, Wing locking device, Interlocking, Dry 

adhesive, Asymmetric interlocking, nanohairs, Strain gauge sensor, 

Skin-attachable device. 

Student Number: 2009-31247 
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interlocking contacts. 

 

Figure 2-4. Optical images of the custom-built equipment for shear 

adhesion measurement (sample size: 1×1 cm
2
 area). 

 

Figure 2-5. (a) Optical image of large-area fabrication of 50-nm radius and 

1-m height nanohair arrays (9×13 cm
2
). (b) Example of 

polymeric nano-fastener showing that a 5.25kg fire 

extinguisher is supported by 1.5×1.5 cm
2
 patches. 
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Figure 2-6. Durability of the nanohair interlocker with multiple cycles of 

attachment and detachment (> 300 cycles) with or without a 

thin coating of Pt (5 and 10nm). The nanohair arrays of 50 nm 

radius and 1 m were used for the tests. 

 

Figure 2-7. (a) Simulation snap shots between upper and lower hairs 

occurring in four consecutive steps: overlap of the hairs by a 

preload (step 1), pairing via non-retarded van der Waals 

attraction (step 2), generation of shear force upon in-plane 

stretching (step 3), and separation of the hairs above maximum 

displacement and recovery (step 4). In this simulation, soft 

PUA nanohairs of 50 nm radius and 1m height were used. (b) 

Schematic for the fabrication of an array of high AR hairy 

structures via replica molding. The measurement of the 

maximum shear adhesion force was performed with a series of 

steps (preload, in-plane stretch, and detachment by peeling 

off). 

 

Figure 2-8. (a, b) Interlocking operating zones for 50 nm radius and 1 m 

height hairs (a) and for 1.5 m and 15 m radius microhairs 

(b). The lower and upper limits are marked as dotted lines with 

different colors for each AR. 

 

Figure 2-9. (a) Schematic of folding and unfolding states of the wing-

locking device of beetle (Promethis valgipes) and SEM image 

for microtrichia on the cuticular surface. (b) Illustration of 

beetle-inspired interlocking structures with upper and lower 

fiber arrays. (c) Sequences of interlocking step: i) overlapping 

by a preload (Step 1), ii) pairing of the fibers by VdW 

interactions (Step 2), and iii) distortion of the fibers upon 

application of an in-plane stretch in the shear direction (Step 

3). 

 

Figure 2-10. (a-b) SEM images of microfiber (3m diameter with AR of 10) 

(a) and nanofiber arrays (100nm diameter with AR of 10) (b). 

(c-d) Measurement of shear adhesion forces of paired 

microfiber (c) and nanofiber arrays (d) as compared to gecko-

like contact (hair-to-flat surface) (see the inset of c). (e) Cross-

sectional SEM images of preload-dependent interlocking 

between nanofiber arrays (1, 5, and 10 N/cm
2
), indicating 

overlap ratios of ~50, ~60, and ~70 %, respectively. 
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Figure 2-11. Simulation snap shots for single paired hairs using ABAQUS 

6.9-1 program. When the shear load exceeds the VdW force, 

the hairs are separated and recoverd their original shape and 

internal stress (different colors denote different internal stress 

levels):  = (a) 0.3, (b) 0.6, and (c) 0.9.  

 

Figure 2-12. Plots of (a) Fvdw, Fdef, (b) p, and (c) DS of single paired fibers and 

(d) shearF  as a function of overlap . 

  

Figure 3-1. (a) Illustration of the actual wing locking device of beetle 

(Promethis valgipes) along with the corresponding SEM 

images, in which tilted -keratin microtrichia on the cuticular 

surface of hind wing and those on the insect body are 

interlocked. (b) Illustration of folding and unfolding states of 

the wing locking device. (c) Illustration of directional, 

asymmetric shear force in the angled (+) and the reverse (-) 

directions. 

 

Figure 3-2. (a-b) SEM images of the as-prepared vertical PU elastomer 

hairs of 1.5-m radius, 30-m height (SR = 3) with hexagonal 

layout (a) and the same microfibers after oblique broad ion 

beam irradiation (b) Large-area (i) and magnified views (ii) are 

shown for each sample. (c) Illustration of reversible cycle of 

attachment and detachment for shear adhesion tests. (d) 

Measurement of shear adhesion forces for vertical and 

asymmetric interlocking in the (+) and (-) directions. 

 

Figure 3-3. SEM images for geometry-controlled nanofiber arrays. (a) 

Vertical nanohair arrays. (b-d) Various tilted nanohairs by 

oblique broad ion beam irradiation: (b)  =15, (c) 30, and (d) 

40, respectively. (e, f) Cross-sectional SEM images of paired 

nanohairs for (e) vertical and (f) tilted nanohairs. Here, the 

geometry of nanohairs is the same: 50 nm radius, 1 m height, 

and SR = 3 with hexagonal layout. 

 

Figure 3-4. (a-b) Illustrations for step-by-step events of bi-directional, 

asymmetric interlocking of single paired nanofibers in the (a) 

angled (+) and (b) reverse (–) directions. First, the upper and 

lower tilted nanofibers are paired (step 1), bended to the 
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maximum angular displacement (Δp) before separation (step 

2), and finally separated by external shear force (step 3).   

 

Figure 3-5. (a-b) Measurement of shear adhesion forces with various 

tilting angles in the (a) angled (+) and (b) reverse (–) 

directions. (c) Plots of theoretical shear adhesion forces as a 

function of  in the angled (+) and reverse (–) directions. (d) 

Comparison of the measured adhesion hysteresis with the 

theory. 

 

Figure 3-6. Demonstration of directional, asymmetric adhesion with two 

different pendulums. Two pendulums are supported by 0.8 

ⅹ0.8 cm
2
 patches with 3 kg for –  direction (a) and 1 kg for 

+ direction (b). 

 

Figure 3-7. Demonstration of the utility as a simple fastener to hold a lap-

top computer on a ~50
o
 slope surface with 1ⅹ1 cm

2 
patches. 

 

Figure 4-1. Multiplex, flexible strain gauge sensor based on the reversible 

interlocking of Pt-coated polymer nanofibers. (a) Schematic 

for the assembly and operation of a flexible sensor layer 

sandwiched between thin PDMS supports (~ 500 m thickness 

each). (b) Photograph showing the flexibility of the assembled 

sensor. (c) SEM image of a dense array of 50-nm radius 

nanohairs with AR = 10. (d) Schematic illustrations of the 

pressure, shear, and torsion loads and their possible geometric 

distortions of the paired hairs. (e) Operation of a flexible 

sensor layer via recording of resistance change (Roff: 

unloading, Ron: loading). 

 

Figure 4-2. (a) Graph showing the reduction of shear adhesion force with 

the increase of Pt coating thickness. (b) I-V curves for various 

Pt-coated nano-interlockers where the 20 nm Pt-coated 

assembly showed a sufficiently low resistance (~0.6 ohm/mm) 

for stable Ohmic-like contact as well as a large shear adhesion 

force of ~10 N/cm
2
. (c) Photograph of an electric connector 

made of Pt-coated nanofiber interlocks without PDMS sealing. 

 

Figure 4-3. Photograph showing the detailed detection setup with a 

computer-based user interface via an NI Digital Multimeter 

(PXI-1033) for measuring the resistance differences, and an 
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LK-Navigator interface via an LKG 30-KEYENCE laser 

displacement sensor for recording the applied strains. 

 

Figure 4-4. Electric characterizations of the sensor in response to pressure, 

shear, and torsion loads. Plots showing the difference of the 

electrical resistance (Roff - Ron) for three different mechanical 

loads of pressure (a), shear (d), and torsion (g) along with 

changes in the electrical resistance ratio as a function of 

applied strain for pressure (b), shear (e), and torsion (h). The 

corresponding SEM images on the right panel (c, f, and i) 

show structural displacement as a result of each physical load. 

The GFs were measured from the slope of each plot: ~11.45 

(pressure), ~0.75 (shear), and ~8.53 (torsion). The error bars 

represent the standard deviations. 

 

Figure 4-5. (a-c) Plots showing the detailed I-V curves for three different 

mechanical loadings: pressure (a), shear, (b) and torsion (c). 

 

Figure 4-6. Measurement of highly sensitive, multiplex, and real-time 

signals (a) Schematic illustration of the measurement set-up 

(see also Figure S4a for details). (b) Multiple-cycle tests 

(<10,000 cycles) with repeating loading-unloading of pressure 

in the range of 0 ~ 1500 Pa. (c-e) Frequency responses to 

various input signals as a function of time (pressure input 

frequency: 1 Hz): 1Hz (c), 5 Hz (d), and 10 Hz (e). 

 

Figure 4-7. (a) Photograph of the resistance sensing set-up, which consists 

of a force controller, a piezoelectric strain gauge sensor, and a 

computer-based resistance analyzing interface with 100 Hz 

recording. (b) Plots of Roff – Ron as a function of time (pressure 

input frequency: 1 Hz) for various applied pressures (0~1000 

Pa). As shown, the noise level was distinguishable even for a 

minimum detectable pressure of ~5 Pa. 

 

Figure 4-8. (a) Hysteresis of output electric signal for an input pressure of 

~550 Pa with 1 Hz force frequency. (b) Comparison of input 

pressure and output signal for an abrupt step input from 0 to 

1500 Pa, showing a response lag time of < 0.05 s. 

 

Figure 4-9. Fabrication of a sensor network to measure spatial distributions 
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of an input pressure. (a) The schematic of a real-time, high-

sensitivity measurement of the dynamic motion of a bouncing 

water droplet (20 l) ~5 cm above from a superhydrophobic 

surface. (the inset SEM image [ref. 37]) (b) The corresponding 

snapshots from a high-speed camera are shown. (c) The 

difference in the electrical resistance (Roff - Ron) for the 

duration of ~0.4 sec. (d) Photograph showing the skin-

attachable sensor right above the artery of the wrist. (e) 

Measurement of the physical force of a heartbeat under normal 

(~ 60 beats per min with an average intensity of ~100 Pa) and 

exercise conditions (~100 beats per min with an average 

intensity of 300~400 Pa). (f) Plots showing the detection and 

decoupling of pressure, shear, and torsion loads with each 

time-dependent signal pattern of resistance ratio and applied 

compressive strain as a function of time. (g) Example for the 

decoupling of an arbitrary finger touch with pressure, shear, 

and torsion. 

 

Figure 4-10. Fabrication of a sensor network to measure spatial distributions 

of an input pressure. (a) Photograph of a fabricated sensor 

network of 64 pixels over an area of 8ⅹ5 cm
2
. (b) Schematic 

of a circuit design. (c-d) Images of device with two lady 

beetles placed on two locations for pressure sensing: tilted (c) 

and top views (d), respectively. (e) The resulting two-

dimensional intensity profile measured by mapping of the pixel 

signals. 
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Nomenclature 

                          

n Refractive index 

k Boltzmann constant 

T Absolute temperature 

h Planck constant 

d Polymer thickness 

E elastic modulus 

A Hamaker constant 

Ff Friction force 

Fvdw Van der Waals force 

Fshear Total shear adhesion 

R Radius of hairs 

l0 Length of hairs 

 

Greek Symbols 

εx Dielectric constant 

νe Absorption frequency 

εr Permittivity 

 Contact area 

 Friction coefficient 

 Tilting angle of paired hairs 

 Density of hair 

spacing Spacing ratio of hair (SR) 

packing Packing ratio of hair 

 geometric angle of lay-out 
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area Area-covering ratio of paired hairs 

l Interlocking ratio 

overlap Overlapping ratio 

p Maximum titled angle of paired hairs 

 Initial tilting angle of hairs 

ε Applied strain 

ν Poisson’s ratio 

 

 Subscripts 

DS Maximum displacement of paired hairs 

l Overlapping length of paired hairs 

D0 Cut-off distance of paired hairs 

VdW Van der Waal force of paired hairs 

H Adhesion hysteresis of +, and – direction 

GF Gauge factor for pressure, shear, and torsion 

Δ R Resistance difference (
onoff RRR  ) 
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Chapter 1. Introduction 

 

 

The efforts to learn and take inspiration from nature have impacted 

virtually on every scientific area, leading to biomimetic robots, sensors, and 

materials. [1-5] Reversible binding or interlocking is another attractive feature 

that nature can provide, which is enabled by a number of different intermolecular 

(van der Waals force or hydrogen bonds) and electric forces. Examples are found 

in many biological systems, including the motion of white blood cell on 

endothelial layer, ligand-receptor bonds, and cell-cell junction. In these examples, 

the binding is regulated by chemical nature of surface functional groups in such a 

way that use of a different material leads to a different characteristic of reversible 

bonding.  

