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1. Introduction

Thin-filrm-ended hairy adbesive srictures have evolved independently in
insects, amchnids amd reptiles (0 secure their locomobion on substrates of

replicated with engine ering materials, much effort has been Put inde the devel-
opment of biomirnetic sdhesive surfsces [6:7). This led 1o the introduction of
rashroomeshaped microstructyges [859] minicking the lagrs evodeed in male
lead beetles for Passive long-term attachmnent during pairing [10.11]. Thume
Pricrostruchures: remain the most thoroughly shadied o date. pethaps due o
the well-established manifacture procedure [%12,13).

Unlike the mushsoom-shaped terminal ehements pPresent in male boetles
only, a second type of adhesive hairs is based on spatulate geometry, and e
characterictic of all hairy abachment pads regardless of the animal rnap
[14]. These spatula—=haped adhesive hairs am known for theip abilily to be acty-
ated by contact shearing and to be casily released by peeling [15,16], which can
make them useful in applications requiring dynamic shori-term attachment
[17.18). However, direct replication of these hairs still represents a technological

To date, 2 handful of differcat desipns mspired by spatula—shaped adhesive
hairs have boen suggested based on wed e [1%-21] and flap [22 —24] geomctry
of comtact elerents, These adhesive surface designs were shiwn to have

ﬂ-mi‘rmmmwwﬂnmiﬁmmﬁmmm



Doamiaaded from MpUisl rovalsooietypublishing, orgd on December 19, 2007

e . lascr bezam

e :‘t-"” mwctal grid

4. '-'-:l-\.lrknlg surfae
i/

Figure 1. Wall-thaped hierarhic adheshe mimostnactures. (g) Schematic of the tahrication steps, (1) Laser micro-machiseng, (2] plasma treziment, (3] moulding
and (4] release. (b SEM image of the W gnid used 25 3 moulding template, (c— ) SEM images of dngle wal-shaped projections with the same anquler bases and

diferant flap Beights.

directionality in adhesion [19-23], high fricton [30,.2224],
effect of tilt [2223] bomg Lifetime [ 3, sensitivity bo =ub-
shrabe pouphness [25.26] and ability to work i vaooum [27)
Hevarever, an experinvental verification of the very basic con-
cept of the pulling angle effect [15.28.29] haz nob yet been
reported. To close this gap, here we use wall-shaped adhesies
microstructures [24] of theee different flap heights to system-
atically study the effect of pulling angle on the normal and
i._.:-.g-u_-nl:n.;ul_q_'\-:1m'|m_1ru;nt~; of the pull-off force, tested at different
preliminary tangential displacements

2. Material and methods

Micreatructurnsd surfaces were moukied rom pobrvimylsiboxame
(P35 Colstre Whaledent, Alstatten, Switzerland; Young's mod-
ulus of aboul 3 MPa [30]) apainst a grid of vanding cmss-section
|_1|:|_IF|;|;|_'|_| |;_|,l Lo u;lil,;rl|-|r|.'|n:"|'.||'|i|'||::I I:'I.-:la.l'i.'ll:li Lasers, Eh.-lrh."'rlu'_. A,
LISa) from a turgsien sheet of 0L15 e thicksess l:ﬁ,!.:_'.l'rl.' 1k T
facilitate the mould releass, which was porhormed in o sk
bath, the mangsten, grid was o zed moa PSORLINYG amare clearer
(Morascan Tq_{r,_nulubru_-.g.'. Ames, IA, TISA) for X min before each
.-m:-.,:L:I_:,nE 'r".l';ulu':j_-_' 100 5. 105 5 or 110 5 bebween mixing the bwo-
un:n}mumi P'S amed posaring; the Ft\l}'mct'j.:i:l.ﬁ mixture arto the
grid allowed us to create wall-shaped prajections of three dither-
ent heighte: 140 prm, 100 o oe 3 . mespectively. This was
possible bacazse the curing PVS dopped sinking mio the grid
after it reached a cortain deprree of polymerzzabion al & =0 home
of about 3min. The dwell funes were lousd expenmentalby,
firtingg 1o H = 116 = 10" = (L8955 where H i= the height in micro-
metres and s the Eme in seconds. The mould backing laver was
made b have a thicknes of T mm by wsang spacess between the
erid amd o flat cover. The PVE was kepl at 470 betore mdxdms ard
was polymerized during I0min at room temperatune. The
rrcald weas gmrl_'.' meleased from the grid after it was held na
woater-falled  MIRAKIH  wlirasonik bath  (Branson  Ultrasonics,
Dandmary, T, U5A) for 30 min

