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By pressure-controlled surface contact area, reversible adhesion can be achieved with strengths tunable
by 3 orders of magnitude. This capability facilitates robust transfer printing of active materials and
devices onto any surface for the development of stretchable and/or curvilinear electronics. The most
important parameter in designing the surfaces of stamps for this process is the height of the microtips
relief: tall microtips may fail to pick up electronics from their growth substrate, while short ones may
fail to print electronics on the receiver substrate. Mechanics models are developed to determine the
range of the microtip height for successful transfer printing. Analytical expressions for the minimum
and maximum heights are obtained, which are very useful for stamp design.

1. Introduction

Geckos are masters at sticking and unsticking to surface of all
kinds because their feet have fibrillar structures to adjust adhe-
sion with a surface. This capability has motivated extensive
research on biomimetic adhesion materials,*"” though fibrillar
structures can be difficult to realize for synthetic materials.
Aphids, on the other hand, use sagging and retraction of foot
pads to enlarge or diminish contact area with a surface to
modulate adhesion. This inspired Kim et al' to achieve
reversible adhesion by adjusting the surface contact area, and
facilitated the use of the resulting concepts in transfer printing of
silicon platelets onto nearly any type of surface. As illustrated in
Fig. 1, a square polydimethylsiloxane (PDMS) stamp with
pyramid-shaped microtips at each corner was fabricated to pick
up silicon platelets from their growth substrate, and print
(release) them onto a receiver substrate. The entire stamp
(including microtips) collapsed onto a silicon platelet to reach
a maximum contact area when the PDMS stamp was pressed
firmly against the platelet. Rapid retraction of the PDMS stamp
then lifted the platelet from its supporting substrate, after which
the microtips gradually resumed their original shape due to the
viscoelasticity of PDMS, leaving contact with the platelet only at
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the sharp tips of the pyramids, corresponding to very small
contact areas. In this configuration, the platelet can then be easily
transferred to a receiver surface, as demonstrated by transfer
printing of silicon platelets and membranes onto rough or non-
adhesive surfaces.'®

The important parameters in stamp design for transfer
printing (and reversible adhesion) are the microtip height
Nicrotips Width Wiicrorip and stamp width wgiamp (Fig. 1b). When
firmly compressed, a stamp with tall microtips (ie., large
hmicrotip) €Xperiences a large elastic restoring force, and may fail
to pick up silicon platelets from their growth substrate. For short
microtips (i.e., small iyicrotip), however, the elastic restoring force
is too small to overcome the adhesion between the stamp and
platelets such that the microtips do not resume their original
shape, and the stamp may fail to print silicon platelets onto the
receiver substrate.

This paper determines analytically the range of microtip height
(and width) for successful transfer printing (and reversible
adhesion). It begins with two-dimensional (2D) models for
minimum and maximum heights of microtips in Sections 2 and 3,
respectively, and identifies the underlying mechanism of defor-
mation and establishes a scaling law for stamp design and
fabrication. Section 4 gives the results for three-dimensional (3D)
models, and compares with experiments.’® Simple, analytical
expressions for the minimum and maximum heights of microtips
and the scaling laws are obtained analytically, which are very
useful to stamp design, while Kim et al.'® only obtained numer-
ical results.

2. 2D model for minimum height /,,;, of microtips

At the minimum height /7, the compressive preload is
completely released such that /i, is governed by the adhesion
energy between the stamp and platelet, and the strain energy
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(a) Implementation of elastomeric, microtip adhesive surface in a stamp for deterministic assembly by transfer printing. (b) Elastomeric, microtip
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Fig.2 A schematic diagram for the 2D model: (a) original stamp and (b)
collapsed stamp.