In addition, nature has created unique structural devices with specially 

designed physical structures such as interlocking between “hooks” and “loops” in 

burdock’s seeds (now commonly used in fabric Velcro) [6] and wing-to-body 

locking device in beetles [7]. The latter device is operated by bringing densely-

populated micro-hairs (termed microtrichia) on the cuticular surface in contact. 

This interlocking is adapted to fix the wing of insects by maximizing lateral shear 

friction while minimizing vertical lift-off during numerous cycles of folding and 

unfolding states. Despite some earlier observations on the existence of wing 

locking devices in beetles, several issues have not been explored concerning the 

underlying mechanism of “reversible” and “directional” binding via sensing 

organs for conformal contacts as shown in Figure 1-1. 
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Unlike inorganic nanowires and CNTs, the geometry (e.g., length and 

width), layout density, and material property of polymer hairs can be tuned 

precisely so as to tailor adhesion force of mechanical interlocking. In addition, it 

appears that a layered interlocking device provides optimal operating conditions 

for shear adhesion since the contact is made via numerous tiny hairs present on 

two flexible surfaces and the lift-off is extremely simple and effortless by peeling 

off one of layers in contact. Furthermore, regularly titled asymmetric corn-shape 

microhairs are observed in the wing locking device, whose functionality in 

reversible attachment has remained unexplored. For further extension of its 

potential applications, underlying mechanism of interlocking binding via sensing 

organs can shed light on multi-functional sensor devices. Despite the potential and 

high-performance of these devices, a wearable, multiplex skin sensor still presents 

challenges because a large-area fabrication of the integrated device with 

nanomaterial assemblies (e.g., transistors, nanowires or nanotubes) would be, in 

many cases, complicated, expensive and minimally reproducible 
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Figure 1-1. Functional operation of wing locking device of beetles 

concerning the underlying mechanism of “reversible” and “directional” binding 

via sensing organs for conformal contacts.  
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      In Chapter 2, we have presented a robust, reversible interlocking system 

inspired from the wing locking device of beetles. Experimental and theoretical 

results demonstrated that the interlocking is mediated by non-retarded van der 

Waals forces among high-AR hairy structures, resulting in a significantly high 

locking force in the shear direction (~40 N/cm
2
) and easy lift-off in the normal 

direction. In contrast to other reversible binding systems, the current interlocking 

mechanism does not involve any complicated physical structures (e.g., hooks or 

loops) or surface chemical moieties, allowing for an simple, yet efficient route to 

reversible interlocker in a noise-less and cost-effective manner. Furthermore, we 

have presented the preload-dependent reversible mechanical interlocking between 

regularly-arrayed, high-AR polymer fiber arrays. Our experimental and theoretical 

studies demonstrated that the shear adhesion force is strongly affected by the 

applied preload (0.1~10 N/cm
2
). We have confirmed the increase of overlap ratio 

with the increase of preload, which supports the linear tendency of locking force 

as a function of preload.  

 

In Chapter 3, we describe bi-directional, asymmetric interlocking between 

tilted, high aspect-ratio (AR) micro- and nanohairs utilizing geometry-tunable 

replica molding and broad ion beam irradiation. Using this method, various 

stooped micro- and nanohair arrays (tilting angle,  < 40
o
) were formed, and then 

reversibly interconnected each other to measure the shear locking force. It turned 

out that the maximum force was as high as ~60 N/cm
2 

when the two surfaces were 

pulled in the reverse direction with respect to the bending angle. The hysteresis in 



 5 

this asymmetric, bi-directional adhesion was measured to be ~3, which was in a 

good agreement with a simple theoretical model. 

 

In Chapter 4, we have presented a highly flexible, multiplex, real-time 

sensor based on reversible mechanical interlockers between Pt-coated, high-AR 

nanofibers. In contrast to other detection systems, the current nano-interlocking 

mechanism does not involve any complex integrated nanomaterial assemblies or 

layered arrays, allowing for a simple, cheap, yet robust sensing platform for high-

performance, large-area strain gauge sensors. Using the assembled strain sensor, 

we measured three different mechanical loads in the form of normal pressure, 

shear, and torsion with high sensitivity and wide dynamic range. In addition, the 

output signals were highly repeatable and reproducible over multiple cycle tests 

(< 10000 cycles) with excellent on/off switching behaviors. For potential 

applications, the assembled device was used to detect the dynamic motion of a 

small bouncing water droplet and the physical force of a heartbeat, shedding light 

on its potential use in real-time monitoring, skin-like wearable electronics or 

implantable medical devices.  
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Chapter 2. Multiscale, reversible Interlocker using beetle-

inspired wing locking device 

 

 

2-1. Bio-inspired reversible interlocker using regularly arrayed 

high aspect-ratio polymer fibers 

 

2-1-1. Introduction 

 

The wing-locking device in beetles is operated by bringing densely-

populated micro-hairs (termed microtrichia) on the cuticular surface in contact. 

This interlocking is adapted to fix the wing of insects by maximizing lateral shear 

friction while minimizing vertical lift-off during numerous cycles of folding and 

unfolding states. Despite some earlier observations on the existence of wing 

locking devices in beetles, [7] several issues have not been explored concerning 

the underlying mechanism of reversible binding and its potential applications to 

flexible interlocker. 

Recently, core-shell type nanowires and CNT-based carbon forests have 

been introduced as a permanent or reversible adhesive between two surfaces. [8, 

9] We report here that regularly ordered high aspect-ratio (AR) polymer fibers can 

also be used as a reversible interlocker owing to the amplification of van der 

Waals forces. Unlike inorganic nanowires and CNTs, the geometry (e.g., length 

and width), layout density, and material property of polymer hairs can be tuned 
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precisely so as to tailor adhesion force of mechanical interlocking. In addition, it 

appears that a layered interlocking device provides optimal operating conditions 

for shear adhesion since the contact is made via numerous tiny hairs present on 

two flexible surfaces and the lift-off is extremely simple and effortless by peeling 

off one of layers in contact. 

To investigate multiscale interlocking behaviors of high-AR hairs (or 

pillars) we used three polyurethane (PU)-based materials of different rigidity 

(elastic modulus: 3 MPa ~ 10 GPa). Using these materials, various pillar arrays 

were fabricated with three different radii (50 nm, 1.5 m, and 15 m) and aspect 

ratios (3, 6, and 10) (total of 27 experimental sets). We found that the interlocking 

is mediated by non-retarded van der Waals forces, which can be significantly 

amplified owing to the presence of high-density micro- or nanohairs. Especially, 

the maximum shear locking force of ~40 N/cm
2
 was observed for the nanopillar 

arrays of 50 nm radius and 1 m height (AR = 10), which appears the best among 

the polymer adhesives reported to date. 
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Figure 2-1. (a) Photographs of the wing-locking device of the beetle (Promethis 

valgipes). (b-c) SEM images for microtrichia on the cuticular surface with two 

different magnifications. (d) Schematic of folding and unfolding states of wing 

locking device. 
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2-1-2. Experimental 

 

2-1-2-1. Mechanism of wing-locking device in beetles 

 

The wing-locking device in beetles normally contains five surfaces 

covered by outgrowths on the body and eight surfaces on the wings with unique 

surface sculptures.[22] Each of these functional surfaces prevents movement of 

the closed wing in some preferred direction. More specifically, the corn-shaped 

microtrichia in hindwing locking pad and counterpart of hemelytea (the boxed 

area in Figure 2-1a) are interlocked to resist lateral sliding motion of the body 

(Figure 2-1d). The loading force is mainly generated by muscles for elastic 

microtrichia with selective pressure. Counterpart may be preloaded by a muscular 

contraction and act as a spring-loaded contacting surface. The detachment occurs 

gradually towards one direction for minimizing muscular force. 

 

2-1-2-2. Fabrication of micro-/nano-hair arrays 

 

The silicon master molds with micro- and nanoholes were prepared by 

photolithography and subsequent reactive ion etching. The molds were treated 

with a fluorinated-SAM solution ((tridecafluoro-1,1,2,2-tetrahydrooctyl)-

trichlorosilane:FOTCS, Gelest Corp.) diluted to 0.03 M in anhydrous heptane 

(Samchon Corp.) in Ar chamber. The surface-treated master molds were annealed 

at 120°C for 20 min. Drops of PU Elastomer (PU), or PUA prepolymers (s-PUA; 

PUA MINS 311 RM, h-PUA; PUA MINS 301 RM) purchased from the Minuta 
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Tech, Korea were dispensed onto the master and a PET film (50 m) was slightly 

pressed against the liquid drop for it to be used as a supporting backplane. After 

preparing a polymer replica by UV exposure and mold removal, the PUA replica 

was additionally exposed to UV for several hours for complete curing. Details on 

the synthesis and characterization of the PUA polymers can be found 

elsewhere. [10, 11] For the fabrication of hair arrays, three types of micro- and 

nanoscale pillar structures were used with the above three polymer materials: i) 50 

nm radius nanohairs of 300 nm, 600 nm, and 1 m height, ii) 1.5 m radius with 9 

m, 18 m, and 27 m height, and iii) 15 m radius with 90 m, 180 m, and 

270 m height. In total, 27 experimental sets were prepared and used for SEM 

measurements and adhesion tests. 

 

2-1-2-3. Calculation of Hamaker constants 

 

According to Lifshitz theory, the Hamaker constant can be determined 

by dielectric constant (εx) and refractive index (n) of each material, yielding [12]  
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where k is the Boltzmann constant (1.38 × 10
-23

 JK
-1

), T is the absolute 

temperature, h is the Planck constant (6.63 × 10
-34

 Js), and νe is the material’s 

absorption frequency (1.2× 10
15

 s
-1

). The permittivity (εr) is calculated from the 

capacitance measurement: dC r /0 where εo is the vacuum permittivity 
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(8.85× 10
-12

 F/m),  is the contact area, and d is the polymer thickness (LCR 

Bridge 2400, Electro Scientific Industries, Inc.) in Table 2-1. Refractive indices 

(n) of polyurethane elastomer (PU) and soft/hard PUA (s-PUA and h-PUA) are 

1.46 and 1.50, respectively, from the literature.  [13, 14] 
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Table 2-1. The parameters for calculation of Hamaker constants 

 PU   s-PUA  h-PUA 

Frequency (Hz) 120 1000 120 1000 120 1000 

Measured Capacitance (C) (nF) 11.7 5.8 7.08 6.03 11.4 10.7 

Contact area ()(mm
2
) 1 1 1 1 1 1 

Thickness of polymer layer (d) (m) 10.01 10.01 9.0 9.0 4.0 4.0 

Calculated permittivity (εr) 17.32 12.47 7.19 6.12 5.16 4.83 
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Table 2-2. Summary of material properties used in the experiment: elastic 

modulus (E), Hamaker constant (A), and friction coefficient () of PU elastomer, 

soft PUA, and hard PUA. The three materials are denoted as PU, s-PUA, and h-

PUA, respectively, for brevity. 

