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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,1–17 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.18 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.18

The important parameters in stamp design for transfer

printing (and reversible adhesion) are the microtip height

hmicrotip, width wmicrotip and stamp width wstamp (Fig. 1b). When

firmly compressed, a stamp with tall microtips (i.e., large

hmicrotip) experiences a large elastic restoring force, and may fail

to pick up silicon platelets from their growth substrate. For short

microtips (i.e., small hmicrotip), 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.18 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.18 only obtained numer-

ical results.
2. 2D model for minimum height hmin of microtips

At the minimum height hmin, the compressive preload is

completely released such that hmin is governed by the adhesion

energy between the stamp and platelet, and the strain energy
Soft Matter, 2011, 7, 8657–8662 | 8657
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Fig. 1 (a) Implementation of elastomeric, microtip adhesive surface in a stamp for deterministic assembly by transfer printing. (b) Elastomeric, microtip

adhesive surface consisting of four features of microtip relief on the surface of square post.

Fig. 2 A schematic diagram for the 2Dmodel: (a) original stamp and (b)

collapsed stamp.
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Ucollapse due to stamp collapse onto the platelet. Fig. 2 shows the

2D model for hmin; the stamp has microtips on a flat post;

the microtips have height hmicrotip, width wmicrotip, tip radius

Rmicrotip, and spacing which equals the stamp width wstamp. The

post collapses onto the platelet over a length 2cwstamp due to

adhesion, where 2c represents the percentage of collapse on the

stamp surface. The total potential energy is

Utotal ¼ Ucollapse � 2cwstampg, (1)

where g is the work of adhesion. Huang et al.19 obtained the

strain energy accounting for the large elastic mismatch between

the PDMS stamp and silicon platelet, as

U
collapse

¼ Eh 2
microtip

2

Kð2cÞ
K
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
p � (2)

for a small tip radius Rmicrotip � wstamp, where �E ¼ 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
collapse

¼ 1

1:07 ln

�
wstamp

Rmicrotip

�
� 1:90

Eh 2
microtip

2

Kð2cÞ
K
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
p �:

(3)

The percentage of collapse 2c is determined by minimizing the

total potential energy dUtotal/dc ¼ 0, which gives
8658 | Soft Matter, 2011, 7, 8657–8662
d

dc

Kð2cÞ
K
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
p �

2
4

3
5 ¼

"
1:07 ln

�
wstamp

Rmicrotip

�
� 1:90

#
4gwstamp

Eh 2
microtip

;

(4)

therefore c depends on Rmicrotip/wstamp and the ratio of adhesion

energy to strain energy due to collapse, 4gwstamp/ �Eh
2
microtip.

The total potential energy Utotal in eqn (1) also depends on

Rmicrotip/wstamp and 4gwstamp/ �Eh
2
microtip.

The minimal height hmin of microtips is reached when Utotal

equals the energy without stamp collapse nor adhesion, and the

latter is zero. For hmicrotip > hmin, Utotal is 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

hmin z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:52 ln

�
wstamp

Rmicrotip

�
� 2:69

� �
gwstamp

E

s
: (5)

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 hmax of microtips

At the maximum height hmax 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/wstamp

(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

G ¼ 0:415

1:07 ln

 
wstamp

wmicrotip

!
� 0:42

Eh02

wstamp

; (6)

where h0 is the reduced height of microtips due to the preload P.

At the maximum height hmax of microtips the energy release rate

reaches the work of adhesion g such that the collapsed stamp

delaminates from the platelet. This gives
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1sm05915g


D
ow

nl
oa

de
d 

by
 N

or
th

w
es

te
rn

 U
ni

ve
rs

ity
 o

n 
27

 S
ep

te
m

be
r 

20
11

Pu
bl

is
he

d 
on

 0
8 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

M
05

91
5G

View Online
h0 ¼ 1:55

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi"
1:07 ln

 
wstamp

wmicrotip

!
� 0:42

#
gwstamp

E

vuut : (7)

In the following h0 is related to the microtip height hmicrotip,

which, together with the above equation, then gives hmax.