Samples of I diameter swere cut ot of the L-mmm-thick
bkl 1m=ing A du—'p'r.':hlr |.'|||.||'|11_'!|' UniPanch {Premier Produocts,
'I'I_l.rn'h:r;lrh Meeting, Fa, USA) so the wall-shaped prgections
of 5Mpm in length had o fom@l peeling Bme kemgth of 22 mm
(o each sample)l. Then the samples woene cleansed  with
deionzed waler with =eap and dried in blowing nitnoygomn
A, EI;.::_-x slide of 30 = 5= 1 mm in size and with a roughness
AT £, of 5nm was cleansed with sthanol, desemized water

and blnwinlt'; nitrn__r:m and then tssd 2= 3 courterface. Tested sar-
faces were irspectsd with an MLIS optical sorcomicnascope
[Leica, Wetzlar, f;¢rrn.l.n_1_.ﬂ| and urmg;ﬂd in a Cuaanta 250 emovimon-
rengal BRI, clediion  aCTosoope {SEM; FEL Brmo, Crech
Republicy. The SEM was operated in 8 low-vaouum mode af
13 Faand S kN to enable ch;|rgl_'-|"rq1' (i E T of rom-comsdhsctive
sarngples i their natural siate.

Thee tests weere carried oul in @ custom-balt tribometer [31]
that eralsles Flak ;-.ampk—.; by wcldf .:]ig;n [32] and that can operate
ke the SEM. When the tribometer was operated oubbds the
SEM, a mumeszhrosma: cljl;ilaq] camera DIWE 23505 {]t‘l‘ﬂﬁh‘lﬁ
Sonproe, Charkotte, MNC, LSA) mountsd on a hi.gh-magnifical‘iun
-'_:-Ftii_—._l] e Foom-13 = | Peavralar, Rochester, WY, I]E.J'.:I was sed
to capiure mmages of the meal contact area, which was visualized
e b the lirhe vterfenemes at the glass-FVS ivterface,

Adter mounting a stroctured sample om the frbometer in
such a way that the wall-shaped projections werne perpendicular
ta the shiding/ pulling directicn, the sequence shown in figune 2
wias rum while recording the penerated nommal (F ) and tarmyggen-
tiad {Fy) forees, Firsl, Use glass slide was moved perpendicular to
bl crustact F‘:-:l..'ln{" winfl] & normal kead of 10mMN was adhieved.
Thiz preload was chosen to ke large encagh o creabe goaod
contact and small emough to avosd causing surface dansage in
sliding. Then, the glass shde was moved in parallel o the contact
plane under the same roomal lood and st o speed of 106 pn s )
for a designated preliminary distance that was changed bebweon
0 ard S0 pm ‘“-!':'-:-I_.1h:_=3|.1:-'.-: shide was withdrawn trom the con-
tact af @ lﬂ"H_‘!_'l_l of 100 SRR 1 Ayl al a tlug‘!-,nah-d |,'|I.|i|i|'||,lI .'ll'l:l:h.'q.'
{Eignare 2} thal was rl':.':nr_-,-ni Bitween 107 and 1707 at irtervals of
1Y, The test ._-:h_'-[.-_p-.ﬂ at a mmplntﬂ detachment of the gl slide
from the smoctured smple.

Three saemples of each height wene fested, The temperature
and relative humidity in the laborstory swere 35-27C and
Fd=55%, respectively.

3. Results and discussions
3.7, Contact forces and charactenstic interactions

Several -q,':..'.l'|||:l||,,'.=| of normal |:_I']_ arud !.11'|_|.'.L'I‘||:i..'|| l;r_::l fomoms
recorded during the tests are shown in figure 3 a8 a funcicn
of I::lj‘.!l,rnli.;ﬂ :_‘l';-_-.|'|l._m-|'|1-.-|'|r. Ths Eopminst ey and black
curves represent normal and tangenbial force eneelopes
olbstaimmed d':r_ri'ng a :_-'.;'n'||,'|ln._- ~_-'[i|_‘|i|1f, test, in which the norrnal
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Figure 2, Schematic (] and SEM images ob) of the test sequence. ) Preioad & applied (i) Fre-dsplacement s applied while mainaining the same preioad.
{iii] The glass side is pulled at a cerfzin palling angle, 4, while the peeling angle, &, adpsts itself aconding o the ontact conditions.