Material Elastic modulus (E) Hamaker constant (A) Friction coefficient () 

PU ~ 3 Mpa 5.71 ⅹ10
-20 

J 0.12 

s-PUA ~ 19.8 Mpa 2.09 ⅹ10
-20 

J 0.04 

h-PUA 350 Mpa ~ 10 Gpa 1.78 ⅹ10
-20 

J 0.08 
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2-1-2-4. Adhesion test 

 

The adhesion patch (1×1 cm
2
 area) was attached with a preload of 10 

N/cm
2
 until a failure occurred. All measurements were repeated at least 10 times 

at ambient temperature and a relative humility 50% and average values were used 

for the plots. Frictional coefficient () was measured by a scratch/wear tester CP-

4, CETR. 

 

2-1-2-5. Detailed derivation of the maximum pairing distance Dp and maximum 

displacement of hairs Ds 

When the hairs are brought in contact by an applied load, they are 

attracted by non-retarded van der Waals forces, forming a reversible contact 

between the two layers as shown in Figure 2-2. Here, the force between the hairs 

can be written as )16/( 5.2DlRAFvdw  , [15] in which A is the Hamaker 

constant, R is the hair radius, D is the distance between hairs, and l is the overlap 

length. In the course of interlocking, the deflection of hairs costs the bending 

energy of upper and lower vertical hairs, which is given by 

 )4()2(/48 0

2

0 llllEIDFdef   where I is the moment of inertia ( 44RI   , 

R is the radius of hairs), l0  is the total length of hairs, and E is the elastic modulus 

of the polymer material. It is noted that the original beam deflection equation is 

modified by using the overlap distance l. Then, the maximum pairing distance 

between hairs Dp can be determined by equating the van der Waals and the hair 
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deflection forces. Since two hairs are involved in a single contact, one can 

assume )(2)( pdefpvdw DFDF  , which gives with expression of overlap ratio 

( )/( 0lloverlap  ) between upper and lower hairs 

      7/227/27/1
)4()2(/131 overlapoverlapoverlapaspectaspectP EARD    (2) 

Here, in case of 70% overlap ratio with 10 N/cm
2
 loads, the maximum pairing 

distance (Dp) can be obtained 

      7/27/1
/4 7 5.0 EARD a s p e c ta s p e c tP                 (3) 

In order to obtain an expression for the maximum displacement of 

nanohairs before separation, we can assume the Amonton’s first law of friction 

( vdwf FF  ). [16] Additionally, we have to consider the counterbalance force 

induced by deflection of the tilting angle (of paired hairs. According to the 

force balance, the interlocked hairs would maintain the merged state 

until )cos(sin  defvdwdef FFF   as shown in Figure 2-2 (setp1, 2, and 3). When 

)cos(sin  defvdwdef FFF  , the paired hairs would start to be separated. After 

some algebraic manipulation by Taylor series, one can have maximum 

displacement of hairs Ds as following procedure 
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With 70% overlap ratio with 10 N/cm
2
 loads, the maximum pairing distance 

(Dp) can be expressed 
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where )16/(
5.2

0DlRAFvdw  . [17] In this derivation, the expressions for the 

deflection force (  )4()2(/48 0

2

0 llllEIDF sdef  ) and tilting angle 

(   04/6 lD overlaps    are used assuming the “part-uniformly distributed load 

of beam deflection” ( EIwl 8/4

max   and EIwl 2/3 ). [18] Also, the average 

overlap length is assumed to be 0.7l0 from our experimental observations. 

Finally after simple approximation with some algebraic manipulation, 

one can have the maximum displacement (DS) 

def

vdw

aspectoverlap

overlap

S
F

F

r

R
D 
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4
)4(

105.5





              (8) 

 

 



 17 

 

Figure 2-2. Geometrical descriptions of the interconnected hairs upon a preload 

and an in-plane stretch. Upper and lower hairs are brought in contact (step 1), and 

make an initial interlocking by non-retarded van der Waals force (step 2). The 

hairs are displaced until the interlocking is released (step 3). The first and second 

panels show vertical and projection views of the hairs in contact, respectively.  
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2-1-2-6 Detailed derivation of interlocking ratio (l) and maximum shear force 

Area ratio (area) should be larger than unity as shown in below 

illustrations of Figure 2-2 

1
sin)1(4

)(
2

2












spacing

s
area

R

DR
                 (9) 

Here, spacing  is the same at 3 and the arrangement angle  is 60
o
 for the 

hexagonal packing geometry. This lower limit accounts for the maximum hair-

merging probability in a misaligned state. Next, the upper limit is given by the 

geometric consideration, such that the interlocking ratio )/( RDSl   should be 

less than double the interspacing ratio so as to prevent clumping with the bottom 

substrate. Therefore one can have 

aspectl

spacing
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sin)1(4



               (10) 

We predicted the total shear for per unit area (cm
2
) by multiplying the hair density 

(#/cm
2
) to the shear adhesion force per single hair:  cosvdwshear FF  . Here, the 

hair density can be accurately estimated using the hair spacing (spacing), geometric 

angle (

and packing ratio: 

   2122 sin)1(8 packingspacingR  


              (11) 

where packing is 0.7 and 1 for the nanohairs and microhairs, respectively. 
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2-1-3. Results and Discussion 

 

Figure 2-1a-c shows photographs of the beetle (Promethis valgipes) and 

its anterior field of thorax, which contains dense, hexagonal microhair arrays of 

approximately 0.9 m radius and 18 m height with the spacing ratio (= distance 

between hairs divided by width) of ~3. When these hairs are interconnected, a 

high shear locking force is expected to occur as schematized in the left bottom 

panel of Figure 2-1d, while a normal lift-off would be extremely simple and 

effortless. This wing locking device is highly reversible and does not require 

additional physical load or surface modification. A close examination in Figure 2-

1c reveals that the microhairs are slightly bended in one direction, allowing for 

pointed directionality along a particular spatial axis. The primary function of these 

microhairs is to reversibly lock the wing of beetles, whose contact is continuously 

monitored by conjunctive sensory organs (see supporting information for details). 

In addition, this wing locking device is known to protect delicate flight wings and 

dehydration of nanopore channels by air drying [7]. The microhairs are made of 

-keratin, whose elastic modulus and Hamaker constant were reported to be ~2 

GPa and ~10×10
-20

 J, respectively. [19, 20] 

To demonstrate multiscale interlocking behaviors by van der Waals 

interactions, we tested a variety of hairy structures with different structural 

dimensions and material properties. After preparing silicon masters with suitable 

geometry, the polymer hairs were fabricated by replica molding technique. Here, 

three polymer materials of different rigidity were used: PU (polyurethane 
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elastomer, elastic modulus: 3 MPa), s-PUA (soft PUA, MINS 301 RM, elastic 

modulus: 19.8 MPa), and h-PUA (hard PUA, MINS RM 311, elastic modulus: 

350 MPa ~ 10 GPa) (see Table 2-2). [10, 11] Therefore, the modulus spans three 

orders of magnitude. Using these materials, various pillar arrays were prepared 

with the radius ranging from 50 nm to 15 m (three orders of magnitude 

difference). For each pillar array, three different ARs (AR = height/diameter, 3, 6, 

and 10) were used, thus giving the total of 27 experimental sets (see Figure 2-3 

and Figure 2-4). The tilted SEM images of replicated polymer structures are 

shown in Figure 2-3a, demonstrating that the structures have high structural 

fidelity and integrity. Here, each group (column) was classified depending on the 

radius of hairs, which was 50 nm, 1.5 m, and 15 m, respectively. For 

consistency, all hairy structures had the same spacing ratio of 3 with the 

hexagonal packing geometry. The interlocking layers could be formed over a 

large area (9  13 cm
2
) in a single replication step (see Figure 2-5a). 



 21 

 

 

Figure 2-3. (a) Micro and nanohairs of different radius (50 nm, 1.5 m, and 15 

m) with three ARs (3,6, and 10). For consistency, all the hairy structures had the 

same spacing ratio of 3 with the hexagonal packing geometry. (b) Shear adhesion 

forces of the hairy structures (radius: 50 nm, 1.5 m, and 15 m) with three ARs 

(3, 6, and 10). The inset Cross-sectional SEM images of the interlocked hairs for 

different radius (50 nm, 1.5 m, and 15 m). The red arrows indicate the locations 

of complete interlocking contacts. 
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Figure 2-4. Optical images of the custom-built equipment for shear adhesion 

measurement (sample size: 1×1 cm
2
 area). 
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Figure 2-5. (a) Optical image of large-area fabrication of 50-nm radius and 1-m 

height nanohair arrays (9×13 cm
2
). (b) Example of polymeric nano-fastener 

showing that a 5.25kg fire extinguisher is supported by 1.5×1.5 cm
2
 patches. 
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The maximum shear locking forces were measured by custom-built 

equipment with a preload of 10 N/cm
2
 at the relative humidity 50% until a failure 

occurred (Figure 2-3b and Figure 2-4). Several notable findings are derived from 

the figure. First, a smaller radius gives a higher shear force, which was valid for 

all ARs and mechanical moduli shown in Figure 2-3b. Since a small radius is 

equivalent to a higher hair density and thus a higher number of hair-to-hair 

interlocking contacts per unit sample area, it is directly related to a higher 

adhesion force. Second, the shear strength increased with the decrease of elastic 

modulus and the increase of AR for all hairy structures tested. In particular, 

nanohairs of 50 nm radius and 1 m height showed the best shear locking force of 

~40 N/cm
2 

for intermediate modulus (19.8 MPa), which is presumably the highest 

shear strength among the polymer-based dry adhesives reported so far (see Figure 

2-5). [21] For comparison, the maximal adhesion forces of typical fabric Velcro 

and gecko-like polymer-based dry adhesives were reported to be ~15 N/cm
2 

 [22]
 

and ~26 N/cm
2 

 [21], respectively. In contrast, microhairs of 1.5 m radius and 18 

m height, the scale of which is often found in many insects [7], showed the 

maximum adhesion of ~17 N/cm
2
 for low modulus (3 MPa), suggesting that softer 

hairs lead to a higher shear adhesion force for a given geometry. Third, the 

maximum shear adhesion is limited by replication capability of hairy structures. 

Namely, there is a certain limit in producing high AR structures due to collapse or 

mating between neighboring hairs. [21] This explains the reason why some shear 

adhesion data (nanohairs of radius 50 nm and microhairs of radius 1.5 m) are 

missing, and nanohairs of the intermediate modulus provided the maximum shear 

force instead of the elastomer in Figure 2-3b. The inset SEM images shown in 
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Figure 2-3b provides an insight into how the interlocking contact is mediated by 

multiscale hairy structures. Here, the red arrows indicate the locations where 

complete interconnections had been made with overlapped hairs. The ratio of the 

overlapping was estimated to be 65~75% regardless of the rigidity of the hairs, 

with some broken and misaligned hairs.  

