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Abstract  In this study, we introduced a multi-element cohesive interaction (MECI) ap-
proach for viscoelastic finite element analysis (FEA) to simulate roll transfer processes that
involve the rate-dependent adhesion of elastomeric materials, such as polydimethylsiloxane.
Viscoelastic FEA focused on transferability of rigid devices from a rigid substrate to a flexible 
substrate with a silicone elastomer coating. The model incorporated a time-dependent cohe-
sive-zone law (CZL) to represent the rate-dependent characteristics of adhesion between the 
silicone elastomer and the device. Viscoelastic FEA incorporated adhesive bonding and 
debonding behaviors with cohesive elements governed by an exponential-type CZL. To ad-
dress the potential loss of cohesive interaction during slip between contact pairs, we introduced
a MECI approach along the contact pairs. We analyzed the effect of rate-dependent adhesion 
and geometric dimensions on the roll transfer processes. This comprehensive analysis pro-
vides insights into the intricate interplay among these factors, contributing valuable knowledge 
to the understanding of dynamic bonding and debonding processes involving rate-dependent 
adhesion. 

 
1. Introduction   

With recent advancements in flexible electronics, various printing and transfer processes 
have emerged, facilitating the production of heterogeneous electronic devices on flexible sub-
strates. This ensures that the devices can be bent, folded, or stretched without compromising 
functionality [1-7]. For example, light emitting diodes can be fabricated on a sapphire wafer and 
then transferred onto a flexible polyimide substrate through a transfer process [8]. During the 
transfer process of these heterogeneous devices, they undergo various physical changes as 
they are exfoliated from the original substrate, transferred to the new substrate, and bonded. In 
addition, elastomers such as polydimethylsiloxane (PDMS) not only exhibit viscoelastic behav-
ior but also exhibit time-dependent adhesion. This time-dependent adhesion can be effectively 
controlled to ensure a successful transfer process. However, it is crucial to recognize that ana-
lyzing the contact behavior in these viscoelastic materials introduces complexities. 

To address contact problems in finite element analysis (FEA), one approach involves using 
cohesive elements that are governed by the cohesive-zone law (CZL) [9-17]. Many commercial 
FEA software packages offer standard CZLs, while implementing a complex or unique CZL, 
such as a rate-dependent CZL [17], requires the use of a user subroutine. In FEA, a CZL, that 
is, a traction-separation relationship, is implemented between the elements or faces on two 
corresponding surfaces. Park and Paulino [9] provided a critical review on various cohesive 
traction-separation relationships and their limitations, especially for mixed-mode problems. In 
the roll transfer process, the slip phenomenon between devices and a base material is preva-
lent. When surfaces in contact experience relative motion, such as sliding, the elements consti-
tuting the contact pairs change, posing challenges in seamlessly applying the CZL. Therefore, 
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modifications to conventional FEA are necessary to properly 
analyze this complex phenomenon. 

Mai et al. [17] measured the time-dependent CZL between a 
flat diamond tip and a PDMS film, for which the CZL proposed 
by Xu and Needleman [13] was modified. This assessment 
was achieved through flat-tip indentation experiments and vis-
coelastic FEA. Nanoindentation, employing a flat diamond tip 
on a PDMS film, was followed by an analysis of the results 
using the extended Kendall's theory of adhesion [18]. Subse-
quently, viscoelastic FEA, incorporating cohesive elements, 
was performed to scrutinize the outcomes of the indentation 
experiments. The viscoelastic FEA yielded CZLs between the 
flat tip and PDMS film, contingent upon the time-dependent 
variables observed during the indentation experiments. 

This study employs a user subroutine to implement cohesive 
elements featuring exponential-type CZLs to analyze bonding 
and debonding behavior, encompassing surface slippage with 
time-dependent adhesion energy [13]. To account for slippage, 
the objective is to establish an element that interacts with mul-
tiple elements on the corresponding surface, rather than each 
element affecting only one of its mates. Using multiple cohe-
sive elements on the surface results in the traction-separation 
relationship acting on the surface being the summation of the 
traction-separation relationships of all connected elements. 
Therefore, when two contacting surfaces experience tangential 
movement, the displacement in the tangential direction in-
creases even in the absence of vertical displacement. In the 
traction-separation relationship, this manifests as larger tan-
gential traction and smaller vertical traction. Employing cohe-
sive elements with these multi-element interactions enables the 
simulation of bonding and debonding processes, even when a 
significant slip occurs between contact pairs. 

