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Abstract:  Transfer printing is a volatile tool to retract micro devices from a donor substrate via 

elastomeric stamps, from which the devices are grown or fabricated, followed by printing to a 

receiver substrate where the device is assembled to an array for integration in various 

applications.  Among five approaches of transfer printing summarized in the paper, the 

viscoelastic property of stamps is widely adopted to modulate the interfacial adhesion between 

the stamp and devices by applying different pulling speed.  A viscoelastic model for transfer 

printing is established analytically.  It shows that the interfacial adhesion increases with pulling 

speed, which is verified by the experiments and numerical simulations. 
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1. Introduction 

Transfer printing has evolved into an exceptionally sophisticated approach to materials 

assembly and micro-/nanofabrication.  It retracts (picks up) “inks”, here defined as a diversity 

of material classes with a wide range of geometries and configurations, from their growth (donor) 

substrate via an elastomeric stamp, and then prints them onto a different (receiver) substrate 

[1-18].  Recent rapid progress in the field has significantly expanded the range of materials for 

patterning and their applications. 

There are several approaches in transfer printing to retract the inks from the donor 

substrate and to print them onto the receiver substrate. 

(1) Kinetically-controlled transfer printing [1, 2].  The inks are retracted rapidly by an 

elastomeric stamp, and printed slowly to make use of the high and low adhesion strengths 

respectively at large and small peeling rates due to viscoelasticity of the stamp. 

(2) Surface-relief-assisted transfer printing [3-6].  The inks are retracted by an elastomeric 

stamp with the surface relief structures, such as microtips, to achieve large surface contact with 

the inks (and therefore large adhesion force) during retraction, and small contact area during 

printing. 

(3) Load-enhanced transfer printing [9, 19-23].  Different mechanical loading protocols are 

adopted to facilitate large and small adhesion forces during retraction and printing, respectively, 

such as shear-enhanced transfer printing [7, 8] that which mechanically initiates separation at the 

adhesive surface via directional shearing at the interface to control the printing of inks. 

(4) Laser-driven transfer printing [15, 16].  During printing a laser pulse initiates separation at 

the adhesive surface due to large thermal mismatch between the stamp and inks. 

(5) Active-pressure-control-assisted transfer printing. [24].  Surface adhesion can be modulated 

by pressurizing microchannels under a thin layer of membrane in a controlled manner to induce a 
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variety level of surface deformation via inflation in printing. 

The viscoelastic property [25, 26] of elastomeric stamps is one of the most important and 

frequently used properties to modulate the range of “printable” materials based on the pioneering 

work of Schapery [27, 28] and Gent et al. [29].  The adhesion of the elastomeric stamp 

increases with the pulling speed [30, 31], and the rate dependence has also been studied by 

Rahulkumar et al. [32].  Rapid acquisition (pickup) of inks allows for high adhesion to the 

stamp.  This process is followed by a slow retraction to successfully print them onto the 

receiver substrates [1, 2]. 

Figure 1a represents a schematic illustration for transfer printing with an elastomeric 

stamp comprising of a single, rectangular post mounted on a thick backing layer [4, 7, 8].  Posts 

were brought into direct contact with the underlying inks of the same lateral dimension in the 

experiments.  The poly(dimethylsiloxane) (PDMS, 5:1 monomer:catalyst mix ratio) stamp 

(0.1×0.1×0.1mm) formed conformal contact with the ink (0.1×0.1×0.01mm) during retraction 

and printing.  The pull-off force F in the normal direction, required to remove PDMS posts 

from fixed silicon inks, was measured using a custom setup to evaluate the adhesion under 

different pulling speeds [4]. 

This paper aims at studying the effect of pulling speed on transfer printing.  A 

viscoelastic model for the delamination of stamp/ink interface is established in Section 2, which 

provides an analytical relation between the pull-off force F and pulling speed v of the stamp.  

The results are compared with the experiments and numerical results obtained by the finite 

element method in Section 3.  The combined analytical/experimental/numerical studies provide 

not only the fundamental understanding of rate-dependent transfer printing but also useful design 

guidelines for transfer printing. 