Figure 2-6 demonstrates the durability of interlocker using the nanohairs 

of 50 nm radius and 1 m height over multiple cycles of attachment and 

detachment with or without a thin coating of Pt (5 and 10nm). It is noted that 

these interlocking layers, when mechanically reinforced with a thin metal layer, 

allow for noise-less and repeatable adhesion over > 300 cycles without significant 

reduction in adhesion strength.  
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Figure 2-6. Durability of the nanohair interlocker with multiple cycles of 

attachment and detachment (> 300 cycles) with or without a thin coating of Pt (5 

and 10nm). The nanohair arrays of 50 nm radius and 1 m were used for the tests. 
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To gain further understanding on multiscale van der Waals-assisted 

interlocking, we derive a simple theory based on force balance and hair-merging 

probability. The hair-to-hair interlocking contact would occur in a series of steps 

(see Figure 2-7). When the hairs are brought in contact by an applied load, they 

are attracted by non-retarded van der Waals forces, [12] forming a reversible 

contact between the two layers. Here, the force between the hairs can be written as 

)16/( 5.2DlRAFvdw  , [15] in which A is the Hamaker constant, R is the hair 

radius, D is the distance between hairs, and l is the overlap length. The Hamaker 

constants of PU elastomer, s-PUA, and h-PUA were calculated to be 5.71×10
-20

 J 

(APU), 2.09×10
-20

 J (As-PUA) and 1.78×10
-20

 J (Ah-PUA) in Table 2-2. In the course of 

interlocking, the deflection of hairs costs the bending energy of upper and lower 

vertical hairs, which is given by  )4()2(/48 0

2

0 llllEIDFdef   where I is the 

moment of inertia ( 44RI   , R is the radius of hairs), l0  is the total length of 

hairs, and E is the elastic modulus of the polymer material (see Table 2-2). It is 

noted that the original beam deflection equation is modified by using the overlap 

distance l. Then, the maximum pairing distance between hairs Dp can be 

determined by equating the van der Waals and the hair deflection forces. Since 

two hairs are involved in a single contact, one can assume )(2)( pdefpvdw DFDF  , 

which gives  

    7/27/1
/475.0 EARD aspectaspectP                   (3) 

where aspect is the AR of hairs (= l0/2R ) and the constant 0.475 originates from 

the average overlap length of 0.7l0 from our experimental observations. Therefore, 
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the interlocking probability increases with the increase of the AR, hair length, and 

van der Waals forces, while decreasing with the increase of the modulus of 

material. 

Once the initial contact is made, the maximum displacement of hairs Ds 

prior to separation can be derived based on force balance and friction law. Since 

the hairs are now merged, the van der Waals force is described by 

)16/(
5.2

0DlRAFvdw   [12], in which the cut-off gap distance between hairs D0 

is assumed to be 0.4 nm. [15] After plugging in the tilting angle 

(of 0/276.1 lDs and applying the force balance )cos(sin  defvdwdef FFF   

with algebraic manipulation, one can have 
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            (7) 

where  is the frictional coefficient of each material (Table 2-2). Therefore, the 

maximum deflection is linearly proportional to aspectR  (or l0), which is readily 

understood in terms of geometrical consideration. Additionally, the theoretical 

shear adhesion force per single hair can be predicted based on the same 

formulation, yielding cosvdwshear FF  . The maximum shear adhesion is predicted 

to be ~ 65N/m
2
 for the nanohairs of 50 nm radius and 1 m height, and ~ 29 

N/cm
2 

for the microhairs of 1.5 m radius and 18 m height, respectively, which 

are approximately 1.5 to 2 times higher than the experimental data shown in 

Figure 2-3b. It appears that the interlocking contact is not complete in part due to 

misalignment of upper and lower hair arrays and some structural defects. 
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Figure 2-7. (a) Simulation snap shots between upper and lower hairs occurring in 

four consecutive steps: overlap of the hairs by a preload (step 1), pairing via non-

retarded van der Waals attraction (step 2), generation of shear force upon in-plane 

stretching (step 3), and separation of the hairs above maximum displacement and 

recovery (step 4). In this simulation, soft PUA nanohairs of 50 nm radius and 1 

m height were used. (b) Schematic for the fabrication of an array of high AR 

hairy structures via replica molding. The measurement of the maximum shear 

adhesion force was performed with a series of steps (preload, in-plane stretch, and 

detachment by peeling off). 
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Figure 2-8. (a, b) Interlocking operating zones for 50 nm radius and 1 m height 

hairs (a) and for 1.5 m and 15 m radius microhairs (b). The lower and upper 

limits are marked as dotted lines with different colors for each AR. 



 31 

To judge whether interlocking would take place or not, it is useful to set 

lower and upper limits of locking criterion. For the hexagonal unit cell arrays with 

a certain spacing ratio ( Rdspacing 2/ ), it can be assumed that Ds should exceed 

the unit cell distance to contact the neighboring hairs even in a misaligned state. 

Thus, the lower limit of interlocking setting is derived from the condition where 

the area ratio (area) should be larger than unity: 

1
sin)1(4

)(
2

2












spacing

s
area

R

DR
                  (9) 

Here, spacing  is the same at 3 and the arrangement angle  is 60
o
 for the 

hexagonal packing geometry. This lower limit accounts for the maximum hair-

merging probability in a misaligned state. Next, the upper limit is given by the 

geometric consideration, such that the interlocking ratio )/( RDSl   should be 

less than double the interspacing ratio so as to prevent clumping with the bottom 

substrate. Therefore one can have 

aspectl

spacing
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               (10) 

After inserting appropriate values into the parameters in equations 9 and 10, it 

follows that aspl  220.3  . Figure 2-8 shows the plots of l  against the 

change of hair radius for each experimental set with corresponding material 

properties in Table 2-2. The lower and upper limits of interlocking are marked as 

dotted lines with different colors for each AR. As can be seen from the figure, the 
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existence of van der Waals force-assisted interlocking can be predicted by 

comparing the interlocking zones with the plots based on equation 10, which is 

also in excellent agreement with our experimental observations in Figure 2-3b as 

well as the wing locking device of the beetle (Promethis valgipes) in Figure 2-1. 

It is noted that the interlocking zone becomes wider as the AR increases for given 

material rigidity, suggesting that the structures of high AR are advantageous for 

efficient interlocking. 
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2-1-4. Summary 

 

We have presented a robust, reversible interlocking system inspired from 

the wing locking device of beetles. Experimental and theoretical results 

demonstrated that the interlocking is mediated by non-retarded van der Waals 

forces among high-AR hairy structures, resulting in a significantly high locking 

force in the shear direction (~40 N/cm
2
) and easy life-off in the normal direction. 

In contrast to other reversible binding systems, the current interlocking 

mechanism does not involve any complicated physical structures (e.g., hooks or 

loops) or surface chemical moieties, allowing for an simple, yet efficient route to 

reversible interlocker in a noise-less and cost-effective manner. A simple theory 

was developed on the basis of force balance and hair-merging probability, which 

is capable of explaining the maximum shear adhesion and operating zones for 

various geometrical and material parameters. 
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2-2. Analysis of preload-dependent reversible mechanical 

interlocking 

 

2-2-1. Introduction 

 

Recently, a wide range of nature-inspired functional surfaces have been 

introduced for various applications such as water/oil repellence [23-25], water 

collection [26], dry adhesion [27-31], structural color  [32, 33], and biomedical 

patch. [34, 35] Multiscale, hierarchical structures are usually found on such 

surfaces, in which each structure has unique geometry and hierarchy to be useful 

under different environments for each living organism. Compared to other 

surfaces, the reversible interlocking property of the beetle’s wing-fixation device 

has recently drawn much attention. [7, 36] A pioneering work was reported by 

Gorb and coworkers where they found that the wing fixation is operated by 

bringing numerous microhairs on the cuticular surface in contact, thereby 

generating a high lateral shear friction while minimizing vertical lift-off. The 

characteristic of this mechanical interlocking is slightly different from the well-

known hook-and-loop formation in burdock’s seeds (now commonly used in 

fabric Velcro), and thus provides an insight into a new binding mechanism 

towards reversible attachment and detachment. 

In addition to beetles, the reversible interlocking system is also found in 

dragonfly’s head arrester consisting of unique fibrillar structures. [37] In both 

cases, the locking is enabled by reversible fixation between microstructures 

(known as microtrichia), which are regularly-arrayed, dense micro-fibers on the 
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cuticular surface. The function of microtrichia fields is reflected in their structural 

architecture, density, shape, shear or vertical directionality and material properties 

at interconnecting surfaces.  

A variety of useful applications are conceivable based on the above-

mentioned reversible interlocking. For example, several research groups reported 

core-shell type nanowires and CNT-based carbon forests as a permanent or 

reversible adhesive between surfaces. [38] While the results are interesting and 

potentially useful to electric connectors, the underlying mechanism of the 

interlocking is still not clear as the detailed structural analysis has been missing. 

We fabricated various regularly-arrayed, high-AR polymer fibers made of UV-

curable polyurethane acrylate (PUA) materials. In order to assess the effect of 

structural dimensions and materials properties, we used three PUA materials of 

different rigidity (elastic modulus: 3 MPa ~ 10 GPa) with various hair radii and 

ARs, and found that the locking force increased with the decrease of hair radius 

and modulus and the increase of AR. In particular, the maximum shear locking 

force of ~40 N/cm
2
 was observed for the nanopillar arrays of 50 nm radius and 1 

m height (AR = 10), which was probably the highest adhesion strength among 

the polymer adhesives in Chapter 2-1. 

We report on how the interlocking is mediated by different preloads in 

views of maximum deflection and angle, and total adhesion force prior to the 

detachment. It is readily expected that the total adhesion strength would be 

elevated with increasing the preload. Nonetheless, the degree of overlap between 

fibers and its respective deformation needs to be understood to accurately describe 

the interlocking behavior. To this aim, we used two types of high-AR pillars of 
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PU elastomer (diameter = 3 m, AR = 10, elastic modulus ~ 3 MPa) and soft 

PUA (s-PUA, diameter = 100 nm, AR = 10, elastic modulus ~ 19.8 MPa). 

Measurement of shear adhesion force demonstrated that the locking force was 

enhanced with the increase of preload for both materials. From the simulation, a 

typical stick-slip dynamic motion was predicted in response to an in-plane stretch, 

which can be interpreted as a competition between van der Waals (VdW) and 

deflection forces. Finally, a simple theoretical model was derived to incorporate 

the effect of the two competing forces, which was used to explain the preload-

dependent behavior of the interconnected fibers.  
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Figure 2-9. (a) Schematic of folding and unfolding states of the wing-locking 

device of beetle (Promethis valgipes) and SEM image for microtrichia on the 

cuticular surface. (b) Illustration of beetle-inspired interlocking structures with 

upper and lower fiber arrays. (c) Sequences of interlocking step: i) overlapping by 

a preload (Step 1), ii) paring of the fibers by VdW interactions (Step 2), and iii) 

distortion of the fibers upon application of an in-plane stretch in the shear 

direction (Step 3). 
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Figure 2-9a shows SEM image of the beetle’s wing-fixation microfiber 

array at its anterior field of thorax (Promethis valgipes) and illustrations for the 

interlocking mechanism. As seen from the image, the fixation unit is composed of 

dense, hexagonal microhair arrays of approximately 0.9 m radius and 18 m 

height with hexagonal packing (hair-to-hair distance divided by hair diameter ~3). 

Such regularly-arrayed microfibers are interconnected when the upper and lower 

layers are brought in contact, which in turn generates a high shear locking force 

against an in-plane stretch (Figure 2-9a). Beetles are using these structures when 

they need to stay on trees or grounds while protecting their large, intricate, and 

delicate wings. Also, the interlocking of cuticle microstructure made of -keratin 

provides effortless folding with high shear adhesion and reversibility. According 

to previous studies [36], the function of this wing-fixation device is associated 

with body cleaning, food grinding, air holding, thermoregulation, and filtration 

with aerodynamically or hydrodynamically active surface. A close examination of 

SEM image reveals that the shape of microtrichia is tapered along the top with an 

inclination angle, displaying a pointed directionality towards a particular spatial 

axis. In contrast, the microfibers used here are straight with a uniform thickness. 

For better structural similarity, this deviation needs to be addressed in a future 

study. 

Inspired from this wing-locking device, artificial micro- and nanofiber 

arrays were prepared as shown in Figure 2-9b. The upper and lower layers having 

the identical fiber arrays were interconnected in such a way that numerous hair-to-

hair contacts were formed with a certain overlap. Due to some misalignment and 

collapse of fibers, the configuration of each interlocking would be different from 
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single to multi-body contacts. As shown shortly, the degree of overlap was turned 

out be a function of the applied preload. A schematic shown in Figure 2-9c shows 

the sequences of interlocking step: i) overlapping by a preload (Step 1), ii) paring 

of the fibers by VdW interactions (Step 2), and iii) distortion of the fibers upon 

application of an in-plane stretch in the shear direction (Step 3). 
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2-2-2. Experimental 

 

2-2-2-1. Simulation 

 

The simulations were performed using the ABAQUS 6.9-1 program (SIMULIA). 

