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Abstract: Microtransfer printing is a sophisticated technique for the heterogeneous integration of
separately fabricated micro/nano-elements into functional systems by virtue of an elastomeric stamp.
One important factor influencing the capability of this technique depends on the adhesion between
the viscoelastic stamp and the transferred element. To provide theoretical guidance for the control
of adhesion in the transfer printing process, a finite element model for the viscoelastic adhesive
contact between a polydimethylsiloxane (PDMS) stamp and a spherical transferred element was
established, in which the adhesive interaction was modeled by the Lennard-Jones surface force law.
Effects of the unloading velocity, preload, and thermodynamic work of adhesion on the adhesion
strength, characterized by the pull-off force, were examined for a loading-dwelling-unloading history.
Simulation results showed that the unloading path deviated from the loading path due to the
viscoelastic property of the PDMS stamp. The pull-off force increased with the unloading velocity,
and the increasing ratio was large at first and then became low. Furthermore, the influence of the
preload on increasing the pull-off force was more significant under larger unloading velocity than
that under smaller unloading velocity. In addition, the pull-off force increased remarkably with the
thermodynamic work of adhesion at a fixed maximum approach.

Keywords: microtransfer printing; viscoelasticity; adhesive contact

1. Introduction

Microtransfer printing is an advanced technique in the area of material assembly
and micro/nano manufacturing, which relies on the interfacial adhesion for integrating
functional devices by transferring prefabricated micro/nano-elements from the growth
substrate to the receiver substrate via a viscoelastic stamp [1]. As this technique does
not require any specially designed adhesive layers or surface chemistries [2], it has broad
application prospects in the fields of electronics, photonics [1], materials science [3] and
bioengineering [4]. For example, it can be used to design skin-like biosensor system for
noninvasive flexible electronic devices [5]; or for use in creating inhibitor film that controls
and guides the initial corrosion attack effectively in materials science [3]; or through
application in point-of-care devices or organs-on-chips in the field of bioengineering [4],
and so on. However, the control of transfer printing, which includes the pickup process
and the printing process, is still troublesome in actual operations due to the particular
material characteristics of the stamp and the diversity of the transferred elements [6].

Polydimethylsiloxane (PDMS) is a widely used material for the stamp. It behaves as a
transparent elastomer in solid state, but its predecessor is mixed with two viscous liquids,
namely the base polymer and the curing agent. On one hand, this material owns both the
elasticity of a solid and the viscosity of a liquid, that is the viscoelastic property. Due to
this property, the viscoelastic material is sensitive to changes in its pulling velocity and
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preload [2,7,8] and, as a result, the reasonable control of these two parameters becomes
one of the difficulties in improving the transfer printing yield. On the other hand, the
mixing ratio of the base polymer to the curing agent during preparation of PDMS has a
significant effect on its work of adhesion [9]. The work of adhesion plays an important role
in the contact mechanics of PDMS [10], and its influence on the performance of transfer
printing cannot be ignored. To solve these problems, the mechanical behaviors and key
parameters involved in the transfer printing process were extensively studied. For example,
Cheng et al. [11] established a plane-strain viscoelastic model for the delamination of the
stamp/transferred element interface using the energy method and analytically derived a
relationship between the pull-off force and the pulling velocity of the stamp. In this model,
the strength of interfacial adhesion was characterized by the pull-off force, which denoted
the force required to separate the stamp and the transferred element, and the viscoelastic
constitutive relation of the stamp was described by the Prony series. Fengetal. [12]
investigated the critical pulling velocity of the stamp governing the pickup and printing
processes based on the beam theory, in which the influence of the viscoelastic property of
the stamp was reflected by a power-law expression relating the critical energy release rate
to the pulling velocity. Liang et al. [13] proposed an analytical model for illustrating the
dependence of the pull-off force under the plane-strain condition on the preload of the
stamp using the fracture mechanics-based approach. The results showed that the preload
would affect the stress at the stamp/transferred element interface and thus resulted in the
increase of the pull-off force.

The above studies provide useful guidance for the control of pulling velocity and
preload in actual transfer printing operations for films. However, for spherical transferred
elements, which are often involved in micro-assembly [14], the interfacial mechanical
behaviors during transfer printing are lacking in terms of systematic investigation. Further-
more, the effects of work of adhesion on the transfer printing mechanics are also unclear.
To solve these problems, this work was undertaken to establish a viscoelastic adhesive
contact model between an elastomeric PDMS stamp and a spherical transferred element,
and to realize the quantitative prediction of the interfacial adhesion. The influences of the
pulling velocity, preload, and work of adhesion on the strength of interfacial adhesion were
demonstrated so that theoretical foundations can be provided for the control of parameters
involved in the transfer printing process.

