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a b s t r a c t

Transfer printing is an important technique for assembling micro/nanomaterials on unusual substrates,
with promising applications in the fabrication of stretchable and flexible electronics designed for use in
areas such as biomedicine. The process involves retrieval of structures (e.g., micro-devices) from their
growth (donor) substrate via an elastomeric stamp (i.e., an element with posts on its surface), and then
delivers them onto a different (receiver) substrate. An analytical mechanics model is developed to identify
the key parameters for a shear-enhanced mode for transfer printing. The results predict that the pull-off
force decreases linearly with increasing shear strain in the post, or with shear displacement across the
stamp. This prediction agrees well with the experiments.

Published by Elsevier Ltd.

Transfer printing is a technique that allows micro-devices to be
retrieved (i.e., picked up) from their growth (donor) substrate via
an elastomeric stamp, and then allows their delivery onto a dif-
ferent (receiver) substrate (Carlson et al., 2011; Feng et al., 2007;
Kim et al., 2009, 2010c; Meitl et al., 2006; Wu et al., 2011). Stretch-
able electronics represents an application example where transfer
printing is critical; the process yields micro-devices printed in
arrays onto elastomeric substrates (e.g., PDMS) for systems such as
structural health monitoring devices (Nathan et al., 2000), flexible
sensors (Lumelsky et al., 2001; Mannsfeld et al., 2010; Someya et al.,
2005; Someya and Sekitani, 2009), flexible display (Crawford, 2005;
Forrest, 2004; Gelinck et al., 2004), stretchable and foldable circuits
(Kim et al., 2008; Sekitani et al., 2010), flexible inorganic solar cells
(Yoon et al., 2008) and LEDs (Park et al., 2009; Sekitani et al., 2009).
Transfer printing has also been used to develop biomimetic, curvi-
linear electronics (Ko et al., 2008), bio-dissolvable electronics (Kim
et al., 2010a), stretchable and flexible devices for cardiac electro-
physiology (Viventi et al., 2010) and ablation therapy (Kim et al.,
2011b), foldable electrode array for mapping brain activity (Viventi
et al., 2011), smart surgical gloves (Someya et al., 2004), waterproof
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optoelectronics for biomedicine (Kim et al., 2010b), and epidermal
electronics (Kim et al., 2011a).

There exist several different transfer printing techniques.

(1) Kinetically controlled transfer printing (Feng et al., 2007; Meitl
et al., 2006). The viscoelastic stamp picks up the micro-devices
rapidly and prints them slowly onto the receiver substrate
because it has high and low adhesion strengths at the large and
small peeling rates, respectively.

(2) Surface-relief-assisted transfer printing (Kim et al., 2010c; Wu
et al., 2011). The stamp surface consists of surface relief struc-
tures, such as microtips, to achieve large surface contact with
micro-devices (and therefore large adhesion force) during
pickup, and small contact area during printing.

(3) Load-enhanced transfer printing (Carlson et al., 2011; Kim et al.,
2009). Different mechanical loading protocols are adopted to
facilitate large and small adhesion forces during pickup and
printing, respectively. Directional shearing at an interface is
shown to control the behavior in various micro- and nano-
structured dry adhesives (Aksak et al., 2008; Jeong et al., 2009;
Kramer et al., 2010; Murphy et al., 2009; Varenberg and Gorb,
2007). In particular, shear-enhanced transfer printing (Carlson
et al., 2011) shows that the directional shearing at an interface
mechanically initiates separation at the adhesive surface and
therefore can be used to facilitate the printing of micro-devices.
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Fig. 1. Illustration of the shear-enhanced transfer printing technique. During pickup, the stamp is retracted rapidly to maximize adhesion after conformal contact to the
micro-device. To print, the stamp with micro-device is placed in contact with a receiver substrate, which is displaced laterally followed by a slow retraction on the stamp.

(4) Laser-driven transfer printing (Saeidpourazar et al., in press).
During printing a laser pulse initiates separation at the adhe-
sive surface due to large thermal mismatch between the stamp
and micro-devices.