The following parameter values were used: Young’s modulus (E) = 19.8 MPa 

(PUA MINS 301 RM) and 300 MPa (PUA MINS 311 RM), and Poisson’s ratio 

(ν) = 0.3 

 

2-2-3. Results and Discussion 

 

Figure 2-10a-b shows SEM micrographs of dense micro- and nanofiber 

arrays formed on flexible PET substrate. These well-defined structures were 

formed over a large area (9  13 cm
2
) without notable defects. Using these fiber 

arrays, shear adhesion forces were measured by varying the applied preload in the 

range of 0.1~10 N/cm
2
. As shown in Figure 2-10c-d, the interlocking-assisted 

shear adhesion (hair-to-hair) was compared with the gecko-like adhesion (hair-to-

flat surface, see the inset of Figure 2-10c. With the increase of preload, the shear 

adhesion force ranged from 3 to 17 N/cm
2 

for the microfiber arrays, whereas it 

ranged from 3 to 40 N/cm
2
 for the nanofiber arrays. For the gecko-like attachment, 

the adhesion value was usually less than 40% of the interlocking. These 

observations strongly suggest that the shear adhesion is largely determined by the 

applied preload. 
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Figure 2-10. (a-b) SEM images of microfiber (3m diameter with AR of 10) (a) 

and nanofiber arrays (100nm diameter with AR of 10) (b). (c-d) Measurement of 

shear adhesion forces of paired microfiber (c) and nanofiber arrays (d) as 

compared to gecko-like contact (hair-to-flat surface) (see the inset of c). (e) Cross-

sectional SEM images of preload-dependent interlocking between nanofiber 

arrays (1, 5, and 10 N/cm
2
), indicating overlap ratios of ~50, ~60, and ~70 %, 

respectively. 
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In order to elaborate on the preload effect, we measured SEM images of 

interconnected nanofiber arrays with different preloads (1, 5, and 10 N/cm
2
). As 

expected, the degree of overlap between upper and lower fibers was dependent on 

the preload; it ranged from ~50, ~60, and ~70 % in the order of increasing the 

preload. A further increase of the preload (>10 N/cm
2
) was not effective, in that 

the fibers were susceptible to collapse and the overlapping was not improved. A 

linear dependency was observed for both mechanical contacts but the slope was 

much higher for the interlocking. Among various structures, the nanofiber array of 

50 nm radius and 1 m height showed a remarkable shear adhesion force as high 

as ~ 40 N/cm
2
. 

To understand the preload-dependent mechanical interlocking of single 

fiber contacts, a series of simulation snap shots are present in Figure 2-11 using a 

multiscale mechanical simulation tool (ABACUS 6.9-1). Here, individual 

nanohairs of soft PUA (50nm radius and 1m height) are brought in contact by a 

preload and then attracted by VdW forces (Fvdw) to form a reversible contact. [12] 

According to the literature, Fvdw can be written as  [15] 

5.2

0

0

16D

lRA
F

overlap

vdw


                         (12) 

where A is the Hamaker constant, R is the hair radius, D0 (0.4 nm) is the distance 

between hairs, l0 is the length of hair, and )/( 0lloverlap  is the overlap ratio 

between upper and lower hairs. Here, the Hamaker constant of s-PUA is 

approximated to 2.09×10
-20

 by the measurement of materials properties (see 

Table 2-2). Additionally, from the geometric consideration illustrated in Figure 
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2-9c, one needs to consider the counterbalance by deflection (Fdef) of hairs, which 

is given by 

)4()2(

48
23

0 overlapoverlap

s
def

l

EID
F

 
                (13) 

where I is the moment of inertia ( 44RI   ) and DS is the maximum 

displacement length. For simplicity, we assumed the condition of part-uniformly 

distributed load of beam deflection. [18] As can be seen from the simulation snap 

shots, the hair-to-hair contact is maintained until the deflection force overcomes 

the VdW force upon application of an in-plane stretch. In all cases, the well-

known stick-slip motion was observed. [16] When the shear load exceeds the 

VdW force, then the hairs are finally separated and recover their original shape 

and internal stress (different colors denote different internal stress levels). It is 

noted that the maximum deflection displacement and angle of paired fibers were 

highly dependent on the overlap ratio, such that they were lowered with the 

increase of overlap . 
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Figure 2-11. Simulation snap shots for single paired hairs using ABAQUS 6.9-1 

program. When the shear load exceeds the VdW force, the hairs are separated and 

recover their original shape and internal stress (different colors denote different 

internal stress levels): overlap = (a) 0.3, (b) 0.6, and (c) 0.9.  
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To obtain an expression for the maximum displacement of paired fibers 

before separation, we assume the Amonton’s first law of friction 

( loadfriction FF  ). [39] According to the force balance, the interlocked hairs 

would maintain the merged state until )cos(sin  defvdwdef FFF  , where the  is 

friction coefficient of materials (= 0.04 for s-PUA) and  is the tilted angle by 

shear adhesion force. When the dislocating force ( sindefF ) to the perpendicular 

direction becomes )cos(  defvdw FF  , the paired fibers would be separated, 

yielding a criterion as 

)cos(sin pdefvdwpdef FFF                  (14) 

where p is the maximum titled angle via preload  and can be simply written as 

)4(
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                        (15) 

       After some algebraic manipulation, one can have the maximum 

displacement (DS): 
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             (8) 

This relation indicates that DS can be determined by the competition between 

VdW and deflection forces with friction coefficient  and the geometric AR 

( )2/0 Rlraspect  of fiber arrays that differs from the structural AR of fibers. 

Figure 2-12a-c shows plots of forces (Fvdw, Fdef), p, and DS of single 

paired fibers as a function of overlap on the basis of the above equations. For the 
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calculations, we used nanofiber array of 50 nm radius and 1 m height. As shown 

in Figure 2-12a, the VdW force is overwhelmingly higher than the deflection 

force for the entire range of overlap . Once the hairs start to be deflected, the 

contribution from the dislocating force ( sindefF ) becomes pronounced and 

ultimately equals to the friction force of paired hairs ( )cos(  defvdw FF  ). A 

notable finding here is that both p, and DS are reduced with the increase of 

overlap since a larger deflection force is required for a higher overlap . Similarly, 

the total shear adhesion force per unit area (cm
2
) ( shearF ) can be derived by 

multiplying the hair density (#/cm
2
) to the shear adhesion force per single hair: 

pvdwshear FF  cos                      (16) 

Here, the hair density () was ~1.8510
9
 from the hair spacing and hexagonal 

layout used in the experiment. Using the estimated p in Figure 2-12b, shearF  is 

plotted as a function of overlap in Figure 2-12d, indicating that the measured 

maximum shear adhesion (~40 N/cm
2
) corresponds to overlap of 70%, in excellent 

agreement with our experimental observations.  
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Figure 2-12. Plots of (a) Fvdw, Fdef, (b) p, and (c) DS of single paired fibers and 

(d) shearF  as a function of overlap . 
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2-2-4. Summary  

 

Inspired from the wing-fixation device in beetle, we have presented the 

preload-dependent reversible mechanical interlocking between regularly-arrayed, 

high-AR polymer fiber arrays. Our experimental and theoretical studies 

demonstrated that the shear adhesion force is strongly affected by the applied 

preload (0.1~10 N/cm
2
); the higher the preload, the higher the shear adhesion 

force. From the cross-sectional SEM images of interconnected hairs, we have 

confirmed the increase of overlap ratio with the increase of preload, which 

supports the linear tendency of locking force as a function of preload. 

Furthermore, a simple theory was developed to explain the maximum deflection 

displacement/titled angle and total adhesion force, in excellent agreement with the 

experimental data. The current work provides an insight into how densely 

populated hair arrays form reversible, interconnected structures and the locking 

force varies with different preload in such paired structures.  
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Chapter 3. Beetle-inspired bi-directional, asymmetric 

interlocking using geometry-tunable nanohairs 

 

 

3-1. Introduction 

 

Directional, asymmetric surface architecture is an essential feature for many 

living organisms in nature. Examples include spider-net, [40, 41] shell of desert-

beetles, [42, 43] and butterfly-wing [44] for directional water transportation, 

adherent gecko [45-48] and insect for active locomotion, [49, 50] and shark [51] 

and snake skins for low frictional surfaces. [52] These unique surface properties 

have been shedding light on nature-inspired smart materials and devices in a wide 

range of applications from water/oil repellent surfaces, contamination-free dry 

adhesives, to directional water harvesting. A number of reviews are available for 

detailed fabrication methods, mechanisms, and applications. [53-55] 

In addition to the above-mentioned examples, one can observe a unique 

structural device in nature in the form of a reversible mechanical interlocker. A 

typical example is the interlocking between “hooks” and “loops” in burdock’s 

seeds, which is now commonly used in fabric Velcro. Also, zoologists have 

observed a unique interlocking structure in insects such as dragonfly’s head 

arrester and beetle’s wing. [7, 37]  Motivated by these observations, we recently 

reported that a wing-to-body locking device is present in an anterior field of the 

elytra as well as in an opposite field of thorax, where asymmetric microstructures 

called -keratin microtrichia are reversibly interconnected to fix the wing. [56]  
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This directional, reversible interlocking system is potentially useful for many 

applications including fastener-type adhesive, [38, 56] switchable adhesion, [57, 

58] electric connector, [59] biomedical patch, [60] and flexible, wet or thermal 

responsive adhesive. [61-63] As described shortly, regularly titled asymmetric 

corn-shape microhairs are observed in the wing locking device, whose 

functionality in reversible attachment has remained unexplored.  

Following our earlier observation on reversible interlocking with vertically 

oriented hairs in chapter 2, [56, 64] we present here bi-directional, asymmetric 

interlocking between tilted, high aspect-ratio (AR) micro- and nanohairs utilizing 

geometry-tunable replica molding and broad ion beam irradiation. In the broad ion 

beam irradiation, the as-formed hairy structures are irradiated by Ar ion beam at a 

tilting angle (0 ~ 90) with an appropriate intensity and time, thereby controlling 

the bending angle in a precise manner. This method is advantageous over oblique 

e-beam irradiation as the structural transformation is completed rapidly (< 1 min) 

on a large area. [21, 65]  Using this method, various stooped micro- and nanohair 

arrays (tilting angle,  < 40
o
) were formed, and then reversibly interconnected 

each other to measure the shear locking force. It turned out that the maximum 

force was as high as ~60 N/cm
2 

when the two surfaces were pulled in the reverse 

direction with respect to the bending angle. The hysteresis in this asymmetric, bi-

directional adhesion was measured to be ~3, which was in a good agreement with 

a simple theoretical model.  
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3-2. Experimental 

 

3-2-1. Fabrication of various tilted nanohairs 

 

The as-prepared vertical nanohairs were put into an end-Hall type linear 

ion gun system (Alcatel Vacuum Technology, France) to irradiate Ar gas to the 

nanohairs. After evacuating air, the anode voltage was kept constant at 1 keV 

during ion treatment with a current density of 50 A/cm
2
 and a radio frequency 

(RF) bias voltage of -600 V was applied to the sample holder with an Ar gas flow 

rate of 8 sccm for the duration of 1 min. The incident angle of ion beam was 

varied by tilting the sample holder (40
o
, 55

o
, and 65

o), resulting in various bending 

angles of hairs of 15, 30, and 40. [65] For characterization and adhesion tests, six 

experimental sets were prepared: tilted microhairs (0 and 40) of 1.5-m radius, 

30-m height (PU elastomer), and tilted nanohairs (0, 15, 30, and 40) of 50-nm 

radius, 1-m height (s-PUA). The SR was set at 3 for all samples. 