This study also aims to perform the viscoelastic FEA of the 
roll transfer process using cohesive elements while accounting 
for slip (Fig. 1). Given the variable outcome of whether the 

device is transferred or not, understanding the impact of the 
process speed, material properties, and geometry of the roll 
transfer process on the roll transfer characteristics is important. 
In addition, the objective is to determine the stresses generated 
on the device during the roll transfer process to evaluate the 
potential for device failure. This analysis can reveal adverse 
effects that may significantly affect the productivity of the roll 
transfer process. 

 
2. Time-dependent cohesive-zone law 

The CZL is a material property employed as a fracture or 
debonding criterion for materials, such as fracture toughness or 
critical energy release rate [9-17]. The CZL describes the trac-
tion-separation relationship that occurs between two surfaces 
during the propagation of a crack within a material or the sepa-
ration of two bonded surfaces. The area beneath the traction-
separation curve is equal to the adhesion energy or fracture 
toughness. In linear elastic fracture mechanics (LEFM), stress 
is characterized by 1 / r  singularity around a propagating 
crack tip. However, the CZL eliminates the singularity of the 
stress field near the crack tip, proving convenient for FEA. 

The exponential form proposed by Xu and Needleman [13] is 
one of the most widely used mathematical representations of 
the CZL, expressed as follows: 
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where nT , tT , nΔ , and tΔ  represent normal traction, tan-
gential traction, normal separation and tangential separation, 
respectively. In addition, maxσ , nδ  and tδ  denote cohesive 
strength, characteristic opening displacement, and characteris-
tic shearing displacement, respectively. In addition, the final 
term in Eqs. (1) and (2) accounts for the fictitious viscous dissi-
pation, which was introduced to mitigate potential numerical 
instabilities in the FEA of delamination [16]. Here, nς and tς  
are variables associated with the fictitious viscous dissipation. 
The dimensionless number t nq φ φ=  represents the ratio of 
the tangential separation energy tφ  to the perpendicular sepa-
ration energy nφ . Another dimensionless number *

n nr δ= Δ  
is the ratio of vertical displacement *

nΔ  to characteristic open-
ing displacement nδ  when pure tangential separation occurs 
without vertical tension. Figs. 2(a) and (b) illustrate the CZL in 
the vertical and horizontal directions, respectively, plotted for 
various parameters. 

 

(a)  

(b)  

Fig. 1. Typical examples of roll transfer process: (a) roll transfer of devices 
from a rigid substrate to a flexible film; (b) roll transfer of devices from a 
flexible film to a rigid substrate. 
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Elastomers, which mechanically exhibit viscoelastic behavior, 
are also famous for their time-dependent adhesion behavior. 
Meitl et al. [3] demonstrated the reconstructive use of time-
dependent adhesion properties of elastomers in the transfer 
printing of heterogeneous devices. Mai et al. [17] measured the 
time-dependent adhesion properties of PDMS, a representa-
tive example of elastomers, by indentation test, and obtained 
the adhesion properties of PDMS using time-dependent CZL 
as follows: 
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Here, the variable α  represents a function of the separation 

speed n′Δ  given below as follows: 
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where 0α , κ  and 0δ ′  represent the material parameters 
dependent on the separation rate, and the values for PDMS 
are given in Table 1 of Mai et al. [17]. For the CZL in the tan-
gential direction, the time-dependent relation from Eq. (2) is 

employed.  
Mai et al. [17] also proposed to take the effect of dwell time 

into account by expressing the parameter maxσ  as a function 
of the contact time ct  as follows: 

 

max 0
0

1 exp c
c

t
t

σ σ σ
⎡ ⎤⎛ ⎞

= + − −⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

, (5) 

 
where 0σ  and cσ  are the initial and additional cohesive 
strengths, respectively, and 0t  is a reference time constant, 
and the values for PDMS are also given in Table 1 of Mai et al. 
[17]. However, the dwell time typically is effective for relatively 
long periods of contact (more than hundreds of seconds), 
which does not occur in the roll transfer process. Therefore, the 
effect of dwell time is not considered in this study. 

