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a b s t r a c t

Transfer printing is an important and versatile tool for deterministic assembly and in-
tegration of micro/nanomaterials on unusual substrates, with promising applications in
fabrication of stretchable and flexible electronics. The shape memory polymers (SMP)
with triangular surface relief structures are introduced to achieve large, reversible adhe-
sion, thereby with potential applications in temperature-controlled transfer printing. An
analytic model is established, and it identifies two mechanisms to increase the adhesion:
(1) transition of contact mode from the triangular to trapezoidal configurations, and (2)
explicit enhancement in the contact area. The surface relief structures are optimized to
achieve reversible adhesion and transfer printing. The theoretical model and results
presented can be exploited as design guidelines for future applications of SMP in re-
versible adhesion and stretchable electronics.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Transfer printing, as an emerging technique for assembly and integration of two and three dimensional structures of
heterogeneous materials at micro/nanoscale, has many important applications in the classes of stretchable/flexible elec-
tronic and optoelectronic systems that combine rigid inorganic and deformable organic materials (Meitl et al., 2006; Yoon
et al., 2008; Fan et al., 2009; Jeong et al., 2009; Murphy et al., 2009; Park et al., 2009; Carbone et al., 2011; Fakhr et al., 2011;
Fang et al., 2011; Guillon et al., 2012; Huang et al., 2012; Xu et al., 2013b; Zhang et al., 2013; Fan et al., 2014; Zhang et al.,
2014). Examples of stretchable/flexible systems with functionalities not addressable using previously established technol-
ogies include “epidermal” health/wellness monitors (Yu et al., 2012; Kaltenbrunner et al., 2013; Schwartz et al., 2013; Xu
et al., 2014), eyeball-like digital cameras (Ko et al., 2008; Song et al., 2013), and sensitive robotic skins (Someya et al., 2004;
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Wagner et al., 2004; Mannsfeld et al., 2010; Lu et al., 2012). Transfer printing typically involves the use of a soft elastomeric
stamp to transfer solid micro/nanostructured materials (i.e., “inks”) from the (donor) substrate where they are generated or
grown onto a different (receiver) substrate for device integration (Meitl et al., 2006; Feng et al., 2007; Kim et al., 2010;
Carlson et al., 2012a). Several types of transfer printing technologies have been proposed: (1) kinetically controlled transfer
printing (Meitl et al., 2006; Feng et al., 2007; Park et al., 2009; Packard et al., 2010; Qi et al., 2011): the viscoelastic stamp is
adopted to pick up the micro-devices rapidly and then to print them slowly onto the receiver substrate, enabled by the high
and low adhesion strengths at the large and small peeling rates, respectively; (2) surface-relief-assisted transfer printing
(Kim et al., 2010; Wu et al., 2011b): surface relief structures (e.g., microtips) are fabricated at the stamp surface to render
large surface contact with the inks (and therefore large adhesion force) during pick-up, and small contact area during
printing; (3) load-enhanced transfer printing (Kim et al., 2009; Carlson et al., 2011, 2012b): the mechanical loading pro-
tocols, such as the directional shearing at the interface and the pressure actuation of a thin elastomeric membrane through
microfluidic channels, are employed to enable large and small adhesion forces during pick-up and printing, respectively;
(4) laser-driven transfer printing (Li et al., 2012; Saeidpourazar et al., 2012): a laser pulse is adopted during printing to
induce large thermal mismatch between the stamp and micro-devices, and therefore initiate separation at the adhesive
surface. The key enabling technology of transfer printing is the active control over the interfacial adhesion between the
stamp and micro-devices.