2. Model

A schematic representation of the contact between a viscoelastic stamp and a spherical
transferred element is shown in Figure 1a. For the convenience of analysis, the following
simplifications were made: (1) the stamp and the transferred element were turned upside
down, the bottom of the stamp was fixed, and the transferred element was moved toward
and then away from the stamp under a specific speed so that the effect of the pulling velocity
in transfer printing can be investigated through changing the unloading velocity; (2) the
transferred element was much stiffer than the stamp, and thus it can be approximated as
a rigid body; and (3) the contact between the stamp and the transferred element can be
analyzed through an axisymmetric model considering the axial symmetry of the spherical
transferred element. The simplified model is illustrated in Figure 1b, in which R is the
radius of the spherical transferred element, z(r) denotes the surface separation between the
stamp and the transferred element at the radial distance r and can be expressed as,

z(r) = =0 +w(r) +u(r) (1)
where § is the approach between the bottom of the transferred element and the surface
of the undeformed stamp, which is negative when the transferred element is above the
undeformed stamp and otherwise positive. The w(r) represents the spherical spacing
caused by the curvature of the transferred element and is given by w(r) = R — (R? — r?)1/2,
While u(r) denotes the deformation on the surface of the stamp, which depends on the
viscoelastic property of the stamp and the interfacial adhesion.
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Figure 1. Schematics of the contact model between a viscoelastic stamp and a spherical transferred element.

(a) three-dimensional model; (b) reduced axisymmetric model; (c) finite element model.

In microtransfer printing, which does not involve electrostatic interaction and liquid
environment, the interfacial adhesion is mainly induced by the van der Waals interac-
tion [15,16]. Based on the Derjaguin approximation [17], the van der Waals adhesion
between the stamp and the transferred element can be characterized by the Lennard-Jones
surface force law, which is expressed as [18]:

o =5 - [ @

where p(r) is the pressure distribution on the surface of the stamp, Ay denotes the thermo-
dynamic work of adhesion, and zy represents the surface distance at equilibrium.
The total force between the stamp and the transferred element can be given by:

F= —/Qp(r)dr 3)

where () is the calculation domain.

Positive values of F correspond to the repulsive force, while negative values cor-
respond to the attractive force. The maximum value of the attractive force during the
unloading stage is referred to as the pull-off force and denoted as Fpyj1.oft, which is often
utilized to characterize the strength of adhesion [19].

In order to solve the above axisymmetric viscoelastic adhesive contact problem, a finite
element model, shown in Figure 1c, was established using the commercial Abaqus package.
The transferred element was modeled as an axisymmetric discrete rigid, and the stamp
was modeled with axisymmetric four-node elements. The material properties of the stamp
were governed by the hyperelastic constitutive model, which was characterized by the
Mooney-Rivlin strain energy function and the viscoelastic constitutive model characterized
by the Prony series. The surface interaction between the transferred element and the stamp
was simulated by the axial connector elements with nonlinear properties governed by the
force-distance relation in Equation (2). Details about the simulation method can be found
in references [20,21]. Considering that the van der Waals force decreases rapidly with the
increase of distance, the axial connector elements were distributed only in the area close to
the axis of symmetry (r = 0). The nodes at the bottom boundary of the stamp and those
at the axis of symmetry were constrained against displacement in z and r directions. The
contact and separation processes between the stamp and the transferred element were
simulated by the displacement control approach.