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

length decreases, i.e. ‘‘zipping of the interface’’. Vanishing of

the crack tip stress intensity factor gives (see Appendix for

details)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07 ln

 
wstamp

wmicrotip

!
� 0:42

vuut P

Ewstamp hmicrotip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cmaxð1þ 2cmaxÞ

p
ð1� 2cmaxÞK

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4c 2

max

q �

�
ð1
0

exp
�P

2Ewstamp

1þ 2cmax � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cmaxð1þ 2cmaxÞ

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cmaxð1þ 2cmaxÞ

p ð1� 2cmaxÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07 ln

�
wstamp

wmicrotip

�
� 0:42

s Kð2cmaxÞ

wmicrotipxþ 2Rmicrotipð1� xÞ

2
6666666664

3
7777777775
dx ¼ 0: (12)
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07 ln

�
w stamp

wmicrotip

�
� 0:42

s

�Eh0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

cmaxwstamp

	
1� 4c 2

max


s
1

K
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
max

p 


�P

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� 2cmaxÞ

w 3
stamp

s
¼ 0; (8)

where 2cmax is 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 h0, and the

second (negative) term results from the compressive preload.
hmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi"
2:57 ln

�
wstam

wmicr

vuut

ð1
0

exp
�P

2Ewstamp

1þ 2cmax � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cmaxð1þ 2cm

p

wmicrot

2
6666666664

This journal is ª The Royal Society of Chemistry 2011
Finite-deformation analysis of microtips gives h0 in terms of the

force Fmicrotip in each microtip by (see Appendix for details)

h0

hmicrotip

¼
ð1
0

exp
Fmicrotip

Ewstamp

h
wmicrotipxþ 2Rmicrotipð1� xÞ

i
8<
:

9=
;dx: (9)

Force equilibrium relates Fmicrotip to the preload P by

2Fmicrotip + Fpost ¼ �P (10)

where Fpost is the force on the collapsed post, and is obtained in

the Appendix as

Fpost ¼
Ewstamph

0

1:07 ln

 
wstamp

wmicrotip

!
� 0:42

Kð2cmaxÞ
K
	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
max

p 


� 2P
h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cmaxð1þ 2cmaxÞ
p

� cmax

i
: (11)

Elimination of h0, Fmicrotip and Fpost from eqn (8)–(11) gives
Eqn (7) holds for the maximum height hmax of microtips. Its

substitution into eqn (8) gives the equation for cmax
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cmaxð1þ 2cmaxÞ

p
ð1� 2cmaxÞ K

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4c 2

max

q �

¼ 1:55

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gEw 3

stamp

q
P

: (13)

Its substitution into eqn (12) gives analytically the maximum

height hmax of microtips aswhere cmax is obtained numerically

from eqn (13). The maximum height of microtips scales with the

square root of stamp width, adhesion energy, and reciprocal of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

otip

�
� 1:01

#
gwstamp

E

ffiffiffiffiffiffi
axÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cmaxð1þ 2cmaxÞ

p ð1� 2cmaxÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07ln

�
wstamp

wmicrotip

�
� 0:42

s Kð2cmaxÞ

ipxþ 2Rmicrotipð1� xÞ

3
7777777775
dx

; (14)
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Fig. 4 The normalized maximum height of

microtips hmax

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp

.
E

r
versus the normalized preload

P
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw3
stamp

q
for 2D accurate and approximate solutions.

Fig. 3 cmax versus the normalized preload P
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw3
stamp

q
for 2D

accurate and approximate solutions, where 2cmax is the maximum

percentage of collapse, P is the preload, g is the work of adhesion of the

PDMS/silicon interface, �E is the plane-strain modulus of PDMS, and

wstamp is the stamp width.