Shape memory polymer (SMP) is a type of smart material that can memorize temporary shapes and revert to its
permanent shape upon exposure to an external stimulus such as heat (Liu et al., 2007; Yu et al., 2014), light (Koerner et al.,
2004; Lendlein et al., 2005), or moisture (Huang et al., 2005a). Several representative mechanics models (Nguyen et al.,
2008, 2010; Qi et al., 2008; Long et al., 2009; Ge et al., 2012; Yu et al., 2012; Long et al., 2013) have been established to
analyze the underlying mechanisms and stress–strain curves associated with the shape memory effect. When combined
with surface relief structures of various patterns (e.g., microprism array, microlens, transmission gratings, which can be
fabricated using the technique of compression molding) (Xu et al., 2013a), the shape memory effect can be employed to
manipulate the micro-optical performances via temperature change. However, the use of SMP in tuning the interfacial
adhesion has been rarely explored. Recently, Eisenhaure et al. (2013) demonstrated experimentally that reversible dry
adhesion can be achieved by exploiting the shape memory effect and surface microstructuring, but no theoretical analysis
has been reported and the underlying physics is still far from clear. In this paper, a theoretical model is developed for the
interfacial adhesion between the microstructured stamp in a general trapezoidal shape and a flat micro-device. The analytic
solution of design optimization is obtained for the surface relief structure to maximize the difference of adhesion before and
after temperature actuation. Furthermore, the application of this concept in temperature controlled transfer printing is
illustrated, which could facilitate automatic operation and selective printing.
2. Design of shape memory surface relief microstructures for reversible adhesion and transfer printing

Fig. 1 illustrates the surface relief structures made of a temperature stimulated SMP that is capable of memorizing one
temporary shape, corresponding to dual-shape memory effect (Liu et al., 2007; Xie, 2010). Generally, the shape memory
effect can be realized through the glass transition, melting transition, strain induced crystallization transition, etc. In this
study, we will focus on the category of SMP realized through melting transition, since melting transition usually gives a
sharper recovery event than glass transition (Liu et al., 2007; Ratna and Karger-Kocsis, 2008). For this type of material, there
exists a transition temperature Tm (i.e., the melting point) above which the SMP restores its permanent shape. At high
temperature (4Tm) the permanent configuration of SMP can be deformed into a prescribed configuration by external loads.
After cooling down to room temperature (oTm) this deformed configuration can be maintained even when the loads are
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Fig. 1. Schematics of the microstructured stamp in contact with the flat surface of the micro-device. (a) The permanent configuration of the stamp with
triangular posts in the absence of roof collapse; (b) the temporary configuration of the stamp with trapezoidal posts in the absence of roof collapse; and (c)
the temporary configuration of the stamp with trapezoidal posts in the mode of roof collapse.
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removed afterwards. Such configuration is stable at room temperature, and is also called the temporary configuration be-
cause it restores to the permanent configuration when it is heated above Tm. For the SMP realized through melting tran-
sition, the temporary shape is fixed by crystallization, and the permanent shape is established by chemical or physical cross-
linking (Liu et al., 2007). Recently, multi-shape memory effect (Xie, 2010; Yu et al., 2012; Luo et al., 2013) has been achieved
that enables phase transitions at multiple levels of temperatures, with the advances in the understanding of the microscopic
mechanisms.

The isosceles triangles are designed as the permanent configuration of the surface relief structure in the present study,
and they can be fabricated using the technique of compression molding (Xu et al., 2013a). The triangles have a height of h0
and a top angle of 2θ0, as shown in Fig. 1a, and the length of base is w h2 2 tan1 0 0θ= . The spacing of triangles is 2s such that
the distance between the centers of adjacent triangles is l s w2 2 2 1= + . Under compression along the vertical direction, the
triangular surface relief structures (referred to simply as triangular posts in the following) deform approximately into the
isosceles trapezoid shown in Fig. 1b, and such temporary configuration can be retained when cooled down from a high
temperature (4Tm) to room temperature (oTm). The lengths of the parallel sides of the trapezoidal posts are 2w1 (top) and
2w2 (bottom), and the reduced height is h¼kh0, with k (o1) denoting the compression ratio. For the incompressible SMP
(Xu et al., 2013a), i.e., with the Poisson's ratio νE0.5, the geometric parameters of the triangle and trapezoid satisfy
h w kh w w/2 ( )/20 1 0 1 2= + in a plane strain model, which gives w k w k(1 ) /2 1= − . The present study is limited to w w2 1≤ , i.e.,
k 1/2≥ . As the reduced post height (i.e., h¼kh0) of the temporary trapezoidal configuration decreases, the state of roof
collapse shown in Fig. 1c may be triggered, mainly due to the adhesion between stamp and micro-device, which will be
analyzed in detail in Section 3.