3. Results and Discussion
3.1. Model Validation

The establishment of the viscoelastic adhesive contact model mainly involved two
problems, that is: the characterization of the viscoelastic property of the stamp and the
description of the interfacial adhesion. As a validation, the present simulation results
were compared with Song’s results [21] for the elastic adhesive contact problem and
Chen’s results [22] for the viscoelastic non-adhesive contact problem. As depicted in
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Figure 2, good agreements between the present results and Song’s results were achieved
in terms of the variations of the dimensionless pull-off force with the Tabor parameter
for the elastic adhesive contact problem, and the relative error between them was less
than 1%, which validates the present description of the interfacial adhesion. Figure 3
shows the force-approach curve for the non-adhesive contact between a rigid sphere and a
viscoelastic polymethylmethacrylate (PMMA) substrate, the creep function of PMMA was
@c(t) =7.0x107* —6.17 x 1075 exp(—0.1t) — 8.38 x 102 exp(—7.47 x 10-3¢), (1/MPa),
in which Fp, is the peak load and Jj is the approach for the Hertzian contact at the peak
load. Related conditions, including the radius of the sphere, the viscoelastic parameters
of PMMA, and the loading history, were set to be the same as Chen’s case [22]. Favorable
comparisons between present results and Chen’s results illustrate the correctness of the
present model in characterizing the viscoelastic property of polymer-based materials.
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Figure 2. Comparison of the present numerical results with those of Song’s [21] for the elastic
adhesive contact problem.
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Figure 3. Comparison of the present numerical results with those of Chen’s [22] for the viscoelastic
non-adhesive contact problem.

3.2. Adhesive Contact Behaviors between a Polydimethylsiloxane Stamp and a Spherical
Transferred Element

Finite element results of the adhesive contact between a PDMS stamp and a spherical
transferred element, considering the effects of unloading velocity, preload, and work of
adhesion, are presented in this section. According to the actual transfer printing process,
the displacement history in the present analysis was set to follow a loading-dwelling-
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unloading profile, shown in Figure 4, which means that the transferred element was moved
downward to make contact with the PDMS stamp at a constant loading velocity until
reaching a preset maximum approach, dwelling for a few seconds, and then retracting it
at a prescribed unloading velocity. The force corresponding to the maximum approach
dmax is called the preload and denoted as Fpreload- The radius R of the spherical transferred
element was 5 pum, the equilibrium distance zy was 0.044 um, the loading velocity was
1 um/s, and the dwell time was 2 s. The material parameters of the PDMS related with
the hyperelastic property were C1g = 0.178 MPa, Cy; = 0.045 MPa, and D = 0.179 MPa [11],
and those related with the viscoelastic property were g1 = 0.665, g» = 0.05, 71 = 1.5, and
Ty = 10 [23]. In order to make the results more generalizable, we transformed all the
dimensional parameters into dimensionless ones. The dimensionless forms were referred

to those proposed by Lin et al. [24], thatis, F = F/(3nRAY), § = [3n*Ay*R/ (2E%?)] 71/3(5,
t =t/71, Ay = Ay/Avys, and thus Vyniead = T1 [37T°AY?R/ (2ES?)] 71/3vunload/ EZ is the
effective long-time relaxation modulus and satisfies E}, = Eeo/(1—0?), v is the Poisson’s
ratio of the stamp, which is set as 0.48 in the present analysis, 77 is the first relaxation time

of the stamp material, and A< is the reference work of adhesion, which was chosen as
Aye=1]/m?.

b g

Dwelling

6max

Figure 4. Loading history in the simulation.

3.2.1. The Effect of Unloading Velocity

Figure 5 presents variations of force with approach under different unloading veloci-
ties. It can be seen that during the loading process, the transferred element experienced
a weak attractive force from the stamp when the approach was small. As the approach
increased, the attractive force increased first, then decreased, and eventually became the
repulsive force. During the dwelling process, the force decreased rapidly, although the
approach remained constant, which reflects the stress relaxation behavior of the viscoelastic
stamp [25]. In addition, the force-approach curve during unloading did not coincide with
that during loading due to the viscoelastic energy dissipation [26] in the separation of the
transferred element from the stamp. Moreover, the unloading path deviated from each
other for different unloading velocities. This can be attributed to the predominant viscous
response at lower unloading velocities and the predominant elastic response at higher
unloading velocities [26]. The difference in the viscous response and the elastic response
resulted in the difference of energy required to promote interface delamination. Specific
pull-off forces are shown in the enlarged view. To illustrate the influence of unloading
velocity on the adhesion strength, Figure 6 shows changes of the pull-off force with the
unloading velocity. As can be seen, for A7y = 0.05 and Fpreload = 19, when the unloading
velocity vynipad increased from 0.3 to 30, the pull-off force increased about 1.44 times. How-
ever, when the unloading velocity vyn10a4 Was larger than 12, increases of the pull-off force
became insignificant. This implies that the adhesion interaction between the stamp and
the transferred element can only be strengthened by increasing the unloading velocity in
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a certain range during the pickup process in transfer printing, while it can be weakened
through decreasing the unloading velocity during the printing process.
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Figure 5. Force-approach curves for different unloading velocities under the condition of Ay = 0.05
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Figure 6. The effect of unloading velocity on pull-off force under the condition of A~y = 0.05.

