How a Gecko
Sticks to a Wall
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Abstract

Aristotle observed that gedkoes not only climbs trees, they can runin dovnward
diredion, or even haizontally acoss The source behind the gedko’ s amazng ability to
climb has been foundto be London dispersion forces generated by extremely close
contad to athe wall from micro-fine hairs (setag endingin keratinous tips (spatulag.
Literature valuesindicate that a gedo with atotal footpad areaof 4 cm’ can produce 88N
of adhesive force enoughto suppat many times its bodyweight. We examine severd
reasons for this £emingly generous endovment from nature. The physicd detail s of the
gedo’s adhesive aility are analyzed: the contad areaof individua spatulaeis deduced
from eledron micrographs, the theoreticd pading arrangement is deduced statisticaly.
Using a Hamaker constant of 10*° Jfor keratin, we determine the nominal and maximal
adhesive forcegenerated. Finally, we examine the feasibility of leaning from this
marvel of evolutionto crede adevicethat will allow usto have superhero powers and
climb wall s like Spiderman.
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Introduction

Gedoes are dle to stick onto aimost any surfaceon land and undrwater by producing a
bondng attradion wsing the van der Wadsforce The aility for gedoesto climb on
surfacesisimportant for their survival. Climbing gves the ged<o a competitive
advantage over other animals when looking for food Most gedkoes hurt for flying
inserts from trees and suck the seaetion df treebark. Climbingalso gvesthem another
means of escaping from ground pedators guch as akes.

A gedo can generate enoughadhesive forceto suppat 40 timesits bodyweight. This
appeasto be an extremely large safety fador for the gedko.

We hypahesizethat the gedko daes nat redly have such alarge overbuild orcewe
examine the dhallenges posed byits environment. We examine how nature has evolved
medanisms to help the gedko cope with all the dhallengesin its habitat.

Background

Gedo skinisathreelevel hierarchy seaningly designed by nature to make intimate
contad with asurface The hierarchy begins with lamell ag the soft ridges that compress
easlly so that contad can be made with rough bumpy surfaces sich astreebark or rock
faces. Thelamellae ca be seen to compresswhen the gedco climbs up a shed of glass

Embedded in the lamell ae ae setag tiny curved hairs with the length of 30to 130um
(the width of two human hairs). The setae ae aurved so they compressmore eaily than
astraight hair would. The setae ®nform to microscopic pits on a surface

The end d the setaeis tipped with 400to 1000spatulae The spatulae ae incredibly
small, having a mntad surfaceof 0.2 um x 0.3um. They come within 1A though
typicdly 3A closeto asurface And dstancebeyondtensof A failsto generate any
significant van der Wadsforce

Despite the remarkable avility of the ged<o skin to conform to large and microscopic
texturing d asurface we will examine the environmental fadors that work to dminish
the ided contad surface and any known workarounds nature has provided for the gedko.
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Methods

We analyzethe gedko’ s wall-climbing ability by looking at gedko skin from threelevels
of ahierarchy: lamellag setag and spatulae We examine the dfed of the gedko’'s
walking motion and the dfed of debrisand ureven surfaces as we explore the levels of
the hierarchy. We begin by examining the gedko foot motion asit climbs.

Gecko Foot Motion

The gedko utili zes a peauliar walking motion to attach itself to asurface By diredly
aff eding the manner in which the lamell ae ae placead orto a surface the gedko causes a
cascade of forces down the hierarchy urtil the spatulaeread the optimal angle.

Lamellae

When we observe agedo walking on dass we can seethat lamell ae(ridges) onthe
bottom of itsfed deforming significantly. We can infer that the deformation processwill
also occur when the gedko isclimbing atree It appeasthat the ridges are designed to
give the gedko the gredest contad with asurface

The gedko first uncurlsitstoesasit placesafoot onto thewall. This realsout the
lamellae and maximizesthe interfacebetween lamellae adthetree Asthefoot isplaced
down, additional downward presaure is exerted to alow the lamellaeto fit into the
uneven bumpsin the surface

%} g The lamellae ae digned perpendicular to the length of its body.
jé/” N\ The adhesive force generated by afoat is greaer than the strength
Y \/ =4 of the gedko. So, during cetachment, the gedko raises its hed,

U o = /Q\K\&\}f’ causing the lamell aeto form a 30° angle with the surface. Once
) : % the30° angleisreaded, the spatulae atomaticdly detach. By
\‘"/7 ) having the lamellaedetach ore row at atime, the gedo can
Tokay Gedko foot detach its foot with very littl e overall effort.