 

3-2-2. Adhesion tests for bi-direction ananlysis 

 

To analyze asymmetric adhesion properties, the upper and lower surfaces 

(1×1 cm
2
 area each) of stooped micro- or nanohair arrays were brought into 

contact with a preload of ~5 N/cm
2
 and reversibly interconnected. Using a 

custom-built equipment (see Figure 2-3), a uniform pulling force was applied to 
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the sample with a velocity of ~1 mm/sec, until an adhesion failure occurred. In 

this way, shear adhesion forces were measured in the angled (+) and the reverse (-

) directions with respect to the initial bending geometry. All measurements were 

repeated at least 10 times at ambient temperature under a relative humility 50% 

and average values were used for the plots.  

 

3-2-3. Detailed derivation of maximum angular displacement of hairs Δp 

 

In order to obtain an expression for the maximum angle displacement of 

nanohairs before separation, we can assume the Amonton’s first law of friction 

( vdwf FF  ). Additionally, we have to consider the force balance induced by 

deflection of the paired hairs (Δ. According to the force balance, the 

interlocked hairs would maintain the merged state until 

)cos(sin pdefvdwpdef FFF   as show in Figure 2-2. When the bending 

force is equal to or larger than the van der Waals forces, i.e., 

)cos(sin pdefvdwpdef FFF   , the paired hairs would start to be separated. 

After some algebraic manipulation with Taylor-series approximation, one can 

have   

   defvdw FF              (17) 
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From equation 18, the maximum angular displacement can be derived, which is 

given by 

def

vdw
p

F

F
 6.0                (19) 

 

In this derivation, 2

0 )2//(2 llEIFdef   assuming the condition of part-

uniformly distributed load of beam deflection.  [18] 
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3-3. Results and Discussion 

 

Figure 3-1a shows an illustration of the actual wing locking device of 

beetle (Promethis valgipes) along with the corresponding SEM images, in which 

tilted microtrichia on the cuticular surface of hind wing and those on the insect 

body are interlocked with directionality. The SEM images demonstrate that the 

microhairs are of corn shape and angled with pointed directionality. When beetles 

fold their wings on a tree or a ground, an asymmetric interconnection is expected 

to occur with bi-directional high shear adhesion as schematized in Figure 3-1b, 

while a normal lift-off would be extremely simple and effortless. This wing 

locking device is highly reversible and does not require additional physical load or 

surface modification. [56] Figure 3-1c provides an illustration of directional, 

asymmetric shear force in the angled (+) and the reverse (-) directions. Here, the 

(+) direction denotes the direction towards the edge of beetle’s torso, while the (-) 

direction to the center of body. From our observation, the microtrichia on the 

beetle’s hind-wing consist of ~40
o
 tilted micro-fibers of ~ 2.5-m diameter and 

~17-m height (AR = ~8) (Figure 3-1a, right top image). In contrast, the slanted 

microstructures on the insect body are of ~1.5-m diameter and ~15-m height 

(AR = ~10) (Figure 3-1a, right bottom image). Both structures are regularly 

ordered with hexagonal packing layout with the spacing ratio (SR) of ~3. Here, 

SR is defined as the distance between hairs divided by width. 
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Figure 3-1. (a) Illustration of the actual wing locking device of beetle (Promethis 

valgipes) along with the corresponding SEM images, in which tilted -keratin 

microtrichia on the cuticular surface of hind wing and those on the insect body are 

interlocked. (b) Illustration of folding and unfolding states of the wing locking 

device. (c) Illustration of directional, asymmetric shear force in the angled (+) and 

the reverse (-) directions. 
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To investigate directional properties of reversible interconnection, vertical 

and tilted microhair arrays (~ 40
o
) of 1.5-m radius and 30-m height (SR = 3) 

were prepared with polyurethane elastomer (elastic modulus: 3 MPa) as shown in 

Figure 3-2a-b. As can be seen from the images, the microhairs were uniformly 

fabricated over a large area and nearly straight even in the stooped state. Using 

these microhairs, the shear adhesion force was measured by using a custom-built 

equipment in the angled (+) and the reverse (-) directions. By applying a uniform 

preload of ~ 5 N/cm
2
, two identical surfaces with vertical or titled hairs are 

brought in contact, forming a microstructural interconnection. The measurement 

of shear adhesion for the three cases is shown in Figure 3-2d. In the case of 

interlocking between stooped hairs, the measured shear locking forces were ~9.5 

N/cm
2
 in the (+) direction and ~15 N/cm

2
 in the (-) direction, whose adhesion 

hysteresis is ~1.6. In comparison, the force between vertical hairs was ~12.5 

N/cm
2
, which lies in between the two values. Based on these results, it can be 

thought that the directionality of microstructures may serve for preventing the 

elytra from shifting along the middle of insect mass (- direction) so as to fix the 

delicate wings more safely during folding and unfolding states.  
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Figure 3-2. (a-b) SEM images of the as-prepared vertical PU elastomer hairs of 

1.5-m radius, 30-m height (SR = 3) with hexagonal layout (a) and the same 

microfibers after oblique broad ion beam irradiation (b) Large-area (i) and 

magnified views (ii) are shown for each sample. (c) Illustration of reversible cycle 

of attachment and detachment for shear adhesion tests. (d) Measurement of shear 

adhesion forces for vertical and asymmetric interlocking in the (+) and (-) 

directions. 



 58 

 

 Figure 3-3. SEM images for geometry-controlled nanofiber arrays. (a) Vertical 

nanohair arrays. (b-d) Various tilted nanohairs by oblique broad ion beam 

irradiation: (b)  =15, (c) 30, and (d) 40, respectively. (e, f) Cross-sectional SEM 

images of paired nanohairs for (e) vertical and (f) tilted nanohairs. Here, the 

geometry of nanohairs is the same: 50 nm radius, 1 m height, and SR = 3 with 

hexagonal layout. 
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To elaborate on the effect of tilting angle in directional interlocking, we 

prepared various geometry-controlled nanofiber arrays of 50-nm radius and 1-m 

height (SR = 3) with hexagonal layout and measured shear adhesion using soft 

PUA material (~19.8 MPa). Figure 3-3a-d shows polymeric nanohairs with a 

range of tilting angles (~ 0, 15, 30, and 40) via replica molding and oblique 

broad ion beam irradiation. The cross-sectional SEM images in Figure 3-3e-f 

provide an insight into how the interlocking contact is mediated by van der Waals 

force between vertical or titled (40) nanohairy surfaces. The estimated ratio 

of overlapping was 60~80% between the upper and lower hairs with some broken 

and misaligned structures. Also, it is noted that the titled hairs are preserved 

during the entire bonding and pulling steps (see yellow-box in Figure 3-3f). 

In order to understand the asymmetric interlocking behavior presented 

here, the step-by-step events that may occur in the course of interlocking and 

pulling in the angled and revsed directions are schematically drawn in Figure 3-4. 

Also, a simple theoretical model is needed to quantitatively describe the measured 

adhesion forces for vertical and tilted hairs. Once the hairs are brought into 

contact by a uniformed preload, the hairs are paired by van der Waals forces 

(Fvdw) as shown in Figure 3-4a (step 1), in which )16/(
5.2

0
DlRAF

vdw
 .

 [17]  

Here, A is the Hamaker constant (~2.09×10
-20

 J for polyurethane materials used in 

our experiment. See also supplementary information), R is the radius of nanohairs 

(50 nm), D0 is the cut-off distance between hairs (0.4 nm), and l is the overlapping 

length, which is approximately ~70% of the total length of hairs as supported by 

the SEM images in Figure 3-3e-f. As illustrated in a series of steps 2-3, the 
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interconnected nanohairs are displaced by an applied shear load and finally 

separated when Fvdw is overwhelmed by the bending force, Fdef. Here, Fdef may be 

viewed as an disjoining force to separate two surfaces, which can be expressed as 

2

0 )2//(2 llEIFdef   assuming the condition of part-uniformly distributed 

load of beam deflection, [56] in which I is the moment of inertia ( 44RI   ), E 

is the elastic modulus of the soft PUA material (~19.8 MPa), and lo is total length 

of hair (see Table 2-2).  

To derive a condition for the onset of separation, we introduce here an 

angle displacement from the initial interlocked position (Δ ). Consequently, the 

maximum angular displacement (Δ p) is given from the force balance between 

attractive Fvdw and disjoining Fdef such that 

)cos(sin pdefvdwpdef FFF   where  is the frictional coefficient, 

~0.04. [56] After some algebraic manipulation, Δ p can be simply expressed as a 

ratio between Fvdw and Fdef, yielding 

def

vdw
p

F

F
 6.0                          (19) 

For the conditions used in our experiment, Δ p is approximated to 42
o
 regardless 

of the pulling direction (see supplementary information for detailed derivation). 
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Figure 3-4. (a-b) Illustrations for step-by-step events of bi-directional, 

asymmetric interlocking of single paired nanofibers in the (a) angled (+) and (b) 

reverse (–) directions. First, the upper and lower tilted nanofibers are paired (step 

1), bended to the maximum angular displacement (Δp) before separation (step 

2), and finally separated by external shear force (step 3).   
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Figure 3-5. (a-b) Measurement of shear adhesion forces with various tilting 

angles in the (a) angled (+) and (b) reverse (–) directions. (c) Plots of theoretical 

shear adhesion forces as a function of  in the angled (+) and reverse (–) 

directions. (d) Comparison of the measured adhesion hysteresis with the theory. 
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Additionally, the shear adhesion force can be estimated from the x-

component of the force vector, in which the separating angle is either given by 

Δ f = +Δ p (+ direction) or Δ f = Δ p (- direction) considering the 

geometry of tilted nanohairs. Then one can have 

   reverseorangledFF pvdwshear ::,)cos(  
          

(20)
 

Here,  is the pillar density per unit area (~18.5ⅹ10
9 

/cm
2
), and is the initial 

tilting angle of nanohairs. Accordingly, the hysteresis (H) is given by 

)cos(

)cos(

pvdw

pvdw

F

F
H










        (21)
 

Figure 3-5a-b shows the measured adhesion forces when pulled in the (+) 

and (-) directions, respectively, as a function of . In the angled direction, the 

measured force monotonically decreased from ~40 to ~20 N/cm
2
 with the increase 

of which can be easily imagined intuitively as the hairs had been initially 

angled in that direction. In the reverse direction, on the other hand, the force 

increased from ~40 to ~60 N/cm
2
 with the increase of which also agrees with 

our intuition and the theoretical model in Eq. 17. To further demonstrate this 

asymmetric adhesion, two pendulums (3 kg in - direction and 1 kg in + direction) 

were supported by 0.8ⅹ0.8 cm
2
 patches with different pulling directions (see 

Figure 3-6). Also, this asymmetric, bi-directional adhesion may be utilized as a 

simple, smart fastener to fix items with moderate weight when two different 
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pulling forces are needed in a controllable fashion as show in Figure 3-7 with 

snapshots.  