By switching the configuration of the surface relief structures between triangles and trapezoids, the contact area (and
therefore the adhesion energy) between the surface relief structure and micro-device can be varied to a large extent through
optimization of post geometry. Such reversible adhesion has important applications in temperature-controlled transfer
printing, as schematically illustrated in Fig. 2, which has the advantage of selective printing over the conventional transfer
printing techniques. Fig. 2a–c describe the pick-up process of micro-device from the donor substrate by using the SMP
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Fig. 2. Schematic illustration for applications of microstructured SMP in transfer printing. The permanent configuration of the surface relief structures has
low adhesion with the micro-device, while the temporary configuration, compressed from the triangular posts, in contrast, has much larger adhesion to
bond with the micro-device. In this schematic, the difference of adhesion arises solely from explicit shape change of posts without roof collapse.
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stamp with trapezoidal posts that correspond to the temporary configuration. Heated above the transition temperature Tm,
the posts recover to the permanent configuration in the triangular shape, which is then used to complete the printing of
micro-device onto the receiver substrate, as shown in Fig. 2d–f. Since the SMP usually has varied modulus at different
temperatures, the two different cases of printing process are taken into account, including the room-temperature (oTm)
and high-temperature (4Tm) printing, corresponding to Fig. 2f1 and f2, respectively. After finishing the printing of micro-
device, the SMP stamp needs to be compressed and cooled down to form the temporary trapezoidal configuration again for
cyclic uses, as shown from Fig. 2g–a. From this operation process, it is clear that the geometry of the surface relief structures
can be optimized to achieve a large difference of adhesion between the triangular and trapezoidal configurations, which will
be analyzed, in a quantitative manner, in the following sections.
3. A theoretical model of reversible adhesion and contact mode

Fig. 1 shows that two types of mechanisms, explicit enhancement of contact area (from Fig. 1a and b), and transition of
contact mode (from Fig. 1a–c), could lead to adhesion change between trapezoidal and triangular posts. The contact mode
between the posts and micro-device is mainly determined by the competition between adhesion energy and deformation
energy due to roof collapse. For periodically distributed rectangular posts, Huang et al. (2005b) developed an analytic model
to derive mathematically the requirement to occur roof collapse and the contact length due to roof collapse. This model is
extended for trapezoidal posts in the following. From the energetic point of view, roof collapse only occurs if the total
potential energy Utotal for the collapsed state (in Fig. 1c) is less than its counterpart, zero, for the un-collapsed state (in
Fig. 1b). Here Utotal can be expressed as

U U l2 , (1)total deformation collapse γ= −

whereUdeformation is the deformation energy for the collapsed configuration, and the second term corresponds to the adhesion
energy, with γ representing the work of adhesion between the stamp and micro-device, and 2lcollapse the collapse length
(Fig. 1c) to be determined. As shown in the Appendix A, the deformation energy is given by
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is the effective plane-strain Young's modulus (see Appendix A for details). Here E and νE0.5 are the Young's modulus and
Poisson's ratio of the SMP, respectively. Substitution of Eq. (2) into Eq. (1) gives
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Its minimization, dUtotal/dlcollapse¼0, gives the collapse length to depend on the normalized work of adhesion