Setae

For the gedko to generate an adhesive force, its toes must be placed at a proper angle, and
pressure gplied so setae ca bind. The setaeresemble long, curved hairs and are
constructed of keratin. Liang® propases that setal hairs deform under modest loads:

“The compliant setal structure can conform to the topography of a surface
to form large aeaof very intimate contad, which increases the magnitude
of van der Wads forces.”

! Autumn, Adhesive force of a single gedko foat-hair.
? Liang, Adhesion Force Measurements on Single Gedko Seta
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Measurements
L, =1111um

D =5.0um

There ae several reasons for the aurvature of gedko setae
1. A curved keratinous cylinder will compress sgnificantly more than a straight
cylinder of the same diameter and length.
2. Setaehairsnedl orly bend afradion of their length to maintain complete mntad
with aroughsurface

BRI

3. The cmmpresson ony bewmesineffediveif the setae ae deformed to the point
that the spatulaeno longer mate with the surface

4. Mother nature uses graight cylinders (elephant or human femur) where non
compresshility is nealed, and curved cylinders (ribs) where cmpresshility is
needed.

5. Finally, surfaceirregularitiesthat are greaer than the setaé s feasible maximum
are drealy taken care of, by lamellaein the previous dion.

From our cdculations (see g@pendix), the gedko ony needs 0.3 N to compress5% of its
contading setae adistance of 1 um.

Sincewe have established that setae ae likely compressble, then we can assume the
lamellag setag and spatulaework in conjunction to resolve the visible and microscopic
irregularities on a surface
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Spatulae

It isat the level of spatulaethat the van der Wads forces comeinto play. At thetip of
ead seta ae 400to 1000spatulae(average 700 spatulag).

Measurements: L =0.3um, W =0.2um

When the spatulae ae placal at a cetain angle and
pressure ggainst a surface van der Wads forces
sportaneoudly form and the spatulaebondto the surface
This attradion forceis approximately 194micro Newtons
per seta.’

° Liang, Adhesion Force Measurements on Single Gedko Seta
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Brief Introduction to van der Waals Forces

The van der Wads forces adually comprise of threerelated prenomenor':
1. Keesom forcebetween two permanent dipole moments
2. Debye forcebetween a permanent dipoe and norpaar moleaules
3. London dspersion force between nonpoar moleaules — the predominant force’,
used in ou cdculations.

In the London dspersionforce, uneven charge distributions lead to dipole moments (for
any arbitrary moleaule, the dedron charge distribution will fluctuate aoundthe average
coordinates). When the fluctuation leals to an asymmetric charge distribution, the
moleaule is sid to have aqguired adipoe moment. Asthismolealle gproadesancther,
its dipole moment induces a crrespondng dpole moment on the neighbaing moleaule,
and the result is a net attradion.

Liang states that the Hamaker constant (see Appendix) isin the order of =10™J, and
does not change much from material to material, we foll ow his assumption.
H

F =
vdwW 67D3

The typicd separation dstanceis 3A, thoughit ranges from 1A to tens of A°. Thetypicd
force generated is 1.95x10* N/cn?, and with a 2.5% contad areaper spatulag we have
4.91x10°N/cn?

Kinematics

There ae aound 530Getaeper mnY, and are aound 700spatulaeper setae’ The
spatulae ae shaped like inverted cups, so oy the rims (2.5%) come into contad with the
surface Eacdh spatulaegenerates about 2.95x10'N of force (see gpendix).

per mm’ on eath foot on the gedko
Setae aailable 5300 530,000 2.12million
Spatulae aailable 3. 71 million 371million 1.48x10°
Spatulaein use 742thousand 74.2 million 2.97%x10°
Force generated 0.21N 219N 87.6N

Red world values give dou 22N per square an, so atotal of 20% of the spatulae aein
contad with asurface(thisisonly 4.5% of the skin areg. Over the entire surface aeaof
gedo fed, only 1.1% isacdually used for contaa force

* Franz, Measurement of SurfaceForces of Adsorbed Layers on Smooth Substrates
® Franz, Measurement of SurfaceForces of Adsorbed Layers on Smocth Substrates

® Liang. Adhesion Force Measurements on Single Gedko Seta
" Liang, Adhesion Force Measurements on Single Gedko Seta - Average of a given range
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Hanging Upside Down

The gedko must be &leto suppat its
own weight, which in turns impli es that
the adhesive force must be greder then
the forcedue to gravity.

Asame the average massof an average
gedko isaround 225gThis means that
the forceof gravity onthat gedko is
approximately 2.2N.