Ucoliapse due to stamp collapse onto the platelet. Fig. 2 shows the
2D model for An,;,; the stamp has microtips on a flat post;
the microtips have height hmicrotip, Width Wiicrotip, tip radius
Ruicrotip, and spacing which equals the stamp width wgimp. The
post collapses onto the platelet over a length 2cwgump due to
adhesion, where 2¢ represents the percentage of collapse on the
stamp surface. The total potential energy is

Utotal = Ucollapsc - zcwstamp'Ys (1)

where v is the work of adhesion. Huang et al.'® obtained the
strain energy accounting for the large elastic mismatch between
the PDMS stamp and silicon platelet, as

U _ Fhr%licrotip K(zc)
collapse 2 K ( m)

for a small tip radius Rmicrotip < Wstamp, Where E = 4E/3 is the
plane-strain modulus of the stamp (and E is the Young’s
modulus), and K is the complete elliptic integral of first kind. The
above equation is modified to account for the finite stamp width
as (see Appendix for details)

(@)

U _ 1 Ehx%licmtip K(ZC)
collapse W, .
1.07In (&) “190 2 K(Vl —462)
microtip

©)

The percentage of collapse 2¢ is determined by minimizing the
total potential energy dU,oi/dc = 0, which gives

K(2 i 4ywg,
A K29 o7 <W“‘"‘“’ ) 1,90 | X stamp,
de K(\/ 1-— 46‘2) Rmicrotip Ehmicrotip

4)

therefore ¢ depends on Ruyicrotip/Wstamp and the ratio of adhesion
energy to strain energy due to collapse, 47wstamp/Eh2micmtip.
The total potential energy Uiy in eqn (1) also depends on
Rmicrolip/Wstamp and 47Wstamp/Eh2microtip~

The minimal height /,,;, of microtips is reached when Uy
equals the energy without stamp collapse nor adhesion, and the
latter is zero. For Amicrotip > fimin> Utotal 1S positive such that the
stamp does not collapse onto the platelet upon complete release
of the compressive preload. This gives the minimum height of

microtips as

M}S am] ’szlam
Boin =+ [1.521n [ =222 ) _ 2 69| ——2@mp 5
\/[ g (Rmicrotip) :| E ( )

It is linearly proportional to the square root of stamp width,
adhesion energy, and reciprocal of stamp modulus, and also
depends on the microtip radius.

3. 2D model for maximum height /4., of microtips

At the maximum height /., the stamp may fail to pick up the
platelet because the collapsed stamp starts to delaminate from
the silicon platelet upon rapid retraction of the stamp, which is
equivalent to a reversal of the (compressive) preload P/Wamp
(force per unit width in the 2D model). The gap between the
stamp and platelet can be modeled as two cracks near free edges
(Fig. 2b). The crack tip energy release rate, accounting for large
elastic mismatch between the PDMS stamp and silicon platelet, is
obtained analytically in the Appendix as

41 i
. 0.415 Wh | ©
1.071n (M’) _ 042 P
Wmicrotip

where /' is the reduced height of microtips due to the preload P.
At the maximum height /i, of microtips the energy release rate
reaches the work of adhesion vy such that the collapsed stamp
delaminates from the platelet. This gives
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W =155, [1.071n [—same ) _ g gp | Xsmp 9y
E

Whicrotip

In the following /' is related to the microtip height Amicrotips
which, together with the above equation, then gives /..

Once the post collapses onto the platelet, further increase in
P reduces the crack tip energy release rate (or equivalently the
stress intensity factor), but the post-platelet contact area does
not change until the energy release rate reaches zero, after
which the contact area increases with the preload, and crack

Finite-deformation analysis of microtips gives // in terms of the
force Ficrotip in €ach microtip by (see Appendix for details)

1
!

— = | &Xp
hmicrotip J
0

Force equilibrium relates Fpicrotip to the preload P by
2Fmicrotip + Fpost =—-P

microtip

. dx. (9)
EWstamp Wmicrotipx + 2Rmi0l’0ﬁp(1 - X)
(10)

where Fj,o4 is the force on the collapsed post, and is obtained in
the Appendix as