 

2. A Viscoelastic Model for Transfer Printing 

The relaxation modulus of PDMS in the time domain ( )E t , normalized by the initial 
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modulus 0E , can be expressed via the Prony series by ( ) ( )0
1

1 1 i

N
t

i
i

E t E g e t−

=

= − −∑ , where ig  

and iτ  are material parameters.  The elastic Young’s modulus E∞  is the limit of ( )E t for 

t →∞ , and is related to 0E  and ig  by 0
1

1
N

i
i

E E g∞
=

 = − 
 

∑ .  The relaxation modulus of 

PDMS is then expressed as 
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The Laplace transform [33] gives the frequency dependence of above relaxation modulus 
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∑
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where 1j = − , and the real and imaginary parts of Eq. (2) are called the storage and loss moduli, 

respectively.  Figure 2 shows the storage modulus of PDMS versus the frequency ω  in Eq. (2) 

for the second-order Prony series (N=2) with Young’s modulus 1.32E∞ = MPa, g1=0.102, 

g2=0.209, t1=0.426 s and t2=0.0167 s, which agrees well with the experimentally measured 

storage modulus of PDMS (error < 6%).  The relaxation modulus is several orders of magnitude 

smaller than that of the ink (e.g., 130 GPa for silicon). 

The pull off of the stamp is characterized by delamination of the post/ink interface, which 

initiates from the edge of the interface, and is modeled by a small interfacial crack of length a at 

the edge.  For the remotely applied stress σ  normal to the interface, the interfacial crack tip 

energy release rate is given by [28] 

 ( ) ( )2

0

1
2

t I
v

dK
G C t d

d
t

t t
t

= −∫ , (3) 

where Cv(t) is a plane-strain creep compliance and its Laplace transform (with respect to time) 
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vC  is related to that of the relaxation modulus ( )
0

stE e E t dt
∞ −= ∫  by ( )3 4vsC sE=  for an 

incompressible solid [27]; 1.122IK aσ π≈  is the stress intensity factor for an edge crack in a 

homogeneous solid [34]; and the factor 1 2  on the right hand side of Eq. (3) accounts for the 

large elastic mismatch between an incompressible elastic solid (e.g., PDMS with the Poissons’ 

ratio 0 5.ν ≈ ) and a rigid (e.g., silicon) substrate [35].  For a constant remotely applied stress 

rate σ  (and therefore tσ σ=  ), 1.122IK t aσ π≈   such that ( )22 4IK t aσ≈  .  Equation (3) 

becomes 

 ( ) ( )2

0
4

t

vG a t C dσ t t t= −∫ . (4) 

The crack propagates once the crack tip energy release rate G reaches the interfacial 

toughness 0Γ , which, together with Eq. (4), gives the following equation to determine the 

critical time tc for crack propagation, 

 ( ) ( ) 0
20 4

ct

c vt C d
a

Γt t t
σ

− =∫


, (5)
 

or equivalently, 

 ( ) ( )
1

20
04

ct

c vt C d
a

Γσ t t t
−

 = −  ∫ . (6)
 

The pull-off force is 2
cF L tσ=  , which is given in terms of tc via Eq. (6) as 

 

( ) ( ) ( )
1

22 0
04

ct

c c c vF F t L t t C d
a

Γ t t t
−

 = = −  ∫ . (7)
 

The applied strain rate is ( ) ( )vt C tε σ=  , which gives the pulling speed of the stamp as 

( ) ( ) ( ) ( )c v cv h H t h H C tε σ= + = +  , where h+H is the total height of the stamp [= sum of the 

post (h) and backing layer (H) heights, see Fig. 1].  The pulling speed is then obtained in terms 

of tc via Eq. (6) as 

 

( ) ( ) ( ) ( ) ( )
1

20
04

ct

c v c c vv v t h H C t t C d
a

t t t
−

Γ  = = + −  ∫ . (8)
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Equations (7) and (8) are the analytical parametric equations for the pull-off force F and pulling 

speed v, which give the implicit relation F=F(v). 

 

3. Comparison with Experiments and Numerical Simulations 

For the relaxation modulus E(t) of PDMS given in Eq. (1) with the second-order Prony 

series (N=2) (Fig. 2), the plane-strain creep compliance is given by 

 ( ) ( )( ) ( )( )1 2
2 1 1 2 1 1 1 2 2 2

1 2

1 1 1 13 1
4

b t b t

v

b b b e b b b e
C t

E b b
t t t t− −

∞

 − − − − −
= + − 

, (9) 

where b1 and b2 are the two roots of the quadratic equation 

( ) ( )2
1 2 2 1 1 2 1 21 1 1 0x g g x g gττττ   − − + − + − − =   .  The energy release rate in Eq. (4) becomes  

 
( )

( )( ) ( )( )1 23 32 2
2 1 1 2 1 1 1 2 2 21 2

2
2 1 21 2

2 22 2
1 1 2 2 1 1 2 2 1 1 2 2

1 2 1 2 1 2

1 1 1 12
13

2
2

1 1 1

b t b tb b b e b b b e
b bg gaG

E g g g g g gt
g g g g g g

t t t tt t

σ

t t t t t t

− −

∞

 − − − − −
 −− − 

=  
    + + +

+ − + +    − − − − − −    



. (10) 