( )l w E h8( ) / eff2
2γ γ¯ = − ¯ , i.e., l l w F/( ) ( )collapse 2 γ− = ¯ , where the non-dimensional function F is obtained from
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and is shown in Fig. 3.1 The minimal total potential energy, normalized by E h /4eff
2¯ , is then K F K F F[ ( )/ ( 1 )]2 γ− − ¯ and

depends only on γ̄ . The state of roof collapse is stable only when the minimal total potential energy is less than its
counterpart, zero, for the un-collapsed state (in Fig. 1b). This gives the condition for stable collapse as
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The contact length l w l2( )contact
trapezoidal

collapse2= + , which is important to the optimal design for reversible adhesion and
transfer printing in the following two sections, gives the fraction of contact as
1 Eq. (5) holds only when the collapse length is shorter than the spacing (2s) of the posts.
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This equation indicates that the fraction of contact depends only on two non-dimensional parameters, i.e., w2/l and γ̄ , or
equivalently, w2/l and l Eh/( )2γ since it can be rewritten as
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where H is the Heavyside step function2 such that the above equation also holds for the case of no stable collapse. Fig. 4
shows the fraction of contact versus l Eh/( )2γ for different values of w2/l. It remains a constant w2/l for l Eh/( )2γ less than a
critical value to trigger stable roof collapse, and increases sharply at the critical value.

Then we analyze another important aspect of the reversible adhesion, i.e., whether the trapezoidal post at high tem-
perature (4Tm) is able to peel away from the micro-device to restore to the triangular shape, considering the softening of
SMP due to melting transition. Here, the shape recovery of posts is decided mainly by the competition of the elastic energy
stored in the trapezoidal posts as compressed from the triangular shape, and the adhesion energy due to the contact with
the micro-device. The adhesion energy is determined by the contact length, i.e.,

U w w
k

k
1

, (8)adhesion
post

2 1γ γ= = −

and the elastic energy is proportional to the reduced elastic modulus Ereduced at high temperature (4Tm) and square of w1,
i.e.
Fig. 4. Scaling laws of the fraction of contact lcontact
trapezoidal¯ versus the normalized parameter, l Eh/( )2γ , for three different values of w l/2 .

2 The Heaviside step function H(x) is defined as
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U E w f k( , ), (9)deformation
post

reduced 1
2 θ=

where f k( , )θ is a dimensionless function in terms of the angle θ and compression ratio k, which can be calculated by finite
element simulations. A successful shape recovery requires the stored elastic energy to be larger than the adhesion energy, or
equivalently:

U

U
E w

f k( , ) 1.
(10)

deformation
post

adhesion
post

reduced 1

γ
θ= >

For a typical SMP obtained by crosslinking semi-crystalline poly(ethylene-co-vinyl acetate) (EVA), the work of adhesion is
γ¼0.04 J/m2 (Bistac et al., 1998), and the reduced modulus is EreducedE1.0 MPa (Li et al., 2011) at a temperature (�80 °C)
higher than the melting point (Tm�66 °C). The ratio U U/deformation

post
adhesion
post can be obtained with the aid of finite element si-

mulations, as shown in Fig. 5 for a representative base length w1¼20 μm (and therefore, E w / 500reduced 1 γ = ). It increases
monotonously with the decrease of compression ratio (k) and top angle (2θ). For a compression ratio smaller than �0.94,
U U/deformation

post
adhesion
post is much larger than 1 for all three representative top angles (60°, 90° and 120°), indicating that the post

can restore successfully to the permanent (triangular) configuration when heated to �80 °C. For other combinations of
material and post dimension that give E w / 500reduced 1 γ > , the ratio U U/deformation

post
adhesion
post would be even larger, and the shape

recovery will be easier to complete. In this study, appropriate post geometries and SMP materials will adopted to yield a
ratio of U U/deformation

post
adhesion
post that is much larger than 1, to ensure successful shape recovery.
4. Design optimization of microstructured SMP for reversible adhesion