3.2.2. The Effect of Preload

The effects of the preload on the adhesive contact behaviors can be interpreted in light
of the loading-unloading curves shown in Figure 7. Although the loading paths overlap,
the unloading paths demonstrated conspicuous dependence on the preload. This was due
to the increasing residual viscoelastic deformations with the preload and the resultant
larger residual interference between the stamp and the transferred element. Figure 8
illustrates variations of the pull-off force with the preload for three different unloading
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velocities. It clearly shows the increase of the pull-off force with the preload, which was
associated with the larger residual deformation and interaction area in larger preloads.
Furthermore, the influence of the preload on the pull-off force was more significant under
larger unloading velocity than that under smaller unloading velocity. The above results
suggest that the combination of large preload and high unloading velocity was beneficial
to the pickup process and adverse to the printing process.
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Figure 7. Force-approach curves for different preloads under the condition of Ay = 0.05 and

U unload = 0.6.
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Figure 8. The effect of preload on pull-off force under the condition of Ay = 0.05.
3.2.3. The Effect of Thermodynamic Work of Adhesion

Figure 9 presents effects of the thermodynamic work of adhesion on the interaction
force between the stamp and the transferred element, while maintaining the same maxi-
mum approach. It can be seen that both the loading curve and the unloading curve were
affected by the work of adhesion, and the distinction between the loading and unloading
curves was more noticeable for a larger work of adhesion. The results of the various
unloading velocities with pull-off force at different work of adhesion values are given in
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Figure 10. Obvious increases of the pull-off force with increasing work of adhesion can be
found. This behavior was related with the viscoelastic energy dissipation during unload-
ing. As Nikkhah et al. [26] demonstrated, the dissipation energy, which was required for
delaminating the viscoelastic adhesive interface, depended on the thermodynamic work of
adhesion. Therefore, the larger the work of adhesion, the more difficult for the interface
delamination, and the larger the pull-off force. Due to the fact that the adhesion between
the stamp and the transferred element needs to be strong in the pickup process and weak
in the printing process, the stamp should be properly designed so that its thermodynamic
work of adhesion can satisfy the demand in both pickup and printing processes.
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Figure 9. Force-approach curves for different thermodynamic work of adhesion under the condition
of (Smax =249 and v unload = 0.6.
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Figure 10. The effect of thermodynamic adhesion work on pull-off force under the condition of
Omax = 2.49.

4. Conclusions

A finite element model of a PDMS stamp and a spherical transferred element, consid-
ering the viscoelastic property of the stamp and the interfacial adhesion, was proposed to
analyze the contact behaviors in transfer printing. The interfacial adhesion was simulated
by the axial connector elements with nonlinear properties governed by the Lennard-Jones
surface force law. This model was validated by the elastic adhesive contact model and
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the viscoelastic non-adhesive contact model. In order to provide control strategies for the
unloading velocity, preload, and the preparation technique of the stamp in actual transfer
printing operations, which include the pickup and printing processes, a loading-dwelling-
unloading history was applied to investigate the contact mechanics, and the pull-off force
was utilized to represent the strength of adhesion. Main conclusions could be drawn
as follows.

1. There were good agreements between the finite element results with those for the
elastic adhesive contact problem and the viscoelastic non-adhesive contact problem,
thereby validating the description of the interfacial adhesion and the characterization
of the viscoelastic property of the stamp in the present model, respectively;

2. The force-approach curve during unloading did not coincide with that during loading
due to the viscoelastic energy dissipation in the separation of the transferred element
from the stamp. Furthermore, the unloading path deviated from each other for
different unloading velocities and preloads;

3. The pull-off force between the stamp and the transferred element can only be enlarged
by increasing the unloading velocity in a certain range during the pickup process,
while it can be diminished through decreasing the unloading velocity during the
printing process;

4. The pull-off force increased with the increasing preload, and the increasing ratio was
higher under larger unloading velocity than that under smaller unloading velocity.

5. Both the loading curve and the unloading curve were affected by the thermodynamic
work of adhesion, and the larger the work of adhesion, the more noticeable the
distinction between the loading and unloading curves. The pull-off force increased
remarkably with the thermodynamic work of adhesion at fixed maximum approach.
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