Finite element method (FEM) is used to validate the above expression of the energy release rate 

for the crack length a = 2.5 µm, post width L = 100 µm, and applied stress rate σ = 5.86×105 

Pa/s, where the ink is modeled as a rigid substrate.  The plane-strain element CPE8R in the 

ABAQUS finite element program [36] is used, with very fine mesh (the element length ~ a/1000) 

around the crack tip.  The crack tip energy release rate (as a function of time) is obtained from 

the contour integral.  Several contours are placed around the crack and dissipation zone to 

ensure the contour integrals are path-independent.  Mesh refinement ensures the convergence of 

numerical results.  Figure 3 shows a good agreement between the analytical and numerical 

results for the same relaxation modulus in Eq. (1). 

For the second-order Prony series, Eq. (5) for the critical time becomes 
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c
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which gives the critical time, normalized by 1τ , to depend on non-dimensional parameters in the 

second-order Prony series g1, g2 and 2 1ττ  , and a combination of applied stress rate, crack 

length, Young’s modulus and interfacial toughness ( ) ( )2
1 0a Eστ Γ∞ .  For g1=0.102, g2=0.209 

and 2 1 0392.ττ  = , Figure 4 shows that the normalized critical time 1ct t  decreases with 

( ) ( )2
1 0a Eστ Γ∞ . 

Equation (11) can be rewritten to give σ  in terms of tc as  
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( )

( )( ) ( )( )1 2

1
3 32 2 2
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3 33
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c

c

b b b e b b b e
b bg gEt

a g g g g g gt
g g g g g g

t t t tt t

Γσ
t t t t t t

−
− −

∞

 − − − − −
 −− − 

=  
   + + + + − + +    − − − − − −    

 . (12)
 

Therefore the pull-off force and pulling speed become functions of tc as ( )2
c cF L t tσ=   and 

( ) ( ) ( )v c cv h H C t tσ= +  .   

Figure 5 shows the pull-off force F versus the pulling speed v for the second-order Prony 

series.  The numerical results given by FEM and experimental results are also shown.  The 

relaxation modulus is given in Eq. (1); the total height of the stamp is h+H = 1100 µm and post 

width is L = 100 µm, as in the experiments; the interfacial toughness is 0Γ = 0.036 J/m2 [37]; 

and the crack length is a = 2.5 µm.  The analytic model shows a good agreement with FEM and 

experimental data, particularly for the pulling speed greater than 50 µm/s.  Numerical results 

obtained by FEM agree with the experiments for the entire range of pulling speed. 

 

4. Concluding Remarks and Discussions 
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The analytic model shows an important scaling law that the pull-off force F, normalized 

by 2E L∞ , depends on the interfacial toughness, crack length and Young’s modulus via a single, 

dimensionless combination ( )0 aEΓ ∞ .  The normalized pull-off force also depends on the 

viscoelastic parameters in the (second-order) Prony series.  The analytic model shows that the 

pull-off force increases as the pulling speed, and agrees well with the experiments and numerical 

simulations for relatively large pulling speed (>50 µm/s).  The analytic model provides 

important understanding of, and useful design tool for, the rate-dependent transfer printing. 

The discrepancy between the analytic model and experiments at small pulling speed may 

result from the interfacial fracture toughness Γ0, which decreases with the crack tip speed 

(therefore the pulling speed v) [2].  As Γ0 decreases at low pulling speed, the scaling law 

established in the analytical model indicates that the pull-off force would be smaller than that 

given in Eq. (7) for a constant Γ0, thereby decreasing the discrepancy between the analytic model 

and experiments. 
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Figure Captions 

 

Figure 1.  An illustration of stamp/ink system (left) and the stamp geometry consisting of a post 

and a backing layer (right). 

 

Figure 2.  The storage modulus of PDMS versus the frequency at room temperature.  The 

theory is based on a 2nd order Prony series (N=2) with Young’s modulus 1.32E∞ = MPa, and 

parameters in the Prony series g1=0.102, g2=0.209, t1=0.426 s and t2=0.0167 s. 

 

Figure 3.  The crack tip energy release rate versus time for the crack length a = 2.5 µm, post 

width L = 100 µm, and applied stress rate σ = 5.86×105 Pa/s. 

 

Figure 4.  The normalized critical time 1ct t  versus the non-dimensional combination of 

applied stress rate, crack length, Young’s modulus and interfacial toughness 

 

( ) ( )2
1 0a Eστ Γ∞ . 

 

Figure 5.  The pull-off force to delaminate a PDMS stamp from a silicon ink versus the pulling 

speed. 
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