It is well known that rather than the detailed shape of the co-
hesive-zone law being important, its area provides the adhe-
sion energy and can be obtained by integrating the cohesive 
traction over the separation according to 
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where the separation rate is assumed to be constant. Eq. (6) 
shows the dependence of the adhesion energy on the separa-
tion rate and contact time through the parameters given in Eqs. 
(4) and (5), respectively [17]. It is worth noting that the time-
dependent CZL given in Eqs. (2)-(5) with the numerical pa-
rameter values given in Table 1 of Mai et al. [17] can be used 
to simulate the time-dependent adhesive bonding and debond-
ing processes between PDMS and any other materials in the 
appropriate separation rate and contact time ranges. 

 
3. Viscoelastic finite element analysis 
3.1 Surface interaction with multiple cohesive 

elements 

In an FEA with cohesive elements, the traction-separation re-
lationship is enforced between the corresponding elements or 
faces between two adherends. In this study, the CZL given in 
Eqs. (2) and (3) for time-dependent normal and tangential trac-
tion-separation relations, respectively, is incorporated into the 
user subroutine of the commercial FEA software, ABAQUS [19]. 
The CZL can be applied to the mating cohesive elements or 
mating surfaces of the two adherends. However, it is worth 
noting that in conventional LEFM, the two adherends are irre-
versibly separated by cracking or debonding processes and 
thus do not adhere again. However, adhesive bonding and 
debonding of elastomeric materials can be repeated multiple 
times, despite the occurrence of viscoelastic energy dissipation. 
Therefore, it is crucial to incorporate this feature into the 
ABAQUS user subroutine. In particular, the cohesive interaction 
should remain valid even in the presence of a substantial slip 

(a)  

(b)  

Fig. 2. Traction-separation laws for cohesive elements in the (a) normal 
direction; (b) tangential direction. 
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between mating cohesive elements, as long as the normal 
separation between the two adherend surfaces is smaller than 
the characteristic opening displacement nδ . In the roll transfer 
process, frequent occurrences of slip between the device and 
the base material necessitate consideration in the implementa-
tion of the cohesive interaction scheme within the ABAQUS 
user subroutine. 

This study considers the multiple-element cohesive interac-
tion (MECI) with the time-dependent CZL, as illustrated in Fig. 3. 
Specifically, a cohesive element on one adherend can interact 
with multiple elements on the other adherend, and vice versa. It 
is worth noting that in the presence of MECI, the CZL acting on 
an element is the sum of the traction-separation relationships of 
all connected elements. The one-to-one traction-separation 
relationship needs to be revised accordingly. In addition, the 
MECI may require a more computational time than one-to-one 
cohesive interaction. Consequently, the optimal number of 
MECI elements should be selected based on specific conditions 
involving bonding, debonding, and slip processes. Particularly, 
in scenarios such as the slip occurring in the roll transfer proc-
ess, where the two adhesive surfaces move tangentially, the 
displacement in the tangential direction increases even when 
the vertical displacement remains constant. Therefore, careful 
consideration is essential in determining the number of MECI 
elements from the corresponding one-to-one traction-separation 
relationship.  

 
3.2 Viscoelastic FEA for roll transfer process 

Figs. 1(a) and (b) show typical examples of the roll transfer 
process [3, 20]: (a) Roll transfer of devices from a rigid sub-
strate to a flexible film, and (b) roll transfer of devices from a 
flexible film to a rigid substrate, for which viscoelastic FEA is 
performed in this study. A key aspect of the roll transfer proc-
ess is to control the time-dependent adhesion of devices and 
substrates through adjustments in the process speed. In this 
context, the device to be transferred is a thin Si device bonded 
to a Si substrate with weak adhesion, and the flexible substrate 
onto which the device is transferred is a polyethylene 
terephthalate (PET) film with a thin silicone elastomer coating. 
The thin silicone elastomer coating is regarded as PDMS. The 
elastomer coating PDMS exhibits not only viscoelastic behavior 
but also time-dependent adhesion characteristics. Conse-

quently, a slow process speed decreases the adhesion of the 
elastomer, whereas fast process speed increases it [17]. 
Therefore, viscoelastic FEA is performed to analyze the proc-
ess of separating the Si device from the Si substrate and trans-
ferring it to the silicone-coated flexible PET. In this study, 
ABAQUS Ver. 6.25 (CAE, Standard & Explicit), a commercial 
FEA program with the UMAT user subroutine, is used to per-
form FEA with MECI.  