Using an average aeaof contad of 1
cm’ (per foat), an average gedko foot
produces an adhesive force of 22.105N
per foot (see gpendix).

If the gedko usesonly one foot onthe celing, thereis gill areserve upward force of

19.898N.

Running Up a Tree to Get Away From a Snake

In the &owve cdculation, we asumed that the gedko

was dationary.

Now we're goingto consider if the gedko werein
motion onaverticd surface such asatree Let us
assume that the gedko neeads at least two fed in
contad with the surfaceto run. Then the new net

adhesionforceis 42N.

Asaming the gedo can acceerate from stationary to top speed (1 m/s) in 0.1 s (avery
fast gedko), agedko weighing 225 gams will experience an accéeration o 10m/sz,
requiring anet forceof 2.25N. Itslegsadually need to generate 4.46N of forceto

courter gravity and run upthe tree

Thisis more than enoughto adhesive strength to stick onthe celing and run away from a
predator. Thisleadsto the question- Why do gedkoes need such alarge adhesive force?
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by SophiaLee and Colin Ng Page 9 of 9




Environmental Factors

If the gedkoisin arush (running away from a predator or pourting toward a med), we
can asume that dynamic forces would cause some of the setae ad spatulaeto lodge in
an imperfed fashion.

Dusty Conditions

Dust, sand, and debris affed adhesion by @cupying contad areaonthe skin. A 25um
diameter dust particle cvers around 491um?®. The size of spatulaeis around 02 um x
0.3um’, which isaround 006um?. This meansthat asingle dust particle will affed close
to 8200spatulad

Fortunately, when the gedko is walking, the spatulaerub against the ground helping the
gedko ddodge ay dust particles guck to itsfed.

The gedko’ sfed are self-cleaning’. While aspedfic medanism has not been mentioned,
it is easy to imagine the fed would ad as atoothbrush would. When we run ou fingers
over the brushing surfaceof atoothbrush, particles that were stuck onit will flake off.
The same principle might apply to agedo’'sfoot. Keratinisafibrous protein that is part
of your fingernail s and hair, and its gring constant allowsit to ads as the bristleson
toothbrushes.

Water

Water does not sean to have asignificant effed on adhesive strength. Unlike other
credures that have smooth skin ontheir fed, water canna intercdate between the surface
and the gedo’s «in; the gedko’s kin has ample channels for the water to escgpe when
presaureis applied dovnward onthefoot. Thus, the gedko could theoreticdly climb
underwater as well (but canna breahe).

Rough Bark

If the treebark has ridges and gooves, and the lamellae ae unable to wrap aroundthe
grooves well enough then the gedo will not be &leto form abondas drongasona
smoath surface

Damage

Sharp rocks may damage the setae and spatulag and oljeds with degp pits may trap
spatulae & the gedko picksitsfoat up. Manutrition may cause improperly formed setae
and spatulae or have wedker-than-normal setae and spatulaethat are eaily damaged.

® Liang, Adhesion Force Measurements on Single Gedko Seta
® Autumn, Adhesive force of asingle gedko foat-hair
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When walking ona surfacethat isnot safe for their fee damages ome of the spatulae
the gedko must have enoughspares to ensure they can climb up \erticd surfaces.

Molting

During molting, the gedko’sentire skinis ed. If the gedko’s new skin has not yet
hardened, then adhesion will be negatively aff eded.

Gedkoes produce an adhesive forcethat isfar greder then the required amourn to ensure
climbing ability even when ore or two of itsfed are damaged o covered in dd skin.

| sthe Gecko Over-Equipped?

The maximum force generated by the gedko is 88N under ideal condtions:
* Clean surface
» Smocth surfacetopdogy
» All contading setae ae ‘seaed’ corredly
« All contading spatulae ae making ogimal contaa (3A) with surface
* No setaedidodged by dyramic forces

However, the natural environment has dust and sand. For example:
If apieceof bark is 95% covered in dust particles, the gedo hasonly 4.4 N of
avail able tradionforce If asnake suddenly surprised the gedko, the ged<o would
stumble trying to run upthe tree What is considered an oversupdy inthelabis
barely sufficient in nature!
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Results

Of the gedko’ s rougHy 1.5 thousand milli on spatulag only 300million (1.1% of areg or
20% of spatulag are in contad with the surface aany gven moment. This amounsto

22N/cn?, or an astoundng 88\ of forcefor the entire gedko unckr ided condtions. In
its natural habitat, thisfigureis darply reduced by cebris such as dust and sand.