length decreases, ie. “zipping of the interface”. Vanishing of Fwstamph’ K(2¢,,.)
the crack tip stress intensity factor gives (see Appendix for Frpos = 3
w K(\/1—4c2,,
details) 1.07 In (ﬂ> —0.42 ( )
wmicrmip
- 2P|: Cmax(l + 2Cmax) - Cmax} . (11)
Elimination of /', Fiicrotip and Fpos from eqn (8)—(11) gives
w, P
1.07In [ 22 ) — 042 —— /. (1 +2¢,,,)(1 —2¢,, K(,/l —4c2 )
(Wmicrotip> Ewstamp hmicrotip mdx( max)( mdx) Chax
i 1+2 1-2 1
1 + 2Cmﬂx - 2 Cmax(l + 2Cmax) + CnlaX( + CmaX)( CnlaX) K(zcmax)
w
{ \/ 1.07In (ﬂ) —0.42
—P Wmicrotip
—|e — dx=0. 12
J Xp 2EWsLamp Wmicrotipx + 2Rmicrotip(1 - -X) o ( )
0
! Eqn (7) holds for the maximum height /., of microtips. Its
\/ 1.071n ( W stamp ) 042 substitution into eqn (8) gives the equation for ¢y
W microtip
-, B i
% & T 1 cmax(l + 2cmax)(1 2cmax) K( 1 4cmax)

2
Cinax Wstamp (1 —dc,

) K(y/T—4c2)

max

P m(l = 2¢,) 0

2 w3

stamp

®)

where 2¢max 1 the maximum percentage of collapse for the pre-
load P; the first (positive) term on the left side of eqn (8) is the
stress intensity factor due to post collapse of height /', and the
second (negative) term results from the compressive preload.

Fw3
’YEWstamp

= 1555 (13)

Its substitution into eqn (12) gives analytically the maximum
height /., of microtips aswhere ¢y, is obtained numerically
from eqn (13). The maximum height of microtips scales with the
square root of stamp width, adhesion energy, and reciprocal of

2.57In (W‘—mp) _ 1.0 | stamp
Wmicrotip E

NS - — (14)
420 — 2o (T 20 4 Ym0 2 (= ) o
1 » \/ 1.07In (‘::‘—m:’p) —0.42
J xp 2EWiamp WnicrotipX 2 Rumicrotip (1 — X) dx
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Fig. 3 cpax versus the normalized preload P / yEmep for 2D
accurate and approximate solutions, where 2c¢p.x is the maximum
percentage of collapse, P is the preload, v is the work of adhesion of the
PDMS/silicon interface, E is the plane-strain modulus of PDMS, and
Wstamp 1S the stamp width.

stamp modulus, and also depends on the preload and microtip
width and tip radius.
As shown in Fig. 3, eqn (13) has an excellent approximate

solution obtained from the asymptotic analysis for
P>, /yEwsmmp
0.987, /7Evvmmp
1 -2cppy=—"""55". (15)

P

Its substitution into eqn (14) then gives the analytical solution of
the maximum height of microtips.

The analysis can be significantly simplified by approximating
each microtip as a uniform column of equal height /e, and
volume. For sharp microtips Rumicrotip <€ Wmicrotip» these give the
equivalent width of the column Wcroip/2. Finite-deformation
analysis of the column gives

" 2F, microti
= exp ( R ) (16)
hmicrolip Ew o

stdmp mlcrotlp

to replace eqn (9). The maximum height of microtips is then
simplified to

w,
. \/{2.57111 <m_m) - 1.01}@
Wmicrotip E

P
2084+ 1In | —
W, ,YEM}b am|
xexp { 0.494, [ am_ |y Ve ,
wmicrotip Wslamp
1.07ln | ——— | —0.42
Wmicrotip

amn
where eqn (15) and the asymptotic expansion of the complete
elliptic integral of first kind K for relatively large
preload P> /VEWstdmp have been used. As shown in Fig. 4 for
the work of adhesion v = 0.155 N m™' of the PDMS/silicon

123
~ 3r accurate
E |- -- —
e TRt
< " approximate
3 o2t
£
-~
1+
0 1 1 1 1 1
0 10 20 30 40 50
/ NV EW o,
Fig. 4 The normalized maximum height of

normalized preload

microtips  /imax / A/ Y Wstamp / E  versus

P / \JYE Hjbldmp for 2D accurate and approximate solutions.

interface, plane-strain modulus E = 2.4 MPa of PDMS, stamp
width Wgiamp = 100 pm and microtip width wiicrorip = 18 pm, the
analytical expression in eqn (17) is a very good approximation of
the maximum height of microtips in eqn (14).