The specific geometry used in the viscoelastic FEA is shown 
in Fig. 4, and the material properties and geometric parameters 
used in the simulation are listed in Table 1. Choi et al. [21] per-
formed the modified creep experiment with a flat indenter tip 
and measure the relaxation modulus of PDMS in Prony series, 
Eq. (10) of Choi et al. [21], which is used in our viscoelastic 
FEA. The three different sizes (thickness and length) of the Si 
device are provided in Table 1. The time-dependent CZL is 
applied between the PDMS coating and the Si devices, while 
the time-independent CZL is applied between the Si devices 
and the Si substrate. 

The FEA of the roll transfer process is performed in the fol-
lowing three sequential steps (refer to Fig. 4(a)): First, a distrib-
uted load is applied to the top of the PET, which simulates the 
pressure supported by the rollers. Second, the distributed load 

 
Fig. 3. Schematic illustrations of multiple-element cohesive interactions 
among finite elements. 

 

Table 1. Geometric parameters and elastic constants of the components
used in the FEA [17]. 
 

Material Thickness (µm)/
length (µm) 

Young’s modulus 
(MPa) Poisson’s ratio

PET 191/2000 3000 0.38 
PDMS 5/2000 1.42 0.48 

5/400 

3/400 
Silicon 
device 

5/300 

150000 0.17 

Silicon 
substrate 50/2000 150000 0.17 

 

(a) 

PET PDMSSilicon Device

Silicon Substrate

① Distributed Load
② Displacement

x

y

 

(b) 
PDMS

PET

Si Device

Si Substrate

 

 
Fig. 4. (a) Schematic geometry of the roll transfer process model, of which 
the scales and aspect ratios are not the same as the real values; (b) A 
partial view of the viscoelastic FEA mesh near the silicon device, in which 
MECI is applied between PDMS and silicon device as well as between 
PDMS and silicon substrate, for which the time-dependent CZLs given in 
Eqs. (2) and (3) are used.  
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is removed, indicating the departure of the Si device from the 
roller region. Third, to illustrate the debonding process, both 
horizontal and vertical displacement components are applied to 
the right edge of the flexible PET substrate. This can be con-
sidered to be a reasonable boundary conditions when referred 
to the roll transfer process illustrated in Fig. 1(a). That is, the 
horizontal component of displacement may cause slip of rela-
tive motion, and thus it seems logical to use MECI. On the 
other hand, the vertical displacement may control the debond-
ing velocity and thus strongly affect the adhesion between the 
PDMS and the Si device. Fig. 4(b) represents an enlarged view 
of finite elements near cohesive zones. It is recommended that 
the element size should be smaller than 0.2 μm to ensure sta-
ble FEA of debonding processes with the time-dependent CZL 
of PDMS [17]. 

 
4. Results and discussion 
4.1 Three types of the roll transfer process re-

sults 

The viscoelastic FEA of the roll transfer process with the 
rate-dependent CZL and MECI is conducted following the 
methodology outlined in Sec. 3.2, and the typical three types of 
the results are shown in Fig. 5. Figs. 5(a)-(c) illustrate instances 

of an unsuccessful transfer, a partial separation, and a suc-
cessful transfer of the Si device from the substrate, respectively. 
The unsuccessful transfer (Fig. 5(c)) is an undesirable situation, 
where the PDMS-Si adhesion is not enough to detach the Si 
device from the Si substrate. Contrarily, the successful transfer 
(Fig. 5(a)) is a recommended situation for the roll transfer proc-
ess, where the PDMS-Si adhesion is enough to detach the Si 
device from the Si substrate. The partial separation (Fig. 5(b)) 
represents several situations: (1) both interfaces (PDMS-Si and 
Si-SI) are partially debonded, (2) the viscoelastic FEA is inter-
rupted by too many equilibrium iterations due to a subtle bal-
ance between PDMS-Si adhesion and Si-Si adhesion. The key 
factor among various parameters affecting the transferability of 
the Si device, such as the speed, material properties, and 
geometrical parameters of the roll transfer process, may be the 
vertical velocity of the flexible substrate (process speed), since 
it changes the adhesion energy between the Si device and 
PDMS coating. Therefore, increasing the roll transfer speed 
may increase the probability of successful transfer of the Si 
device. In the following section, the effect of the process speed 
on the transferability is examined in detail. 