fomge is kepd constant, and the tangenizal fosce increases undil
the inception of sliding and then levels off after a amall
decrease. in a fashion stmdlar to the beherviour of real g«l:cl.'-n
font haiirs [2]. A swdden drop in the tangential comdact stiff-
ness ab the mitial stage of the sliding test correspomads to the
mrcrh.lrning of those w.l.ll.-rs.hapn:] pn::-im'inns thutt in_'iri.al'l:,'
buckled in the non-preferned direction (figure X A decrease
in the tangential force after the sliding inception point corme-
sponds o the start of the stick-slip motion of the mdividual
pmjm'ﬁms, which move am‘,mrhmmuql}r, ]-r'n-dinf; o a oni-
form global sliding, chatacterized by average (betwesn static
and kinetic} friction [33]

The cuarves that split from the normal and amgential foree
envelops iy figure 3o-c commespond o the forces measuned
during the withdrasral S after three characteristic p'ml:imi-
nary displacement=. The nommal force curves book simdlar in
all thres cases, with an mitial changre from compn=sion doe
b preload to tension due to adhesion, then reaching maxi-
mum af the pulboff point, and eventually dropping o zeno
after the detachment process starts The tangential foroe
curves have different appesrances degending on the prelimi-
nary displacernent, which allows idenfification of several
medes ot contact behavioar.

If withdrawal stariz at small preliminary displacement
when the wall-shaped progections ame nod pet aligned and
stretched (figure A7), the additional tngential displacement
durir.g withdrawal results Inm mose :'r.l'n:'i'n:h'ing of the pmjﬁ:-
tions and a comesponding increase in the tangential fonce,
The tangential force increases until the pulloff point, at
wihich the wall-shaped progctions start detaching, resulting
i the force decreasing to zero ot the point of complete
detachrosnt, In this case, some of the surface progechons am
peeled at very high angles becausze they are not yet over-
farmed, s their conteiburions o the total pudl-off force are
sonall and the stnschured surface does not perform at its best,

Af intermecdiate pmlim1mr_',r diq‘:l.wnmr:ﬂr when the pic=
jections are already aligned but are not yet stetched to thedr
muainnurn abaliby {Hgure 3], the additicnal fampgential degpla-
cemend during willsdrewal also pesulls s moee steebching and
a cormesponding memease in the tangenkial force. Howeser,

because tive pesling angle # (figure 2) increases constantly as
a pesult of the flap soetching, the wall-shaped  projections
start to peel off the counterface before the inception of sliding
While im the peeling mode of operation, the wall-=haped pro-
jections seern fo obey the prediction of the Kendall rmoded [25],
50 the tangential force decreases with increasing tensile nonmal
force unfil the puall-off point, at which the progections start to
detach, In this case, the micretrechuoed surface performs at
it best and & mairnuen attachent ability can be expected.

T withdraws] starts aﬁcr.qlidi'nginmpﬁm {Iigunr.'!-r:l_, the
wall-shaped projections are stretched non-uniformly due to
their ﬂ!i-_'!l'l'll:hl.'tﬂ.'l.l:lllL‘\.- .-.!."ick-ﬁ-lip miticee To this end, ﬁ'bL’_!,l' sfart
peehing and pulling off st muoch more wadely dsnbuted
tangential displacements, This non-uniformity resulls ina
smialler total 'pllll-ql.if force, Ir;:ding to @ rum-n]':rim.ﬂ overall
pecformance of the microstructured surface.

The curves that split from the normal and tangential foroe
ervelopes i figure 3d-§ comespond b the forces measuned
during the withdrawal at theee characteristic pulling angles.
At lowwr pulling angles {fgure 3d), the microstructuned sefaoe
Aards shiding after a critical tangentinl displacement &=
reached, and the stick-slip dishobances undermine the per-
formance of the wall-shaped projections. At high pulling
angles (hgure 3f) the direction of tangential motion i
inversed, and the wallshaped projections are  actually
unlnaded, which also results in a2 non=optimal performano:
At intermediate pulling angles (figure e}, the wall-shaped
projections  performe at their best, a5 they are properly
laded, and ne detrimental side effects come into force