To facilitate the reversible adhesion between stamp and micro-device, it is important to have a large change of adhesion
due to the shape memory effect. The key to achieve remarkable change of adhesion energy between the permanent (tri-
angular) and temporary (trapezoidal) configurations in Section 3 is to maximize their difference in the contact area. This is
equivalent to
1)
Fig
rati
adh
maximization of lcontact
trapezoidal¯ in Eq. (7b) for trapezoidal posts; and
2)
 minimization of the fraction of contact for the triangular posts, which is ensured if the triangular posts do not collapse,
i.e.,
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0γ θ π γ θ π= − ≈ is the contact radius of
an ideally sharp triangular post with a flat micro-device due to adhesion (Wu et al., 2011a), which should be less than the
bottom length of the trapezoidal posts (w2) such that ⎡⎣ ⎤⎦{ }( )k w Eh1 24 /1 0
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The corresponding fraction of contact is
. 5. Ratio of stored elastic energy in the trapezoidal posts as compressed from the triangular shape to the adhesion energy as a function of compression
o (k) for three different top angles (60°, 90° and 120°). The dashed line corresponds to the critical state when the stored elastic energy equals to the
esion energy.
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(15) (see Appendix B for details), which gives
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For w l k k( / )(1/ ) /(1 )1 λ < − , it is simplified to
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For w l k k( / )(1/ ) /(1 )1 λ > − , Eq. (17) becomes
3 For wl/l40.284, Eq. (16b) has no solution, which corresponds to λ → + ∞. For wl/lo0.284, Eq. (16b) has two solutions, and λ is the smaller one
between the two.
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Fig. 6 shows the difference in contact area in Eq. (17) [or equivalently Eqs. (18) and (19)] versus the normalized base
length w1/l for several compression ratios k between 0.5 and 1. For each k, the straight segment on the right corresponds to
optimized, un-collapsed state, whereas the curvilinear part on the left corresponds to the optimized, collapsed state. The dot
on each curve clearly shows the maximum difference in contact area achieved for each compression ratio k.

Figs. 7a and b give the maximum difference in contact area and the corresponding normalized base length w1/l obtained
from Fig. 6 versus the compression ratio k, respectively. The normalized adhesion energy ( )l Eh/ 0

2γ corresponding to the
maximum difference in contact area is also given in Fig. 7b. The vertical line in each figure clearly shows the collapsed and
un-collapsed states to its right and left, respectively. Fig. 7b gives the optimized design [of normalized base length w1/l and
adhesion energy ( )l Eh/ 0

2γ ] for each compression ratio.
5. The microstructured SMP for transfer printing

The analytic model in Sections 3 and 4 for the microstructured SMP is extended for temperature-controlled transfer
printing (Fig. 2) in this section. The trapezoidal configuration is used during the pick-up process of micro-devices since large
adhesion is required. Specifically, the adhesive force at the stamp/device interface, lstamp contact

trapezoidalγ , should be larger than that
at the device/donor interface, ldonorγ , where stampγ γ= and donorγ denote the work of adhesion at the stamp/device and donor/
device interfaces, respectively. This gives

l ,
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2γ γ¯ = ¯ = ¯ − is obtained from Eq. (7b) and is shown in

Fig. 4. On the other hand, small adhesion is needed to facilitate printing of micro-devices onto the desired receiver substrate.
The triangular post recovered from the shape memory effect is therefore ideal for this purpose. This requires a lower
adhesive force at the stamp/device interface, lstamp contact

triangularγ , than that at the receiver/device interface, lreceiverγ , i.e.,
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where receiverγ denotes the work of adhesion between the receiver material and the micro-device, and
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is obtained from Eq. (7b) by replacing w2 and h with Rcontact and h0, respectively. The above equation degenerates to Eq. (12)
for no collapse of the triangular post. For a highly adhesive receiver receiverγ γ≥ , Eq. (21) always holds since
l 1 /contact

triangular
receiverγ γ¯ < ≤ . Eqs. (20) and (21) provide the bounds for ( )l Eh/ 0