 
4.2 Transferability of Si devices and time-

dependent adhesion 

The transferability of the Si device is determined by the com-
petition between the PDMS-Si adhesion energy and the Si-Si 
adhesion energy. Notably, the Si-Si adhesion energy is inde-
pendent of the process speed, whereas the PDMS-Si adhesion 
energy may increase with higher process speeds. Mai et al. 
[17] used the time-dependent CZL given in Eqs. (2)-(6) and 
measured the adhesion between a PDMS film and a flat dia-
mond tip by using the flat indentation experiment. In this study, 
the time-dependent adhesion between PDMS and diamond 
measured by Mai et al. [17] is assumed to be the same as that 
between PDMS and Si device and used in this study to simu-
late the roll transfer process.  

Fig. 6 illustrates the transferability map from a Si substrate to 
a flexible film of a Si device, as a function of the vertical velocity 
of the flexible substrate and Si-Si adhesion energy. As antici-
pated, lower Si-Si adhesion energy and higher vertical velocity 
of the flexible substrate enhance the efficacy of the transfer 
process. However, it is imperative to acknowledge that Si-Si 
adhesion energy represents a material property, while the ver-
tical velocity of the flexible substrate denotes a specific geo-
metric parameter with potential limitations in universal applica-
bility. In this investigation, the vertical velocity of the flexible 
substrate is delineated with respect to a distance of 1000 μm 
from the Si device. From a fundamental standpoint, it is more 
physically justifiable to replace this velocity with the debonding 
velocity or crack propagation velocity of the polydimethylsilox-
ane (PDMS)-Si interface, since the time-dependent adhesion 
behavior of PDMS, characterized by its viscoelastic nature, 
exhibits a close correlation with energy dissipation, proportion-
ate to crack propagation velocity.  

 

(a) 
 

(b) 
 

(c) 
 
Fig. 5. Three types of roll transfer FEA results: (a) the silicon device is 
successfully detached from the silicon substrate; (b) the silicon device is 
partially detached from the silicon substrate; (c) the silicon device is not 
detached from the silicon substrate. 
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Figs. 6(a)-(c) present the results of the viscoelastic FEA out-
lined in Sec. 3.2 for Si device dimensions of 400×5 µm2, 400× 
3 µm2, and 300×5 µm2, respectively. Across all scenarios, the 
vertical velocity of the flexible substrate exhibits significant rate-
dependence below 10 µm/s, while displaying minimal rate-
dependence beyond 10 µm/s. This phenomenon above 10 
µm/s can be attributed to the time-dependent adhesion charac-

teristics of PDMS measured by Mai et al. [17]. However, it's 
worth noting that Mai et al. [17] employed an instrumented 
indentation method, which may have limited their ability to con-
duct high-speed experiments. Consequently, obtaining more 
precise PDMS properties at higher speeds is expected to en-
hance the accuracy of interpretation. 

In comparison to the 400×5 µm2 device (Fig. 6(a)), the 400×3 
µm2 device (Fig. 6(b)) demonstrates superior transfer perform-
ance, despite having a larger Si-Si adhesion energy. This dis-
crepancy arises from the reduction in bending stiffness propor-
tional to the cube of the thickness as the device thickness di-
minishes. Consequently, the decreased bending stiffness di-
minishes the cohesive-zone length [22], facilitating the over-
coming of the larger adhesion energy (Si-Si) for debonding. In 
addition, the decrease in length of Si device from 400×5 µm2 
(Fig. 6(a)) to 300×5 µm2 (Fig. 6(c)) may directly diminish the 
cohesive-zone length [22] so that the transferability may also 
increase, enabling the surmounting of the larger adhesion en-
ergy (Si-Si) for debonding. 