The ourves showm in figure 3 represent the canw data, fromm
which we extracted several characieristic force valwes for
cach combination of the preliminary displacement and (e
pullizgs (withdrawal} angle, and for all three types -|}bui.;_:;[1.hi-]
of the tested suefaces, These force values are the maxirmam
tangential force and the masimom tensibe normnal | paslb-off)
force that the microsruchured  surfaces oould  generate
during cach cxperiment. To analyse the maximoam loead-
mn’:,ring r.1|:x:|»'.'il}'. we have also determdnesd the Lan&;tmtial
foroe that corresponds to the pull-off point. The noults ane
discrsaed belowr
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3.2. Hfects of preliminary displacement

and pulling angle
The maximum tangential (Fy} foroe valees obtamed m differ-
ent test conditons for thres bypes of the micrestnectared
surfaces are shown in figure 4. As explained above, thene
ame fwe competing processes that allow for steess selaxation
when the surface is loaded—sliding and peclng, YWhen slid-
g start2 first, which happens with smaller preliminany
displacements at low pulling angles, and with langer prelimd-
nary displacements at high pulling anghes, the masdimom
namgennial force ke defined by statle fricton, In this case, the
higher the flaps, the larger the real contact area and, henee,

the friction, When peeling starts first, which happens with
smaller  prelimanary  displacernents and  higher  pulling
angles, the maximuorm fangential force depends on how
close the contact i to the verge of the sliding inception. In
this case. 'inrn;'..'lsin!; thie '|'.-n"|i1'ni11.ar:|r di!q'.!l:ﬂ:rmmt re<azles in
i_|a.-l_'|_'|:‘;_:,.-_:i,|_'|,§I the maximum angential force, and increasing
the pulling angle leads o decreasing the maximum tangen-
tial force. At pulling angles of more than 907, a5 expected,
the maximum tangential force depends only on the prelimi-
nary displacement. This is because the direction of the
famgential motion s verted inorelafion to the preliminary
displacement, and the microstructured surface s achaally
umloaded in this direction during withdmwing. Hemoe, the
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tangrenitial force decreases with respect Lo the force generated
at the completion of the preliminary displagerment

Figure 5 presents the normal (Fy} and tangential (Fp)
forces oblained af Hwe ru.l"-| f vyt under different comibie
nations of preliminary displacements, pulling angle and
flap height. In Line with what is expected based on figure 3,
the mormal [ pull-off) foece (Agure Sa-c) demonsirates opti-
mum values at the megime of about half the preliminary
displacement needed o start shding (fguse 3 At smaller
preliminary displacement, the wall-shaped projectiomns are
ot yed properly aligresd  atber esmblishing initial contact
and randem bucklmg (fgure 2. At larger preliminary displa-
oement, the imception of ~.'I-.|,:||.n4_-| prevends the wall-shaped
projections from actimg, optimally due to 2 non-uniform
tangembal load associated with the :-;I'iek-s'li]'.- s,

The withdrawal amgles that determine the optimum pull-
off force wary within 6030, which initially ssems o be

inconzistent with the previous wocks, which EIVE 3 Ao

range of optimum peeling angles (e [1534]). However,
thiz apparent contradiction is mesolved iof we vecall that the
withdrawal (pulling) angle does mot necessarily cormesponid
b Elhe ].'\I-El\.']i:'l._ﬁ'__ :'l:l.:l.:_'ll' {I'-\i:c:uﬂ' 24, Thiz iz bocauss the divecHon
of displacement {input m our case) does not comvespond o
the direction of furoe {sutput i our case) when a slender
structure i3 loaded not in the plane of symmetry [35].
Asmsuming that the peeling angle should conmply with the
direction of the peeling force, we can refor to the tngential
torce map shown in figuse 57¢—1 It becomes: evident that the
regrom of the optimum normal force coincides well with the
comdoanr Tmes of the angential foree, which gives a constang
ratio of the nommal over bnggendial foroz and resalis i similar
peehng angles tor the whole opboom range. This ooeme-
spords t the behaviowr of meal fp{'l-:\-.'.- oot hanes, whech ame
known to detech 3t 8 narmow range of angles [215]. It is
worth moting eat the wide T af the rlprirnl_lrn peullm:;;
anghes refllects a pobustness of the wall-shaped micrstoecture
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Figure 7, Characteristic eramples of the mal contact area linsets) and the microstnaciue profiles obtaired ot differm stanes of the meperiment. o] Prefoad s
apphed. (&) Prefiminary diplacement of 150 pem s anplied
highfight the regians of detadhment formed dus to stick-slip motion,

that can tolerate relatively large inaccuracies in loading direc-
tion when in the attachment state and czn atill detach ar zese
force when the Pulling angles resch 140-160°, This ability fo
switch between adhesive and non-adhesive states is siilar to
the performance of meal gecko foot hairs [2,15,36], althonazh
the critical attachment / detachsment angles are different due
te differenocs in the Leometries of our artificial altachmend
stricture and the gecko’s natural attachment stroctumes,