Ided condtions 95% dust
Spatulaein use 2.97x10° 1.48x10°
Adhesive force 87.6N 4.38N

Because the natural environment poses additional chall enges for the gedo, it has merely
sufficient adhesionto acceerate avay from a predator under dusty condtions. During
normal condtionsit hasalot of spare alhesive force

Applying our model to Spiderman

Asaimptions. Spiderman weighs 75 kg
Herequires at least one hand and ore foot on the surfacein arder to walk
upthewall: 122cm® + 236¢cny* (1 hand + 1 foot) for atotal of 358cm?’.

Now, Peter Parker isaphysics gudent, so he knows that the time he takes to acceerate to
top speal will affea how much shea forceis placal on hsgea. Histop speal is
5.907m/s (that’s an overweight Spiderman tryingto run at comparatively the same speed
asthe gedo, 3.3 bodylengths per second).

With ore hand and ore foat, Spiderman has 7.8 x10°N of avail able alhesive force. His
weight alone will negate 736N of that force He deddesto sometridsona dean wall.

Timeto accéerate to 5.9m/s | Maximum force expended Stays onwall ?
1.0s 740N Yes
0.1s 5166\ Yes

Now, Peter Parker tries climbing adusty treein hisbadk yard (95% dust coverage).
With ore hand and ore foat, Spiderman has only 390N (5% of hisorigina grip).

He started with bah hands and badh fed. (Smart!)
The moment he takes one hand df... WHAM! Helandsonthefloor. (That smarts!)

Spiderman can climb upclean dass &yscrapers. He can't climb anything covered in
95% dust (so the gedko mocks him). We recommend he cary Windex® on histod belt!
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Conclusions

Our hypahesis was that the gedko dces not redly have & large of an adhesive force
overbuild as lab measurements of per-setaeforcewould indicae. Within its (dusty)
natural environment, the gedo has just enoughadhesion to run away from a predator.

We as3umed that a dusty environment would leave asurface overed in 95% dust. If the
amourt of dust coverage increases, the alhesive forcedeaeases. We dso assumed a
gedo could acceerate to itstop speed in 0.1 seoonds. If the gedko isadually sower,
then it will have more alhesive forceto spare. We dso used a mnstant distancein ou
van der Wadsforce céaculations—in redity, the mntad range would likely follow a
normal distribution centered at 3A. We dso assumed that Spiderman could take his
entire bodyweight as a sideways load onthe pams of his hand and the soles of hisfed.

Gedoes are truly amazng animals. We were so excited we nealy drove down to Surrey
to goto the 20to seethem. In such asmall padkage, using cevicesthat are smaller than
the resolving paver of visible light, they climb avariety of surfaces with redless
abandon Humans often try all kinds of credive ideasto mimic animal behavior — one
particularly inventive fellow in Germany made the Gekkomat, a vaauum-powered device
he damed would all ow someoneto climb awall. Because the gedko’ s climbing ability
was not yet understoodat the time, he generated climbing forcewith vacuum pumps
powered by ahuge cmmpressed air tank strapped on hs bad.

Thanksto a combination d both biology and physics, we can make better sense of results
observed in the lab, and seehow forms and forcesin physics apply in the natural
environment.

At thistime, humanity’ s finest manufaduring methods are unable to mimic the
complexity of the gedko skin hierarchy. Microprocessor manufaduring methods work as
small as 0.09um, but only for depths of severa atoms. We ae left with clumsy replicas
that perform as designed, but lacing the 3-dimensional structure, or ladking resili ence of
keratin used by neture, perform nowhere nealy as well as natural gedko skin.

Given provisionsto perform lab experiments, one muld deducethe statisticd distribution
of contad distance, and thus properly cdculate safety margins of adhesion—we can
develop the testing methoddogy that must be enployed before gedko-li ke devices can by
cetified for use & ach-and-rescue ejuipment.
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Appendix

Setae

The setae ae nat straight cylinders (like toothbrush bristles) but rather show a significant
curvature. Inthe diagram below, the setais 1111 um long with the end hanging 22um
below horizon d its draightened form.

20um
4.5cm
20um
4.5cm
L,=1111um

A D =1.125mx 2HM
4.5cm

L, = 255cmx

=1133um

Lz =24.5cmx

=1089um

=5.0um

With the assstance of Dr. Ahlborn, we modeled the cmmpresshility of a aurved seta s a
simultaneous compresson onthe bottom half and tension forceon top helf of a gylinder.