 
4.3 Stress distribution 

In Fig. 7, the stress components, 11σ , 22σ , 12σ  and von 
Mises stress vσ , within the Si device are plotted as functions 
of the displacement of the right end of the PDMS/PET flexible 
substrate. This illustration corresponds to the case in which the 
Si device is successfully lifted from the Si substrate. The 
stresses at the points of maximum stress on the top and bot-
tom surfaces of the Si device are plotted. Notably, the stress 
component 11σ , parallel to the device, attains the highest 
value among the stress components. In addition, the bottom 
and top surfaces of the device exhibit similar magnitudes of 

11σ  but with opposite signs. This observation indicates that 
stress primarily arises from bending deformation during the roll 
transfer process. Notably, when separation occurs between the 
Si device and the Si substrate during roll transfer, the stress 
significantly increases. 

The bending stress, 11σ , generated during the roll transfer 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 6. Maps of successful detachment of a silicon device from a silicon 
substrate as a function of the adhesion energies between the silicon device 
and PDMS as well as between the silicon device and the silicon substrate, 
when the silicon device size is (a) 400 µm × 5 µm; (b) 400 µm × 3 µm; (c)
300 µm × 5 µm. 

 

 
 
Fig. 7. Stress evolution at upper and lower points of the silicon device as a 
function of the displacement of the right side of the flexible film, when the 
silicon device is successfully detached from the silicon substrate. 
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process may depend on the process speed, Si-Si adhesion 
energy, and geometric parameters. Fig. 8 shows the largest 
stress component in the device, 11σ , as a function of the Si-Si 
adhesion energy for different Si device sizes. Obviously, as the 
Si-Si adhesion energy increases, the maximum value of the 
bending stress, 11σ , almost linearly increases. The length of Si 
device has no strong effect on the maximum value of the bend-
ing stress during the roll transfer process. However, interest-
ingly, among three different Si devices, the thinner device (3 
μm thickness) exhibits the highest bending stress representing 
the largest bending curvature during debonding process. In 
addition, it is worth noting from Fig. 8 that the higher process 
speed produces the higher bending stress, since the higher 
process speed increases the adhesion between PDMS and Si 
device. It is worth noting that for higher values of Si-Si 
adhesion energy, the viscoelastic FEA with the time-dependent 
CZL and MECI cannot be always performed to the complete 
separation but sometimes only to the middle of separation, and 
thus, the maximum values of the bending stress 11σ  cannot 
be succesfully reported for Si-Si adhesion energy greater than 
80 mJ/m2. However, it is expected that the maximum values of 
the bending stress, 11σ , will increase monotonically in 
proportion to the Si-Si adhesion energy. 

 
5. Conclusions 

In this study, we performed viscoelastic FEA with a time-
dependent cohesive-zone law and a multi-element cohesive 
interaction by using an ABAQUS user subroutine to analyze 
bonding and debonding behavior, including slip of surfaces. To 
account for slip, we configured an element to interact with mul-
tiple elements on the corresponding surfaces. Employing mul-
tiple cohesive elements on a surface results in the traction-
separation relation acting on a face being the sum of the trac-
tion-separation relations of all connected elements. A viscoe-
lastic FEA of the bonding and debonding between the device 
and the base material in the roll transfer process was per-
formed using these cohesive elements with multi-element in-
teractions. We analyzed the effects of the process speed, ma-
terial properties, and geometry on the roll transfer characteris-

tics because the device may or may not be transferred de-
pending on the adhesion energy between the device and the 
substrate and the adhesion energy between the device and the 
film (flexible substrate to be transferred). In addition, it is essen-
tial to note that the primary stress generating factor during the 
roll transfer is bending deformation, and we identified the pos-
sibility of device failure. The multi-element cohesive interaction 
scheme with a time-dependent CZL developed in this study is 
expected to be applicable to various bonding and debonding 
processes with significant slip. 
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Nomenclature------------------------------------------------------------------ 

nT  : Opening-mode traction in a cohesive-zone 
tT  : Shearing-mode traction in a cohesive-zone 
∆n  : Opening-mode displacement in a cohesive-zone 
∆t  : Shearing-mode displacement in a cohesive-zone 

nT  : Cohesive strength in a cohesive zone 
nδ  : Characteristic opening displacement in a cohesive-zone 
tδ  : Characteristic shearing displacement in a cohesive-zone 
nς  : Fictitious viscous parameters in the normal direction 
tς  : Fictitious viscous parameters in the tangential direction 

nφ  : Normal separation energy 
tφ  : Tangential separation energy 
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