The difference in the optirmmum performance of the wall-
shaped prvjeckions of differendt heights is not VELY sigmificant
in either the normal and tangential foroes, the preliminary
displacement or the pulling angles, althongh all parameters
tenucd to decrease with decreasing height. This can b enprlaineed
by the fact that shorer Mlaps both align and start shiding ot
smaller prelinninary displacement, which moves thi wind o (I "_ il 'r.-j o o

L RS . ’ 2 ! oS H X
of optirarn performance towards  the angin, which i b/ 2dE " R
tharacterized by lowerer fomoes, displacements and angles,

Havimg the daty Presented in figune 5, we wore alen irtbesr-
esibed bo soe whether Hwose dats ane bretter described using the
Kendall model of thin-film peeling [28], or by using the
Avdumnn rmded stipulating the constant eatio of the mérrnal

nrer the tangential force 22 an abtachment timit [15]. To rep-
resent our data correctly, we wsed only the daks suboets
comesponding o the optimum preliminary displacements,
s neither the {nitial not-aligned stabe nor the fingl stick.
slip-aifected state of the wallshaped projections wene taken
inte acoount. The results ame shown in figure &, whese all
ke force values ane measured, and the peeling angles are cal-
culabed as 8= A . fan NE, l|".i'-'_-_| b B, where 4 = 345 45and
B=15, 2%, 17 arc the coafhiciemits of the high, medivem and
ke flaps, respectively, adjusted for a better match with the
Kendall model. The thecrstical normal and fangential come-
ponents of the models peeling force were computed based
on the equation

(2.1)

where F is the tota] peeling force, b= 27 wim is fhe ok
peelmyr line length, o = & pm i3 the average flap thickness,
E =23 M {5 the elastic moduluz of the PYVS, # i the peeling
angle and B =017 5 m™ i the fracteme SMETEY Per undt apea
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chosen to Gt the experimental data. The Hine representing the
Autuimn model haz been deawn based on the st viggal fit wof
the: linear portion of the data and has a slope tan ¢ = .33,
which corresponds to a detachment angle o of 187, Tt is evi-
dent that Kendall's approach yields a better fit, while the
ohserved deviations can be associated with the presence
of triangular bases and 3 nomeundorm thickness of flags
in the wall-shaped projections. Interestingly, o similar nion-
linear relationship between e nowmal and tangential foreos
{figure 6F) i gleo obzerved  with wodge-shaped  gecko-
inepired attachment strischures [15,21], which throws dioaslat
en the applicability of the Autumn meodel [15] fo current arti-
ficial systerns. The observed discrepancy may be related to 3
large difference between the high elastic modulus of the kee-
atinous setae wsed to divise fhe Autumn model and the ko
elagtic moduli of the silicon-based elastomers emploved in
curment bivinspired adhesives, This explanation is consistent
with Kendall's analysiz [28], which CAN COpresent fhe
Autumn model as g Particular no exdensbion” case of 2 TR
Bremeral solution,

The: effects of the preliminary displacerment and the pull-
Mg angle can also be observed in severs] characteristic
examples of the veal contact apes and the microstrachure
profiles demonstrated in figure 7 at diffierent stapes of the
experiment. When the preload s applied, the wall-shaped
Projections buckle randomly, resulting in the folded flaps
forming a uniforeen buk gmall oomlact area (figure 7a), Shoar-
ing the contact leads o all flaps unfolding and aligning to
form a much larger contact area {figure 78} able to carTy
higher tangential and normal forees, When the tangential dis-
placemnent ig sufficiently larpe ho mditiate sliding, stick-slip
insdakilities lead 4o random {in time angd Space) molion of
the flaps, so the contact areg becomes small and LFtEer,
aned az 3 pesult the surkace canmot support high Joads
Such behavicur takes placi when the glass counterface is
withdmwn at Jow pudling angles {figure 7). IE hoveear,
the pulling angle i sufficiently Large to not allow the
Eystem to reach the sliding inception {figure 7d), the wall-
shaped projections peel uniformly and seadily, wsulting in
the best possible adhesive performange
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