D
ow

nl
oa

de
d 

by
 N

or
th

w
es

te
rn

 U
ni

ve
rs

ity
 o

n 
27

 S
ep

te
m

be
r 

20
11

Pu
bl

is
he

d 
on

 0
8 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

M
05

91
5G

View Online
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[
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gEw 3

stamp

q
,

1� 2cmax ¼
0:987

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gEw 3

stamp

q
P

: (15)

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 hmicrotip and

volume. For sharp microtips Rmicrotip � wmicrotip, these give the

equivalent width of the column wmicrotip/2. Finite-deformation

analysis of the column gives

h0

hmicrotip

¼ exp

�
2Fmicrotip

Ewstamp wmicrotip

�
(16)

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

simplified to
Fig. 5 The normalized minimum height of microtips hmin=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp=E

q
versus the normalized microtip radius Rmicrotip/wstamp from 3D analysis.
hmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2:57 ln

�
wstamp

wmicrotip

�
� 1:01

�
gwstamp

E

s

�exp 0:494

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp

Ew 2
microtip

s
1þ

2:08þ ln

0
B@ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw 3
stamp

q
1
CA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07ln

 
wstamp

wmicrotip

!
� 0:42

vuut

2
666666664

3
777777775

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
;

(17)

where eqn (15) and the asymptotic expansion of the complete

elliptic integral of first kind K for relatively large

preload P[
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gEw 3

stamp

q
have been used. As shown in Fig. 4 for

the work of adhesion g ¼ 0.155 N m�1 of the PDMS/silicon
8660 | Soft Matter, 2011, 7, 8657–8662
interface, plane-strain modulus �E ¼ 2.4 MPa of PDMS, stamp

width wstamp ¼ 100 mm and microtip width wmicrotip ¼ 18 mm, 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.18

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)

hminz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:04 ln

�
wstamp

Rmicrotip

�
� 4:44

� �
gwstamp

E

s
: (18)

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

by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp

.
E

r
) decreases slowly as the normalized microtip

radius Rmicrotip/wstamp increases. For the work of adhesion g ¼
0.155 Nm�1 of the PDMS/silicon interface, plane-strain modulus
�E ¼ 2.4 MPa of PDMS, stamp width wstamp ¼ 100 mm, and

microtip radius Rmicrotip ¼ 750 nm, eqn (18) gives the minimum

height hmin ¼ 8.2 mm. This agrees very well the experiments,18
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 The normalized maximum height of microtips hmax=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp=E

q
versus the normalized preload P

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gEw 3

stamp

q
for several microtip-to-

stamp width ratios from 3D analysis.

Fig. 7 The normalized maximum height of microtips with a fixed tip

angle (wmicrotip ¼ ffiffiffi
2

p
hmicrotip) versus the normalized preload

P
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw3
stamp

q
obtained from the analytical model and experiments.
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which successfully printed silicon platelets on the receiver

substrate for the microtip height hmicrotip ¼ 14.8, 12.7, 10.6 and

8.5 mm, and failed to print for hmicrotip ¼ 6.4 mm.

Kim et al.18 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 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
5:14 ln

�
wstamp

wmicrotip

�
� 1:75

�
gwstamp

E

s

�exp

8>>>><
>>>>:
0:371

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

Ewstamp

r �
wstamp

wmicrotip

�2

� 1þ

2:08þ ln

0
B@ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw3
stamp

q
1
CA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:14 ln

�
wstamp

wmicrotip

�
� 0:73

s

2
666666664

3
777777775

9>>>>=
>>>>;
: (19)

Fig. 6 shows that the normalized maximum height of

microtips, hmax

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp

.
E

r
, increases slowly with the

normalized preload P
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw3
stamp

q
. It also depends on the micro-

tip-to-stampwidth ratiowmicrotip/wstamp andg/ �Ewstamp, the latter is

0.00065 in Fig. 6 (for g¼ 0.155 Nm�1, �E ¼ 2.4 MPa and wstamp¼
100 mm). As the microtip width decreases (wmicrotip/wstamp

decreasing from 0.21 to 0.15 in Fig. 6), the maximum height of

microtips increases rapidly.
This journal is ª The Royal Society of Chemistry 2011
The microtip width and height in experiments are related by

wmicrotip ¼ ffiffiffi
2

p
hmicrotip since the microtip angle is fixed.18 Eqn (19)

then becomes

wstamp

hmax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
5:14 ln

�
wstamp

hmax

�
� 3:53

�
g

Ewstamp

s

� exp

8>>>><
>>>>:
0:186

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

Ewstamp

r �
wstamp

hmax

�2

�

2
666641þ

2:08þ ln

0
B@ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw3
stamp

q
1
CA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:14 ln

�
wstamp

hmax

�
� 1:47

s
3
77775

9>>>>=
>>>>;