[l ] ] ]
LRy ® LR LR
L] ] - L] ]
Blo=lemby =[R-gipmRo="00  Bl=Li-Ly=[Re GpmRo= o

From the literature” range of Youngds moduus for keratin (1-15GPa), we assimed an
average Youngs moduusis %_1 =8GPa=8x10°N/m?.

2 6 [
R Z n(d/2) 8.0x10°N/m’? n%wm
Since k=——= 2 -1, D_6 = =7.069x10°N/m
L L 2 1111x10°m

m

and T =kAL, then

0

Teompression = KAL = k%goz 7.069x10°N/m(1.25x10°m)0.201=1.776x 10N
Trension = 7-069%10°N/m(~1)(1.25x10°m)0.201= ~1.776x10*N

Ttotal = Tcompression_ Ttension = 2(1776>< 10_4 N): 3552)( 10_4 N

Now we @mmpressthe aurved setaeby 1um:

' Sitti, Nanomolding Based Fabrication o Synthetic Gedo Foot-Hairs (p. 2)
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by Sophalee ad Colin Ng Page 14 of 14



OO O [5.0x10°mL!
=2 2[7.069x10°N mmi 20 3.694x10“*N
total2 H(BEHDZH: D7 X / 4 |j) 9]: X

T

squish um

=(3.694-3552)x10*N =1.42x10°N

Determine if conforming to a surfacerequired 5% of setaeto compress1um, iswithin
the redm of agedo pushingitsfoot against awall.
, _100mm? 53005patulae

4dem’ x . . 20% x 5% x1.42x10°N=0.30NN
cm mm contactlng con?;;-r‘essed
Spatulae

The van der Wads forcesin Spatulae
w(R)= 26 For interadions of two moleaules embedded in amedium. Cisafunction
r

of the material properties of the interading moleaules, and the medium in which they are
embedded.

Derivation

w(D)= TCPLT %%pzr

A=1Cpp,

Franz provides an equation for the Hamaker constant:*

If the geometry is known, then the Hamaker constant can be expressed as an
infinite series, where the first terms are
ék TEI% & Dﬂs - &, D 3h J- Elil(lv) 83(|V)DD£2(|V) £3(|V)D
& +&, [IIEZ +£3 [ﬁ(IV)+83(|V)|]I$2(IV)+£3(IV)D
where h is Planck’ s constant, and |nd|ces 1, 2, 3 dencte the dieledric constants of
sphere, substrate and the medium in between, respedively. Theintegrationis
caried ou over all frequenciesranging from v, =27k, T/h to infinity.

_ng 12

We will use asimplified equation, taking the Hamaker constant to be 10

F H 107 =1.9649x10" N/cn?
vdW keratin, A 6nD3 67-[(3 0x10 10m)

The forcegenerated per spatulaeis
F

vdW spatulae — deW keratin, 3A Aspatulae

=1.9648x10°N/m’ x (0.2x10°m)(0.3x 10°m)2.5%)
=2.9473x107"N

" Franz, Measurement of SurfaceForces of Adsorbed Layers on Smooth Substrates
2 Liang, Adhesion force measurements on single gedko setae
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If we cdculate using force per areg we have
Sinceonly 2.5% of the spatulae aeaisin contad with the other surface we have

= x 2.5% = 4.9122x10*N/cnm’

deW setae™ ' vdW spatulae
We etimate 4.5% of the setae ae in contad with the other surface we have

deW skin = deW setae>< 45% = 221O4m/cm2
Kinematics
SBOOS;atae>< 4.5% x 2 5% x 1000SpatuIae: 59625p<;;1tulae
mm setae mm

Hanging Upside Down
F, =mg=0.225%gx 9.81m/s* =2.20MW
Fraw = Fuaw spatiae X 2-5% = 4.9122x10° N/’

Vi

Foow sin = Foaw seaeX 4.5% = 22.1048N/cn?

Vi

F. =22105N -2.207N =19.898N

Running Up a Treeto Get Away From a Snake
F, =mg=0.2259x-9.81nys* =-2.2IN

1-0
az(o_—])SWS =10m/s’ — F, =ma= (0.225g)(L0n/'s’) = 2.25N

Fe, =F,—F, =2.25N - (-2.2IN) = 4.46N

leg a

Applying our Model to Spiderman
Avail able force from one hand and ore foct
F.., =358’ x22.1048N/cm? = 79135184

Forcerequired to accéerate to 5.907m/sin 10s
F, = mg=75kg x —-9.81m/s* =~73575N

a= (5'907T_O)”VS =5.907m/s’ — F, =ma= (75g)(5.907ny's’)= 443025\

=

leg

=F,—F,=443023N - (—73575N) =74018N
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