4. 3D models for minimum and maximum heights of
microtips

Following the same approach as in Section 2 for 2D, Kim et al.*®
obtained the minimum height of microtips in 3D analysis, i.e.,
one pyramid-shaped microtip at each corner of the square post.
The minimum height of microtips was given by (see ESI of

ref. 18)
M}S am] /YW stam
Bin =1/ 13.04 In (=220 ) _ 444 2 18
\/|: B (Rmicrotip) :| E ( )

Fig. 5 shows that the minimum height of microtips (normalized

by 4 /Y Weamp / E) decreases slowly as the normalized microtip

radius Rpicrotip/ Wstamp increases. For the work of adhesion y =
0.155 N m~' of the PDMS/silicon interface, plane-strain modulus
E = 2.4 MPa of PDMS, stamp width wgump = 100 pm, and
microtip radius Rpicrotip = 750 nm, eqn (18) gives the minimum
height /.,;, = 8.2 um. This agrees very well the experiments,'®

6 [
theory
5¢ = W experiments: print
A cexperiments: fail to print
n ]

hmin/ 7Wmmp/E

fail to print

O 1 It 1 1
0.00 0.01 0.02 0.03 0.04 0.05

lcmup / 'stamp

Fig. 5 The normalized minimum height of microtips hmm/\/m
versus the normalized microtip radius Ruicrotip/Wstamp from 3D analysis.
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Fig. 6 The normalized maximum height of microtips /imax/1/ Y Wstamp/ E

versus the normalized preload P / \ /yfws-iamp for several microtip-to-
stamp width ratios from 3D analysis.

which successfully printed silicon platelets on the receiver
substrate for the microtip height hyicronp = 14.8, 12.7, 10.6 and
8.5 um, and failed to print for fmicrotip = 6.4 pum.

Kim er al'® established the governing equations for the
maximum height of microtips in 3D analysis (one pyramid-
shaped microtip at each corner of the square post), but they only
obtained numerical results. Following the same approach in
Section 3 for 2D, we have obtained the analytical solution for the
maximum height of microtips in 3D analysis as

hmax = \/|:5141n <M) _ 175}%
Wmicrotip E
W 2
0371, |—L— (&)
Ewstamp Whnicrotip

Xexp
P
208 +1In | ———
,YEwgtamp
x |1+ Y (19)

\/2.14111 (M> ~0.73
Wnicrotip

Fig. 6 shows that the normalized maximum height of

microtips, /imax / A/ Y Wstamp / E, increases slowly with the

normalized preload P / \ /7Ew§’tamp. It also depends on the micro-

tip-to-stamp width ratio Wicrotip/ Wstamp and YIE Wstamp» the latter is
0.00065 in Fig. 6 (for y = 0.155 N m™', £ = 2.4 MPa and Wstamp =
100 pum). As the microtip width decreases (Wmicrotip/Wstamp
decreasing from 0.21 to 0.15 in Fig. 6), the maximum height of
microtips increases rapidly.

[
\g 6 A A 4 failtopickup 4
3 = = =
g 4r
=
] [] []
] [ ] ]
2
theory
m  experiments: pick up
4 experiments: fail to pick up
0 n 1 1 1 2 1 n 1 n
0 2 4 6 8 10

P/ [y By

Fig. 7 The normalized maximum height of microtips with a fixed tip
angle  (Wicrotip = \/Ehmicmﬁp) versus the mnormalized preload

P / \ /A/Ewsmmp obtained from the analytical model and experiments.

The microtip width and height in experiments are related by
Wnicrotip = V2 Imicrotip Since the microtip angle is fixed."® Eqn (19)
then becomes

Ysamp 15 141n (Dame) _ 3537
hmax hmax E Wstamp
Y w :
xexp { 0.186, [—( —2ump
p E}Vslamp( hmax )

2.08 +1n —
yEW3

stamp

\/2.14111 (Wt—"“’) — 147
hmax

which shows the normalized maximum height of microtips to
depend only on  y/Ewgmp and the normalized

preload P / 1/ yfwftamp. Fig. 7 compares the normalizedmaximum

height of microtips in eqn (20) to the experimental data.'® For y =
0.155 Nm™', £ = 2.4 MPa and wygmp = 100 pm, the maximum
height of microtip is 13.2, 14.1 and 14.4 pum for the preload P =
0.001, 0.003 and 0.005 N, respectively. This agrees very well the
experiments,'® which successfully picked up silicon platelets from
the donor substrate for the microtip height Amicrotip = 6.4, 8.5, 10.6
and 12.7 pm, and failed to pick for Aimicrotip = 14.8 pm for the same
preloads P = 0.001, 0.003 and 0.005 N, as shown in Fig. 7.