For kinetically controlled and surface-relief-assisted transfer
printing, Feng et al. (2007) and Wu et al. (2011) developed
analytical mechanics models to establish the scaling laws, respec-
tively, i.e., a single (or few) non-dimensional combination of key
parameters that governs the transfer printing. For shear-enhanced
transfer printing, Carlson et al. (2011) developed the numerical
model (finite element analysis). A schematic illustration of shear-
enhanced transfer printing is shown in Fig. 1. An elastomeric
stamp is a single, rectangular post mounted to a thick backing
layer. The post and the underlying micro-device to be transferred
have identical lateral dimensions, and have conformal contact. The
micro-device is picked up rapidly to maximize adhesion through
viscoelastic effects of the stamp. The stamp with the micro-device
is placed in contact with a receiver substrate. The receiver substrate
is then displaced laterally to induce shear on the stamp, which
reduces the pull-off force of the stamp to slowly delaminate from
the micro-device. The induced shear facilitates the efficient printing
of the micro-device onto the receiver substrate.

The purpose of this paper is to establish analytically the scaling
law for shear-enhanced transfer printing. Specifically, the reduced
pull-off force of the stamp is obtained analytically in terms of the
shear strain. This relation is validated by the experiments, and is
useful to the optimal design of the stamp for shear-enhanced trans-
fer printing.

Fig. 2 shows a schematic diagram of the stamp and
micro-device. On top of a thick backing layer (H = 950 �m),
the poly(dimethylsiloxane) (PDMS, 5:1 monomer:catalyst mix
ratio) post (L × L × h = 100 �m × 100 �m × 50 �m) was brought into
intimate contact onto a monocrystalline silicon micro-device
(100 �m × 100 �m × 3 �m) illustrated as a black plate. The backing
layer and post are casted and cured together to form the stamp from
a prepolymer of PDMS, which ensures strong bonding between
the backing layer and post. Using a custom adhesion test setup
described elsewhere (Kim et al., 2010c), the shear displacement
u was applied on the micro-device in the x direction followed by

a vertical retraction with pull-off force F on the stamp in the z
direction.

The shear strain in the post � is determined analytically from
the shear displacement u and stamp geometry. The backing layer
is much wider and thicker than the post, and is modeled as a semi-
infinite solid subjected to a shear stress � in the x direction over the
post area L × L at the surface of z = 0 as shown in Fig. 2. For a con-
centrated shear force �dx0dy0 at (x0,y0) over an infinitesimal area
dx0dy0 of the bottom surface, the x-direction displacement at (x,y)

on the surface is dw = �dx0dy0/[2��
√

(x − x0)2 + (y − y0)2][1 −
� + �((x − x0)2/[(x − x0)2 + (y − y0)2)]] (Landau and Lifshitz, 1986),
where � and � are the shear modulus and Poisson’s ratio of the
stamp, respectively. For a uniform shear stress � applied to the post,
the displacement at (x,y) is

w(x, y) =
∫

L×L

dw = �

2�

L/2∫
−L/2

dx0

L/2∫
−L/2

1√
(x − x0)2 + (y − y0)2

×
[

1 − � + �
(x − x0)2

(x − x0)2 + (y − y0)2

]
dy0, (1)

Fig. 2. The critical dimensions of the post and backing layer and loading conditions
in a custom adhesion test set up.
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Fig. 3. Schematic illustration of the fracture mechanics model used to study the
relationship between vertical pull-off and applied shear in shear-enhanced transfer
printing.

where � = �/� is the shear strain in the post. The displacement at
the origin of the coordinate system ū along the shear (x) direction
is obtained by integrating Eq. (1),

ū = w(0, 0) = 2 − �

�
�L ln(

√
2 + 1). (2)

The measured shear displacement u is the sum of ū and the shear
displacement �h across the post, i.e.,

u = ū + �h. (3)

Substitution of Eq. (2) into Eq. (3) yields the shear strain in the post,

� = u

h + ((2 − �)/�)L ln(
√

2 + 1)
≈ u

h + (3/2�)L ln(
√

2 + 1)
, (4)

where the Poisson’s ratio � ≈ 1/2 for a PDMS stamp. The above
expression has been verified by the finite element method, as
described in details by Carlson et al. (2011).