2γ and w l/1 .
In the following examples the widely adopted silicon device is adopted, and the stamp is made of an elastomeric SMP
Fig. 6. Maximum difference in contact area after optimization with regard to λ, shown as a function of the normalized base length w1/l for different
compression ratios k. The blue circular points denote the maximum of each curve.
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Fig. 7. Design optimization of permanent configuration to achieve largest difference in contact area. (a) ⎜ ⎟
⎛
⎝

⎞
⎠l lcontact

trapezoidal
contact
triangular

max

¯ − ¯ for different com-
pression ratios, and (b) the corresponding geometric parameters [w l/1 and ( )l Eh/ 0

2γ ] of the triangular post.
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obtained by crosslinking semi-crystalline poly(ethylene-co-vinyl acetate) (EVA) which is a low-cost commodity polymer
widely used in industry (Li et al., 2011). The EVA has the work of adhesion, γstamp¼0.04 J/m2 (Bistac et al., 1998), Young's
modulus Eroom¼14.3 MPa at room temperature (Li et al., 2011), and the reduced modulus EreducedE1.0 MPa at a temperature
(�80 °C) higher than the melting point (Tm�66 °C).4 In comparison to the stamp, the work of adhesion between silicon
device and donor (e.g., silicon wafer) is usually much lower, e.g., γdonor¼0.006 J/m2 (Tsukruk and Bliznyuk, 1998). A wide
range of receiver materials with the work of adhesion γreceiver ranging from 0.004 J/m2 to 0.4 J/m2, corresponding to 1/10 to
10 times of the work of adhesion of PDMS (Kim et al., 2010), is considered. In the first set of analyses, the permanent
configuration (triangles) of the posts is considered to be already cooled down to room temperature, before the micro-
devices are printed, as shown in Fig. 2f1. Therefore, Eroom¼14.3 MPa is used for both the trapezoidal and triangular posts.
Fig. 8a–c shows the regions of postdesign for successful transfer printing in the space of w l/1 and ( )l Eh/ 0

2γ for the work of
adhesion γreceiver¼0.004 J/m2 and the compression ratio k¼0.5, 0.6 and 0.7. The region of post design gradually reduces with
the increase of compression ratio (k), and even splits into two separate regions for k¼0.7 (Fig. 8c), with the left and right
parts representing “roof collapse” and “no roof collapse” in the trapezoidal posts, respectively. For a highly adhesive receiver
(e.g., γreceiverZ0.04 J/m2), the area of valid region (in Fig. 8d–f) enlarges tremendously.

In practical applications, the printing of micro-devices can be also operated when the SMP stamp is just recovered to the
permanent configuration and is still maintained at high temperature (T4Tm), as shown in Fig. 2f2. In comparison to the
room-temperature printing, the high-temperature printing does not require the process of cooling down the triangular
posts (in Fig. 2e) and heating it up again after printing, thereby reducing the time of transfer printing process. In this
analyses, Eroom¼14.3 MPa and Ereduced¼1.0 MPa are adopted for trapezoidal and triangular posts, respectively. The corre-
sponding regions of design for successful transfer printing, shown in Fig. 9a–c for k¼0.5, 0.6 and 0.7, are reduced as
compared to Fig. 8a–c for room-temperature printing. No collapse would occur in the trapezoidal post for successful transfer
printing because of the small ( )l E h/ room 0