¼ 1; (20)

which shows the normalized maximum height of microtips to

depend only on g/ �Ewstamp and the normalized

preloadP
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gEw 3
stamp

q
. Fig. 7 compares thenormalizedmaximum

height of microtips in eqn (20) to the experimental data.18For g¼
0.155 N m�1, �E ¼ 2.4 MPa and wstamp ¼ 100 mm, the maximum

height of microtip is 13.2, 14.1 and 14.4 mm for the preload P ¼
0.001, 0.003 and 0.005 N, respectively. This agrees very well the

experiments,18 which successfully picked up silicon platelets from

the donor substrate for the microtip height hmicrotip¼ 6.4, 8.5, 10.6

and 12.7 mm, and failed to pick for hmicrotip¼ 14.8 mm for the same

preloads P ¼ 0.001, 0.003 and 0.005 N, as shown in Fig. 7.

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

via

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gwstamp

.
E

r
, 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
Soft Matter, 2011, 7, 8657–8662 | 8661
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analytical expressions agree very well with experiments,18 and are

useful to the stamp design for reversible adhesion.

Appendix

1. Stamp of finite width

The strain energy in eqn (2) for a stampwith infinitewidth equals to

the work done by the stress traction over the collapsed post on the

displacement (microtip height) hmicrotip.
19 For a stamp with the

finite width wstamp but same microtip height hmicrotip, the stress

traction is reduced by a factor 1
.
F

�
1� 4Rmicrotip

wstamp

�
, where

4Rmicrotip is the total length of contact before collapse, and F(x) ¼
�0.071 � 0.535x + 0.169x2 + 0.020x3 � 1.071x�1 ln (1 � x) is

obtained from the stress intensity handbook.20 The strain energy

for the stamp with finite width is reduced by the same factor.

For small microtip radius 4Rmicrotip � wstamp,

F

 
1� 4Rmicrotip

wstamp

!
z1:07 ln

 
wstamp

Rmicrotip

!
� 1:90, which leads to the

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 as20

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:07 ln

�
wstamp

wmicrotip

�
� 0:42

s Eh0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

cwstampð1� 4c 2Þ
r

1

K
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
p �

(21)

where h0 is the reduced height of microtips, 2c is the percentage

of collapse, and the
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:07 ln

 
wstamp

wmicrotip

!
� 0:42

vuut
is the factor for

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 ¼ 1

1:07 ln

 
wstamp

wmicrotip

!
� 0:42

pEh
0 2

8wstamp

1

cð1� 4c 2ÞK 2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2
p �.

It reaches a minimum at c ¼ 0.169, leading to the minimal energy

release rate in eqn (6), which should be less than the work of

adhesion g to ensure successful pick up of the platelet.
3. Maximum percentage of collapse 2cmax

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

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

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

s
ffiffiffiffiffiffi
pa

p
for a crack of size 2a subjected to remote stress s

normal to the crack,20 where s ¼ � P

w 2
stamp

, and

2a ¼
 
1

2
� c

!
wstamp � 1

2
wmicrotipz

 
1

2
� c

!
wstamp for small

microtip width wmicrotip � wstamp.
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The ratio of force Fmicrotip to cross-section area A 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 Fpost consists of three parts;

(i) post collapse with height h0 gives

Ewstamp h
0 Kð2cmaxÞ
K
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4c 2max

p �,20 and the factor

1

1:07 ln

 
wstamp

wmicrotip

!
� 0:42

accounts for the finite width of the

stamp;

(ii) uniform remote field gives �P2cmax; and

(iii) uniform compression over the non-collapsed part of the

post, �2P
h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cmaxð1þ 2cmaxÞ
p � 2cmax

i
.

The above three give the force in the post in eqn (11).
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