x |1+

—

(20)

5. Concluding remarks

Eqn (18) and (19) provide simple analytical expressions of the
minimum and maximum heights of microtips. The minimum
height, normalized by the work of adhesion for PDMS/silicon
interface, plane-strain modulus of PDMS and stamp width

vid § [ YWstamp / E, depends only on the ratio of microtip radius to

stamp width. The maximum height shows a similar scaling law,
and also depends on the preload and microtip width. These

This journal is © The Royal Society of Chemistry 2011
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analytical expressions agree very well with experiments,'® and are
useful to the stamp design for reversible adhesion.

Appendix
1. Stamp of finite width

The strain energy in eqn (2) for a stamp with infinite width equals to
the work done by the stress traction over the collapsed post on the
displacement (microtip height) /imicrotip-'> For a stamp with the
finite width Wymp but same microtip height /picrotp, the stress

4 R microti
traction is reduced by a factor 1 / F (1 —M), where

Wstamp
4 Rnicrotip 18 the total length of contact before collapse, and F(x) =
—0.071 — 0.535x + 0.169x% + 0.020x* — 1.071x " In (1 — x) is
obtained from the stress intensity handbook.?® The strain energy
for the stamp with finite width is reduced by the same factor.

For small microtip radius  4Rmicrotip <€  Wstamps
4 Rpicroti .
F 1= 28microtp ) g7 stme_ ) _ 1.90, which leads to the
Wstamp microtip

strain energy in eqn (3).

2. [Energy release rate during rapid retraction of the stamp

The crack propagates along the stamp/platelet interface during
rapid retraction of the stamp, and the stress intensity factor is
obtained analytically as*

1 EN b 1
B 2 Wytamp (1 — 4¢?) JT _ 4.2
\/1.07111 <W‘—mp) —0.42 ' K(Vi=4e)
Wicrotip
21
where /' is the reduced height of microtips, 2¢ is the percentage
1

of collapse, and the is the factor for

1.071n | 22eme ) 0 42
Whicrotip

the finite width of the stamp. The crack tip energy
release rate, accounting for large elastic mismatch between

the PDMS stamp and silicon platelet, is
G 1 mEh? 1
- 8Wstamp ~(1 — A2k 2 (/T —a.2)
1.071n (W“am"> e el - 4 K2 (VT4
Whicrotip

It reaches a minimum at ¢ = 0.169, leading to the minimal energy
release rate in eqn (6), which should be less than the work of
adhesion v to ensure successful pick up of the platelet.

3. Maximum percentage of collapse 2¢;,ax

The first (positive) term in eqn (8) is the same as the stress

intensity factor in eqn (21) except that c is replaced by ¢iax. The

second (negative) term in eqn (8) is the stress intensity factor

agy/ma for a crack of size 2a subjected to remote stress o
P

BT
wstamp

1 1 1
2a = (z - c> Wstamp — zVVmicrotip = (z - c> Wstamp ~ for  small

microtip width Wmicrotip € Wstamp-

normal to the «crack,”® where o= and

The ratio of force Fpicrorip to cross-section area 4 in each
microtip gives the stress, where A varies linearly from in the
microtip. Since PDMS is (nearly) incompressible, the logarithmic
strain in the microtip is then obtained. Its integration then gives
the reduced height of microtips in eqn (9).

The force on the collapsed post F,o consists of three parts;

@) post collapse with height n gives
— , K(2¢max
EWstamp h &,2" and the factor
K(, /T— 4c§m>
1 . .
accounts for the finite width of the
1.071n (W‘—mp) —0.42
Wicrotip
stamp;

(i1) uniform remote field gives —P2c,,,.; and
(iii) uniform compression over the non-collapsed part of the

pOSt, _ZP[ Cmax(l + 2cmax) - 2Cmax] .
The above three give the force in the post in eqn (11).
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