2γ for successful printing. For a relative large compression ratio (e.g., k¼0.7), the valid
4 66 °C corresponds to the temperature at the initial stage of melting transition in the EVA, and the modulus will reduce rapidly to reach a plateau
(�1.0 MPa) after the completion of melting transition. To ensure the stable operation of transfer printing process, 80 °C is adopted for the high-tem-
perature printing in the analyses, since the modulus is not sensitive to temperature change at this stage.
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Fig. 8. Valid post designs in terms of w l/1 and ( )l Eh/ 0
2γ to achieve successful transfer printing with the pick-up and printing both operated at room

temperature. (a), (b) and (c) correspond to the valid design regions for γreceiver¼0.004 J/m2 and the compression ratio of k¼0.5, 0.6, and 0.7, respectively.
(d), (e) and (f) correspond to the valid design regions for γreceiverZ0.04 J/m2 and the compression ratio of k¼0.5, 0.6, and 0.7, respectively. The labels ‘pick-
up’ and ‘printing’ correspond to the boundaries of valid design regions, representing the critical states for successful picking-up and printing.
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region becomes quite narrow, indicating that very limited combinations of w l/1 and ( )l E h/ room 0
2γ can be used. Therefore, an

appropriate spacing of posts and a relative large compression are required to form the temporary configuration when the
SMP triangular posts are adopted to print the micro-devices at high temperature.
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Fig. 9. Valid post designs in terms of w l/1 and ( )l E h/ room 0
2γ to achieve successful transfer printing with room-temperature pick-up and high-temperature

printing. (a), (b) and (c) correspond to the valid design regions for γreceiver¼0.004 J/m2 and the compression ratio of k¼0.5, 0.6, and 0.7, respectively. The
labels ‘pick-up’ and ‘printing’ correspond to the boundaries of valid design regions, representing the critical states for successful picking-up and printing.
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6. Viscoelastic effect of SMP on the design diagram of transfer printing

The above analyses mainly apply for the case that the time scale involved in the process of heating and cooling is
sufficiently long to ensure the equilibrium states are reached, i.e., the permanent and temporary configurations are fully
recovered and fixed as designed. Practically, the viscoelastic effect may come into play, especially for the softened SMP at
high temperature. This section gives an approximate estimation of viscoelastic effect of SMP on the design diagram of
transfer printing, by analyzing the time-dependent recovery process of SMP post after heated above transition temperature
(Tm).

Several representative constitutive models of thermally induced SMP have been developed in the framework of finite
deformation theory (Nguyen et al., 2008; Qi et al., 2008; Ge et al., 2012), which could capture well the viscoelastic/plastic
effects. To simplify the analyses and provide some approximate estimations, a simple standard linear solid model (Gu-
tierrez-Lemini, 2014), as widely used for viscoelastic materials, is adopted in the following analyses. This model offers the
simplest option to describe the shape memory effect for the SMP containing two phases (i.e., fixed phase and reversible
phase), which could provide good predictions of measured recover ratio during reheating (Lin and Chen, 1999). As shown in
Fig. 10a, this model adopts a linear combination of springs and dashpots to represent elastic and viscous components, in
which Er and ηr denote the elastic modulus and viscosity for the reversible phase, and Ef denotes the elastic modulus for the
fixed phase. Considering a temporary configuration of SMP with uniform strain ε0, we assume the material is rapidly heated
to a high temperature (4Tm) and then maintained at this temperature. Under a stress-free condition, the time-dependent
recovery ratio, defined as R t t( ) 1 ( )/ 0ε ε= − , then follows an exponential law as R t( ) 1 e E t/f r= − η− , with ε denoting the en-
gineering strain at the current time. By using this equation to estimate the time-dependent height recovery of SMP posts,
the viscoelastic effect on the design diagram of transfer printing can be evaluated approximately.



a

b

Fig. 10. Schematic illustration (a) of the standard linear solid model and valid post designs (b) in terms of w l/1 and ( )l E h/ room 0
2γ by accounting for the

viscoelastic effect. The valid design regions are calculated using γreceiver¼0.004 J/m2 and the compression ratio of k¼0.5. The labels ‘pick-up’ and ‘printing’
correspond to the boundaries of valid design regions, representing the critical states for successful picking-up and printing.
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For the EVA material studied in previous sections, the material parameters at �80 °C are given by 1.0MPa srη = ⋅ and
E 0.14MPaf = , which are approximated through numerical fitting of the storage modulus, loss modulus and recovery ratio
measured in experiments (Li et al., 1999; Khonakdar et al., 2004; Li et al., 2011). The calculations show the recovery ratio as
R t( 10s) 0.753= ≈ , R t( 20s) 0.939= ≈ and R t( 30s) 0.985= ≈ , indicating the system could reach the equilibrium state after
around half a minute. Fig. 10b illustrates that the valid design region approaches the results of equilibrium-state theory with
increasing the time for shape recovery. But the area of valid region narrows obviously if a rapid printing (e.g., �10 s after
heating up) is targeted.
7. Concluding remarks and discussions