 

(a)                          (b)   

 

 

Figure 3-6. Demonstration of directional, asymmetric adhesion with two different 

pendulums. Two pendulums are supported by 0.8 ⅹ0.8 cm
2
 patches with 3 kg for 

– direction (a) and 1 kg for + direction(b). 
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Figure 3-7. Demonstration of the utility as a simple fastener to hold a lap-top 

computer on a ~50
o
 slope surface with 1 ⅹ1 cm

2 
patches. 
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To compare with the theoretical model, the estimated shear adhesion 

forces are plotted as a function of  in the (+) and (-) directions, respectively, in 

Figure 3-5c. As shown, the theoretical predictions are in good agreement with our 

experimental observations. Some discrepancy may be related to misalignment of 

upper and lower hair arrays and structural defects. In particular, the maximum 

hysteresis is estimated to be ~7 for = 40, which is substantially higher than the 

measured value of ~3. Since the tilted hairs are not straight, but stooped as can be 

seen from the SEM images in Figure 3-3, the actual tilting angle would be 

effectively lowered. For example, if we insert = 30 in Eq. 18, the hysteresis is 

about 3, which is in excellent agreement with the prediction shown in Figure 3-5d.   
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3-4. Summary 

 

We have presented bi-directional, asymmetric interlocking between tilted micro- 

and nanohair arrays inspired from the actual wing locking device of beetles. As 

expected, the measured shear force turned out to be higher in the reverse direction 

than that in the angled direction, suggesting that the directionality of tilted 

microtrichia may play a critical role in preventing the elytra from shifting along 

the middle of insect body. A maximum shear locking force of ~60 N/cm
2 

was 

observed for the nanohair arrays of 50-nm radius and 1-m height (SR = 3) with a 

hysteresis as high as ~3. A simple theoretical model was developed to describe the 

measured asymmetric adhesion forces and hysteresis, which were in good 

accordance with the experimental data. 
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Chapter 4. A multiplex, flexible, real-time strain gauge 

sensor using reversible interlocking of nanofibers 

 

 

4-1. Introduction 

 

Recently, flexible, skin-attachable or skin-like electronic sensors have 

been introduced based on various detection schemes, such as mechanical, 

chemical, thermal, and optical principles with multiscale architectures [66-75]. In 

general, to be able to measure spatial distributions of an input pressure, a number 

of circuit elements involving organic/inorganic matrix arrays [66, 69, 72-77], 

hybrid composites [38, 68, 78, 79], and nanowire or nanotube assemblies [67, 70, 

80] need to be integrated on various flexible substrates [81]. A striking example of 

an integrated, multifunctional epidermal skin sensor has been demonstrated very 

recently by Rogers and coworkers, in which various circuit and detection 

components were monolithically assembled on a flexible silicon network. [66] 

Despite the potential and high-performance of these devices, a wearable, 

multiplex skin sensor still presents challenges because a large-area fabrication of 

the integrated device with nanomaterial assemblies (e.g., transistors, nanowires or 

nanotubes) would be, in many cases, complicated, expensive and minimally 

reproducible. 

Piezoresistive sensing, which translates a mechanical displacement into an 

electric signal, is useful for monitoring a minute structural deformation in flexible 
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supporting layers over time. In this case, the difference of conductance or 

resistance can be measured from a specific active matrix with or without an on/off 

switchable transistor [66-70, 72-75]. Other interesting mechanotransduction 

systems can be found in nature, such as cochlear hair cells [82], intestine [83] and 

kidney cells [84], integrin-receptors of adhered cells [85], and endoplasmic 

reticulum stress, [86] all of which involve a distortion of nanocilia or biological 

‘interlocking’ of hairs under a flow condition. Inspired by this hair-to-hair 

interlocking, as well as by the wing-locking device of beetles [87], we present a 

layered strain gauge sensor based on nanoscale mechanical interlocking between 

metal-coated, high-aspect ratio (AR) nanofibers. The mechanical sensing is 

enabled by numerous tiny contacts between the neighboring high-AR fibers on 

flexible supporting surfaces. It should be noted that two layers of regularly 

ordered, high-AR polymer fibers (50 nm radius and 1 m height, AR = 10, 

hexagonal layout), when brought in conformal contact with each other after metal 

deposition, can be used as a reversible electric interlocker. Here, a shear locking 

force is generated by the amplified van der Waals forces of the high-density 

nanofibers, and a tiny distortion caused by hair-to-hair contact can be transmitted 

to the detector via a change in electrical resistance (piezoresistive sensing)  [87]. 

The interlocking-based strain gauge sensor presented here can detect 

multiple ‘skin-like’ mechanical loadings (pressure, shear, and torsion) using 

metal-coated, high-AR polyurethane (PU)-based nanofibers (elastic modulus: 19.8 

MPa). With the help of flexible PDMS supports and a low-noise environmental 

analyzer with an extremely small interval recording (100 Hz), each nanoscale 

deformation can be monitored in such a way that the corresponding external 
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stimulus is converted into a difference in the electrical resistance signal. In 

addition, each stimulus demonstrates a unique, discernible magnitude and pattern 

of the measured signal (i.e., GF) that can be used as an index to decouple three 

different loadings of pressure, shear, and torsion. In addition, we observed highly 

repeatable and reproducible signals over multiple cycle tests (<10,000 cycles) 

with well-defined on/off switching behaviors of loading and unloading by 

utilizing a pressure controller with precise piezoelectric stepping positioner and a 

computer-based user interface with 100 Hz recording. 
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4-2. Experimental 

 

4-2-1. Fabrication and measurement of multiplex, flexible strain gauge sensors.  

 

Two layers of 5–30 nm Pt-coated PUA nanohair arrays (maximum sample area: 9 

 13 cm
2
 as shown in Figure 1b) were brought into contact to make an Ohmic-like 

contact. Then, thin oxygen-plasma-treated PDMS supports with a thickness of 

~500 m were permanently sealed to both interlocking layers to ensure stable 

flexibility. To analyze the electric characteristics of the sensor shown in Figures 

2-4, the two PDMS-supported nanohair arrays were reversibly interlocked with an 

overlap area of 4 x 5 cm
2
. Finally, the Pt-coated terminal regions were connected 

with wires to make stable electrical connections. The applied strains were 

measured by the LK-Navigator interface via an LKG 30-KEYENCE laser 

displacement sensor (100 Hz interval recording) and defined by the percentage 

change of the substrate length. The resistance differences were recorded by the 

analyzing interface via two-wire resistance measurements with controllable 

frequency (< 100 Hz, NI Digital Multimeter of NI PXI 4071 and NI PXI-1033) 

aided by low-leakage/low-thermal cable set. The I-V characteristics for the 

pressure, shear, and torsional loads were obtained by a ZAHNER® analyzer 

where the corresponding changes in the electrical resistance were monitored. For 

the analysis of detailed force responses (response time and hysteresis), a 

computer-based user interface and a micro force sensor (FT-S270) with 

nanoscale-controlled stage by piezoelectric stepping positioner (SLC-1730) were 
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used to apply an external pressure of ~550 Pa with frequency of up to 10 Hz. The 

applied load was gradually increased for sensing pressure (total of 8 

measurements from 5 Pa to 1500 Pa), shear (total of 7 measurements from 0.001 

N to 1.000 N), and torsion (total of 6 measurements from 0.0002 Nm to 0.1000 

Nm). For the measurement of spatial distributions of an input pressure, an 

interconnected sensor network of 64 pixels with various pixel sizes from 5 to 16 

mm
2
 were fabricated over an area of 8ⅹ5 cm

2
 by utilizing a shadow mask 

deposition process. 

 

4-3. Results and Discussion 

 

Figures 4-1a-d show schematic illustrations for the assembly and 

operation of a flexible, sandwiched device in which two layers with high-density 

(~1.8510
9
 #/cm

2
) nanohairs replicated from a silicon master were reversibly 

bonded between two flexible PDMS supports (~500 m thickness each). The 

polymer fiber arrays were replicated over a large area (9  13 cm
2
) in a single 

molding step, followed by a Pt deposition process, as shown in the SEM images 

of Figure 4-1c [88, 89]. To be used in an electric application, such as in a sensor 

or connector, the Pt-coated nanohair arrays on the upper and lower layers were 

brought into contact using slight pressure (~ 0.1 N/cm
2
) and then paired by the 

attractive van der Waals forces. As reported earlier [87, 90], the interlocking 

mechanism between neighboring hairs can be explained by the competition 

between the attractive van der Waals forces and the deflection force of the 

nanohairs. Specifically, the van der Waals forces between the upper and lower 
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hairs can be expressed as )16/( 5.2DlRAFvdw   [15], where A is the Hamaker 

constant, R is the hair radius, D is the distance between hairs, and l is the overlap 

length. In addition, the disjoining bending force of nanohairs is determined by the 

degree of deflection and material properties. It was found from our calculation [87, 

90] that the van der Waals forces should be higher than the deflection force by 

approximately 2-3 orders of magnitude so as to generate stable electrical signals 

under steady conditions. When uniformly paired, a small displacement of hair-to-

hair interlocking in response to an external loading can be preciously converted 

into a change in the electrical resistance signal with compressive deformations, as 

illustrated in Figure 4-1e. 

For bending stability, both layers were permanently sealed to thin oxygen-

plasma treatment PDMS supports and brought into contact to construct a sensor 

electric assembly [91]. As seen from Figure 4-1b, the assembled device shows a 

high degree of flexibility on the rubber-like PDMS supports. To achieve a stable 

electric contact, a thin layer of Pt was deposited to a thickness of 20 nm on both 

layers for stable Ohmic-like contact. Such a Pt deposition inevitably brings about 

a reduction of the shear locking force of ~10 N/cm
2
, which turned out to be 

sufficiently high for reversibly holding the two layers. Obviously, even without 

the PDMS sealing, the interlocked layers can act as an electric connector (Figure 

4-2).  
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Figure 4-1. Multiplex, flexible strain gauge sensor based on the reversible 

interlocking of Pt-coated polymer nanofibers. (a) Schematic for the assembly and 

operation of a flexible sensor layer sandwiched between thin PDMS supports (~ 

500 m thickness each). (b) Photograph showing the flexibility of the assembled 

sensor. (c) SEM image of a dense array of 50-nm radius nanohairs with AR = 10. 

(d) Schematic illustrations of the pressure, shear, and torsion loads and their 

possible geometric distortions of the paired hairs. (e) Operation of a flexible 

sensor layer via recording of resistance change (Roff: unloading, Ron: loading). 
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Figure 4-2. (a) Graph showing the reduction of shear adhesion force with the 

increase of Pt coating thickness. (b) I-V curves for various Pt-coated nano-

interlockers where the 20 nm Pt-coated assembly showed a sufficiently low 

resistance (~0.6 ohm/mm) for stable Ohmic-like contact as well as a large shear 

adhesion force of ~10 N/cm
2
. (c) Photograph of an electric connector made of Pt-

coated nanofiber interlocks without PDMS sealing. 



 76 

       To demonstrate multiplex outputs from the mechanical stimulus, we 

recorded changes in the electrical resistance as a function of applied strain for 

three different mechanical loadings: pressure, shear, and torsion (see Figure 4-3 

for detailed experimental setup). To assess the ability of the device as a strain 

gauge sensor and to decouple multiple mechanical inputs, the GF of the 

assembled device was measured with a gradual increase of the strain up to ≤ 2 % 

(pressure), ≤ 4 % (shear), and ≤ 5 % (torsion). The measured resistance 

difference ( onoff RRR  ) and ratio ( offRR / ) were plotted as a function of 

applied strain (Figure 4-4a-h), the slope of which yields the corresponding 

piezoresistive GF, defined as /)/( RRGF  : ~11.45 for pressure, ~0.75 for 

shear, and ~8.53 for torsion. Here, Δ R/R and denote the relative resistance 

change and applied strain, respectively. Notably, the measured GFs of pressure 

(~11.45) and torsion (~8.53) were significantly higher than those of the recently 

reported graphene-based film (GF = 6.1) [92] and conventional metal-alloys (GF 

= 2.0) [93]. 