A fracture mechanics model is developed to calculate the pull-
off force. Fig. 3 shows an edge crack of length a at the interface
between the post and micro-device. The post is subjected to a pull-
off force F and shear strain � . The bending moment that results from
the shear stress � (or shear strain �) is M = �hL2 = ��hL2. The stress
intensity factors are obtained analytically as (Tada et al., 2000)

KI =
√

�L

(1 − �)3

[
F

L2
(0.379 + 0.624� − 0.062e−12(�/(1−�)))

+ M

L3
(2.005 − 0.72e−9(�/(1−�)))

]
,

KII =
√

�L

(1 − �)3

{
F

L2
[0.126 − 0.24� − 0.023(1 − �)5]

+ M

L3
[−0.228 + (1 − �)4(0.577 − 0.2� + 0.8�2)]

}
(5)

where � = a/L. For an infinitesimal crack, � → 0, the above equa-
tion is simplified to

KI =
√

�L
(

0.317
F

L2
+ 1.285

M

L3

)
,

KII =
√

�L
(

0.103
F

L2
+ 0.349

M

L3

)
. (6)

The crack tip energy release rate is given by G = (K2
I + K2

II )/(2Ē),
where the plane-strain modulus of the stamp Ē ≈ 4E/3, E is the

Fig. 4. The normalized pull-off force P as a function of the shear strain � for post
height h = 50 �m and post width L = 200 �m and L = 250 �m. Symbols and lines rep-
resent experimental (Carlson et al., 2011) and theoretical results, respectively.

Young’s modulus, and the factor 1/2 accounts for the large elas-
tic mismatch between the stamp and micro-device (Huang et al.,
2005). The substitution of Eq. (6) into the crack tip energy release
rate gives

G = �EL

[
0.0417

(
F

EL2

)2
+ 0.0701

(
�h

L

)2

+ 0.108
F

EL2

�h

L

]
. (7)

For the fracture toughness �0 of the stamp/micro-device inter-
face, the Griffith fracture criterion G = 	 0 gives the normalized
pull-off force

F

EL2
=

√
24.0

	0

�EL
− 1.72 · 10−3

(
�h

L

)2

− 1.30
�h

L
, (8)

which has an excellent approximation

F

EL2
+ 13�h

10L
≈ 2

√
6	0

�EL
. (9)

As shown in Fig. 4, the pull-off force decreases linearly with the
shear strain in the post for the stamp elastic modulus E = 1.8 MPa
(Kim et al., 2010c), post height h = 50 �m and width L = 200 �m
and 250 �m in experiments (Carlson et al., 2011). For the frac-
ture toughness of the stamp/micro-device interface 	0 = 0.1 N/m,
the pull-off force in Eqs. (8) or (9) agrees well with Carlson et al.’s
experiments (2011).

Substitution of the shear strain in Eq. (4) into Eq. (9) gives the
pull-off force directly in terms of the shear displacement u as

F

EL2
+ u

L(0.769 + 0.324(L/h))
≈ 2.76

√
	0

EL
. (10)

The normalized pull-off force F/(EL2) decreases linearly with the
normalized shear displacement u/L, and such a linear dependence
depends only the post aspect ratio L/h and normalized interfacial
fracture toughness 	0/(EL).

In general, the interface fracture toughness �0 depends on the
mode mixity around an interfacial crack tip. The finite element
analysis (Carlson et al., 2011) showed that the phase angle, which
represents the mode mixity, is small (∼20◦) and does not change
in the range of applied shear strain in experiments. It is there-
fore reasonable to use constant fracture toughness in the present
analysis.

Eq. (9) also gives the critical shear strain for stamp/micro-device

delamination without any pull-off force, � ≈ 2.13
√

	0L/(Eh)2,
which agrees well with the experimental data (Carlson et al., 2011)
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for the vanishing pull-off force. For the other limit of vanishing
shear, Eq. (9) gives the pull-off force F ≈ 2.76

√
	0EL3.

In summary, an analytical mechanics model is established for
shear-enhanced transfer printing. A simple, analytic equation (9)
clearly shows the linear decrease of pull-off force with the increas-
ing shear strain in the post, which agrees well with the experiments.
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