An analytic model of adhesion and contact mode for the surface relief structure of SMP in a general trapezoidal con-
figuration is established. The analytic solution for the optimized surface relief structure is obtained for reversible adhesion
between the permanent triangular posts and the temporary trapezoidal posts formed by compression. Two mechanisms are
identified for the increase of adhesion in the trapezoidal posts, which are further explored in the applications of tem-
perature-controlled transfer printing. This study provides design guidelines of SMP microstructured surfaces for future
applications in reversible adhesion and transfer printing.

Beside the adhesion control through the change of contact area, the SMP microstructured surface could also achieve large
difference in the pull-off force between the low-temperature trapezoidal post and high-temperature triangular post, be-
cause of the reduced modulus at high temperature (Eisenhaure et al., 2013). This will be considered in our future study.
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Appendix A. Deformation energy of the trapezoidal post with roof collapse

By considering the collapsed configuration of trapezoidal post as a type of equivalent crack (with a length 2l�2w2) and
using the principle of linear superposition, the deformation energy for the case of single crack can be solved following
Huang et al. (2005b) as

⎡
⎣⎢

⎤
⎦⎥( )

( )
U

Eh K l l w

K l l w4

/( )

1 /( )
,

(A.1)

deformation
single crack collapse

collapse

2 2

2
2

2
=

¯ −

− −
−

where the effect of elastic mismatch between the soft stamp and rigid micro-device is taken into account, and
E E E/(1 ) 4 /32ν¯ = − = is the plane-strain modulus. To further account for the periodic distribution of trapezoidal posts and
the effect of adjacent posts, Huang et al. (2005b) showed that the ratio of deformation energy (Udeformation

periodic cracks− ) for periodic
cracks to that (Udeformation

single crack− ) for a single crack is approximately given by
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Therefore, the deformation energy can be approximated by Eq. (2), with Eeff¯ given by Eq. (3).
Appendix B. Optimization of l lcontact
trapezoidal

contact
triangular¯ − ¯

For a given compression ratio k, l lcontact
trapezoidal

contact
triangular¯ − ¯ in Eq. (13) is maximized with respect to w l/1 and γ̄ under the con-

straints in Eq. (11). This is done separately for 1.4γ̄ < and 1.4γ̄ > in the following:
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The local maximum is then compared to the values at the two ends of γ̄ in order to determine the maximum
l lcontact

trapezoidal
contact
triangular¯ − ¯ with respect to γ̄ . This is further maximized with respect to w l/1 . The numerical results suggest that, for

each k, maximization of l lcontact
trapezoidal

contact
triangular¯ − ¯ with respect to w l/1 corresponds only to 0γ̄ = or
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2 2 2

2 2
2γ π π λ¯ = − − , as shown in Fig. B1, which then leads to Eq. (17).
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Fig. B1. Maximum difference in contact area, l l( )contact
trapezoidal

contact
triangular

max
¯ − ¯ , after optimization with regard to γ̄ , shown as a function of the normalized base

length w1/l and the corresponding γ̄ (in blue color) for different compression ratios of k¼0.5 (a), 0.6 (b), 0.7 (c) and 0.8 (d). The red circular points denote

the maximum l l( )contact
trapezoidal

contact
triangular

max¯ − ¯ for different w1/l. The green and yellow curves represent the local maximum and bounds for γ̄ , respectively.
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