Once interconnected, a tiny displacement between the hairs can be 

interpreted into a scalar change of electrical resistance, which seems analogous to 

chemical and biological signaling in cochlea hair cells [82] and cell-to-cell 

mechanotransduction [94, 95]. The displacement in individual hair-to-hair 

contacts was verified under each different stimulus (Figure 4-4c, f and i), 

revealing that the paired hairs are distorted in response to different mechanical 

loads. Using the sensor assembly, the I-V characteristics were recorded for three 

different mechanical loadings (see Figure 4-5 for detailed plots), as schematically 

illustrated in Figure 4-1d. The results indicate that the three physical inputs can 
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be distinguished with the help of the specific GFs, which is similar to the sensory 

system found in the human skin [96]. Here, a small normal pressure, shear, or 

torsion causes an additional contact in the geometric layout of polymer hairs, 

which in turn produces a decrease of the contact resistance in the I-V curve (see 

Figure 4-1d and Figure 4-5).  

For the pressure sensing, the minimum detectable pressure was as small as 

~5 Pa, which is equivalent to the weight of 5 mg per 10 mm
2
 and much smaller 

than a pressure induced by a gentle touch (<10 kPa) [97]. Here, the noise level 

was independently analyzed for a wide range of pressures (≤ 1000 Pa), suggesting 

that the noise signals are unavoidable but clearly distinguishable even for a small 

input signal down to ~5 Pa. In the case of the shear sensor, a shear load also gives 

rise to an additional contact among neighboring hairs, and the contact resistance 

decreases accordingly. The minimum detectable shear force was ~0.001 N, with 

the tested sensing limit being approximately 1 N (three orders of magnitude 

difference). In a similar manner, the torsion sensing was performed, detecting a 

torsional load as small as 0.0002 N·m. The multiplex sensing platform presented 

here, which benefits from the flexible nature of the interlocked device, is 

intrinsically different from previous layered sensors [66-69] in which the device 

was used to measure a single signal (pressure-only) or multiple signals with 

multiple active modules. In contrast to the pressure and torsion sensing, the GF of 

the shear was significantly smaller, which appears to be attributable to the 

relatively small increment in the number of fiber-to-fiber contacts made in 

response to an applied compressive strain.  
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Figure 4-3. Photograph showing the detailed detection setup with a computer-

based user interface via an NI Digital Multimeter (PXI-1033) for measuring the 

resistance differences, and a LK-Navigator interface via a LKG 30-KEYENCE 

laser displacement sensor for recording the applied strains. 
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Figure 4-4. Electric characterizations of the sensor in response to pressure, shear, 

and torsion loads. Plots showing the difference of the electrical resistance (Roff - 

Ron) for three different mechanical loads of pressure (a), shear (d), and torsion (g) 

along with changes in the electrical resistance ratio as a function of applied strain 

for pressure (b), shear (e), and torsion (h). The corresponding SEM images on the 

right panel (c, f, and i) show structural displacement as a result of each physical 

load. The GFs were measured from the slope of each plot: ~11.45 (pressure), 

~0.75 (shear), and ~8.53 (torsion). The error bars represent the standard 

deviations. 
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Figure 4-5. (a-c) Plots showing the detailed I-V curves for three different 

mechanical loadings: pressure (a), shear, (b) and torsion (c).
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Figure 4-6. Measurement of highly sensitive, multiplex, and real-time signals (a) 

Schematic illustration of the measurement set-up. (b) Multiple-cycle tests 

(<10,000 cycles) with repeating loading-unloading of pressure in the range of 0 ~ 

1500 Pa. (c-e) Frequency responses to various input signals as a function of time 

(pressure input frequency: 1 Hz): 1Hz (c), 5 Hz (d), and 10 Hz (e). 
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Figure 4-7. (a) Photograph of the resistance sensing set-up, which consists of a 

force controller, a piezoelectric strain gauge sensor, and a computer-based 

resistance analyzing interface with 100 Hz recording. (b) Plots of Roff – Ron as a 

function of time (pressure input frequency: 1 Hz) for various applied pressures 

(0~1000 Pa). As shown, the noise level was distinguishable even for a minimum 

detectable pressure of ~5 Pa. 
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Next, we investigated multiple cycle tests (<10,000 cycles) by repeating 

loading and unloading of pressure (<1500 Pa) and frequency responses to various 

input signals with a sophisticated force controller aided by a computer-based user 

interface (see Figure 4-6a and Figure 4-7). As shown in Figure 4-6b, the output 

signals were stable for many thousand cycles (maximum ~8,000 cycles) without 

notable degradations. After approximately 10,000 cycles, the signals were shifted 

to higher resistance changes, presumably due to the formation of permanent and 

irreversible hair contacts. These observations suggest that the measurement was 

highly reproducible and repeatable with the same amount of mechanical loads, 

even after thousands of cycles. 

Regarding the frequency responses (Figures 4-6c-e), the output signals 

were rapidly detectable and deterministic with minimal delay times for various 

frequencies (1, 5, and 10 Hz). The transformation into a trapezoidal-type response 

along with a slight delay for a relatively high frequency of 10 Hz may be 

associated with the viscoelastic response of the PDMS supports. Based on these 

observations, the sensor response could be reliable up to ≤ 10 Hz in terms of 

bandwidth. In addition, the hysteresis was measured with 1 Hz force frequency in 

the course of loading and unloading the pressure up to ~550 Pa (Figure 4-8a). 

This hysteresis may be attributed to elastic rearrangement of metal-coated 

nanofibers during unloading and viscoelastic effects of PDMS shielding layers. 

An additional time-resolved scan of the applied pressure and output signal shown 

in Figure 4-8b indicates that a delay time is less than < 0.05 s for an abrupt step 

input from 0 to 1500 Pa, in accordance with the previous response delay shown in 

Figure 4-6c-e. It is noted in this regard that the detection equipment has a very 



 84 

small interval of 100 Hz (= 100 measurements per second), so that a certain 

physical input, regardless of the duration time, could be discriminated as a normal, 

shear, or torsional load. 

The reversible and restorable sensing characteristic presented here is 

associated with the elastic ‘self-reconstruction’ of the nanofibers after release of 

the displacement during multiple loading-unloading cycles. In particular, the 

displacement from pressure, shear, and torsion, despite each input having a 

different direction and tortuosity, may be interpreted as an average normal strain 

(bending) along the z-axis in terms of a relative displacement that obeys Hook’s 

law [98] (see the inset schematic of Figure 4-4). Because a compressive strain is 

applied to the interconnected layers, the overlap length of nanofibers would be 

elevated, which in turn results in a decrease in the electrical resistance.  

To elaborate on the ability to sense a tiny displacement of hairs in real 

time, the continuous kinetic forces of a bouncing water droplet (20 l) were 

measured by a low-noise environmental analyzer. The superhydrophobic surface 

with a static contact angle of ~160 and a hysteresis of ~3


was prepared 

following the procedure reported earlier [99]. The data were collected from the 

analyzer (100 Hz interval recording) while a droplet was bouncing back and forth 

approximately 8 times from the initial height of 5 cm for ~0.4 sec (Figures 4-9a-

c). As shown, the first impact of the droplet was recorded as ~190 Pa, which is 

equivalent to ~ Δ 0.3 ohm with some fluctuation in the signal due to the 

viscoelastic property of the PDMS substrates. Interestingly, the measured forces 

were highly correlated with the kinetic motion of the droplet as seen from the 

high-speed snapshots. 
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Figure 4-8. (a) Hysteresis of output electric signal for an input pressure of ~550 

Pa with 1 Hz force frequency. (b) Comparison of input pressure and output signal 

for an abrupt step input from 0 to 1500 Pa, showing a response lag time of < 0.05 

s. 
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Figure 4-9. Fabrication of a sensor network to measure spatial distributions of an 

input pressure. (a) The schematic of a real-time, high-sensitivity measurement of 

the dynamic motion of a bouncing water droplet (20 l) ~5 cm above from a 
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superhydrophobic surface. (Reproduced for the inset SEM image [ref. [99]]) (b) 

The corresponding snapshots from a high-speed camera are shown. (c) The 

difference in the electrical resistance (Roff - Ron) for the duration of ~0.4 sec. (d) 

Photograph showing the skin-attachable sensor right above the artery of the wrist. 

(e) Measurement of the physical force of a heartbeat under normal (~ 60 beats per 

min with an average intensity of ~100 Pa) and exercise conditions (~100 beats per 

min with an average intensity of 300~400 Pa). (f) Plots showing the detection and 

decoupling of pressure, shear, and torsion loads with each time-dependent signal 

pattern of resistance ratio and applied compressive strain as a function of time. (g) 

Example for the decoupling of an arbitrary finger touch with pressure, shear, and 

torsion. 
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Figure 4-10. Fabrication of a sensor network to measure spatial distributions of 

an input pressure. (a) Photograph of a fabricated sensor network of 64 pixels over 

an area of 8ⅹ5 cm
2
. (b) Schematic of a circuit design. (c-d) Images of device 

with two lady beetles placed on two locations for pressure sensing: tilted (c) and 

top views (d), respectively. (e) The resulting two-dimensional intensity profile 

measured by mapping of the pixel signals.
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      In addition, the physical force of a heartbeat was monitored in real time 

after attaching the sensor right on the artery of the wrist. It should be noted that 

the flexibility of the sensor was high enough to make a conformal seal with the 

aid of medical tape. As shown in Figures 4-9d-e, under two different conditions a 

normal heartbeat (~60 beats per min with an average intensity of ~100 Pa) and 

that after an exercise (~100 beats per min with an average intensity of 300~400 

Pa) were monitored with time, suggesting that the signals could be differentiated 

by discernible magnitudes and frequencies of the corresponding biofeedback 

(heartbeat). Figure 4-9f shows the skin-like, simultaneous detection of pressure, 

shear, and torsion (see inset photographs of Figure 4-9f) classified with each 

magnitude and pattern of the measured signal. Furthermore, an arbitrary signal 

like finger touch was analyzed into a mixed signal of the three different physical 

inputs on the time-dependent domain in Figure 4-9g. Here, both the resistance 

ratio and the applied compressive strain were recorded as a function of time at a 

100 Hz interval. 

In order to demonstrate the potential for measuring spatial distributions of 

the pressure, an interconnected sensor network of 64 pixels with various pixel 

sizes from 5 to 16 mm
2
 were fabricated over an area of 8ⅹ5 cm

2
 (Figures 4-10a-

d). Then, two lady beetles were placed on two different locations of the device 

and the resulting two-dimensional intensity profiles are displayed in Figures 4-

10e. As shown, the interconnected sensor can detect the spatial distribution of the 

pressure after mapping the intensity profiles. With further optimization, this 

flexible sensor network has the potential to be used as a skin-like, wearable 

health-monitoring device and further as an implantable device and prosthetic skin 
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partly due to its excellent flexibility and the biocompatibility of the PDMS 

supports. 
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4-4. Summary 

 

We have presented a highly flexible, multiplex, real-time sensor based on 

reversible mechanical interlockers between Pt-coated, high-AR nanofibers. Our 

experimental results demonstrated that the GFs were ~11.5 (pressure), ~0.75 

(shear), and ~8.53 (torsion) with a strain range of ≤  5%, which are fairly 

comparable or superior to those of the existing graphene-based films and metal 

alloys. In addition, the shear adhesion force was maintained at ~10 N/cm
2
, even 

with a Pt coating, owing to the amplified van der Waals forces among the paired 

high-density nanofibers. In contrast to other detection systems, the current nano-

interlocking mechanism does not involve any complex integrated nanomaterial 

assemblies or layered arrays, allowing for a simple, cheap, yet robust sensing 

platform for high-performance, large-area strain gauge sensors. Using the 

assembled strain sensor, we measured three different mechanical loads in the form 

of normal pressure, shear, and torsion with high sensitivity and wide dynamic 

range. In addition, the output signals were highly repeatable and reproducible over 

multiple cycle tests (< 10000 cycles) with excellent on/off switching behaviors. 

For potential applications, the assembled device was used to detect the dynamic 

motion of a small bouncing water droplet and the physical force of a heartbeat, 

shedding light on its potential use in real-time monitoring, skin-like wearable 

electronics or implantable medical devices.  
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