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Abstract Ultraviolet (UV) embossing, involving molding
against micro-structured molds, is a quick and efficient
method to mass produce high aspect ratio micro-features.
A crucial challenge to the repeatability and large-scale
application of this technique is successful demolding,
which escalates in difficulty with increasing aspect ratio,
due to increased polymer-mold mechanical interlocking.
Some of the key factors affecting UV embossing include
the crosslinked polymer shrinkage and material properties,
interfacial strength between polymer to mold and the de-
molding method. This paper presents a new method to
simulate the demolding of UV cured polymer from a nickel
mold. Hyperelastic material model and rate-independent
cohesive zone modeling were employed in the numerical
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simulation; linear elastic polymer response, although
relatively easy to apply, was not adequate. Progressive
shrinkage was implemented, leading to delamination of the
polymer-mold interface. The subsequent peeling of the
cured polymer from the mold was modeled with increasing
prescribed displacement. The optimal shrinkage degree
was found to increase from 0.92 to 1.9% with increasing
mold aspect ratio (aspect ratio is defined as height to width
ratio) from 5 to 10.

1 Introduction

Polymeric high aspect ratio micro-arrays have important
applications in the field of microlenses (Gale 1997), tissue
engineering (Anderson et al. 2005), liquid crystal displays
and microfluidics (Unger et al. 2000). UV embossing
(Shvartsman 1991; Bender et al. 2000; Otto et al. 2001;
Gao et al. 2004) is a replication technique that requires
only low-temperature and low-pressure molding condi-
tions, is compatible with high-throughput/short time cycle
processing and provides good dimensional fidelity. In this
process (Fig. la—d), a multifunctional thermoset acrylate
pre-polymer resin is dispensed onto a microstructured
mold, covered with a thin substrate film to reduce oxygen
inhibition prior to photo-polymerization, and hardened
with UV radiation. The polymer typically shrinks some-
what in the hardening or curing process. After UV curing,
the polymer and substrate film are peeled from the mold
(Chan-Park and Neo 2003; Chan-Park et al. 2003c). To
realize the good dimension replication that a UV emboss-
ing mold can in principle produce and to keep the mold
free of residue for the next use, the embossings must
demold fully from the mold.
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Fig. 1 UV embossing process sequence: a Dispensing of resin,
b Placement of Melinex film, ¢ UV exposure, d Peel demolding with
applied displacement Z, e Parallel demolding

Demolding has been identified as a key challenge in
high aspect ratio polymeric micro-patterning. Parameters
that affect demolding in UV embossing include UV
exposure time and intensity, which have a direct relation to
shrinkage, the properties of the mold/polymer interface
(Gao et al. 2006) and the elastic modulus and ultimate
tensile strength (UTS) of the polymer.

Numerical analysis using Cohesive Zone Modeling
(CZM) (Xu and Needleman 1994; Rahulkumar et al. 1999;
Rahulkumar et al. 2000; Cornec et al. 2003) to determine
fracture behavior between two dissimilar materials has
been used extensively in recent years. Preliminary analyses
using CZM to predict the success or failure of demolding
from microstructured high aspect ratio molds for polymeric
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Fig. 2 Stress—strain in experimental PUR compound: averaged
tensile stress—strain data and non-linear Ogden and linear elastic
models. The error bars denote one standard deviation from the
experimental mean data. The largest tangent modulus (29 MPa) was
used for the linear elastic model

micro-arrays was first reported by our group (Chan-Park
et al. 2003b). Parallel demolding with force control
(Fig. 1e) for molds with an aspect ratio of 5 was investi-
gated for the changes in stresses experienced by the
polymer. However, the force involved in parallel demold-
ing of large patterns was excessive and hence impractical
for applications. Peel demolding (Yeo et al. 2005) (Fig. 1d)
for a mold with an aspect ratio of 14 was subsequently
explored, whereby a displacement-controlled load was
applied to a pre-crack area at the polymer-to-mold inter-
face. Peeling was carried out subsequent to the curing of
the polymer. In our previous work, both parallel and peel
demolding simulations have been based on the assumption
of linear elastic polymer material properties. However,
these UV polymers typically have stress-strain behavior
that is non-linear (or hyperelastic) (see Fig. 2—experi-
mental data) and demolding based on non-linear material
properties would be more realistic. Numerical simulation
of demolding with non-linear materials properties has not
been reported. A related matter of significant interest that
was not pursued in our prior work (Chan-Park et al. 2003b)
is the way in which the optimal shrinkage (or, equivalently,
degree of crosslinking) for effective demolding varies with
the aspect ratio of the mold features.

This report presents our new demolding simulation
methodology based on non-linear elastic polymer material
properties. Non-linear numerical analysis was conducted to
trace the stress evolution during the demolding process,
which was simulated with rate independent cohesive
zone modeling. Equivalent thermal strain was employed
to represent shrinkage. Displacement controlled peel
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Table 1 Composition mix
of PUR compound

583
Chemical Trade name Supplier Weight
composition (%)
Aliphatic urethane diacrylate EBECRYL 270  UCB Chemicals 68

Dipropylene Glycol Diacrylate (DPGDA)
Trimethylolpropane Triacrylate (TMPTA)

Acrylated Silicon 3

2,2-dimethoxy-2-phenylacetophenone

SR508 Sartomer Chemicals 20
SR351H Sartomer Chemicals 10
EBECRYL 350 UCB Chemicals 2
Irgacure 651 Ciba Chemicals 0.2

demolding was applied subsequent to the UV curing of
the polymer. Global maximum principal stress and strain
energy within the polymer were used to determine the
optimum shrinkage level. The effect of aspect ratio on the
optimum degree of shrinkage was explored by examining
two high aspect ratios (5 and 10). Some computation
difficulties were encountered in the form of simulation
termination or breakdown before completion of de-
molding. The modeling of cohesive elements involves
progressive damage, leading to softening in the interface
element material response, and therefore, numerical
instabilities when delamination was about to occur. In
order to work around the non-convergent issues, the load
steps used were adjusted and the simulation would be
restarted from the last step in which the numerical diffi-
culties had not yet set in.

2 Determination of material constants
for numerical modeling

2.1 Stress—strain behavior of polyurethane diacrylate

Experiments were performed to determine the basic
material properties of the polymer to be simulated. The
polymer of interest is formed from a polyurethane
diacrylate-based oligomer. Polyurethane diacrylate was
selected due to its biocompatibility and high structural
rigidity, properties which could be useful in micro-fluid-
ics or tissue engineering applications. Other additives
used for the formulation include Dipropylene Glycol
Diacrylate (SR508), which served as a crosslinker.
Trimethylolpropane Triacrylate (SR351H) was used as a
diluent. An acrylated silicone (EBECRYL 350) was
added to enhance the anti-stick properties while 2,2-
dimethoxy-2-phenylacetophenone (Irgacure 651) was
used as the UV cure photoinitiator. The weight compo-
sitions of the individual components are listed in Table 1.
The polymer recipe used has previously been successfully
used in high aspect ratio UV embossing over large areas
(Zhou and Chan-Park 2005). All constituents were mea-
sured by weight proportions, placed in a dark glass bottle
and stirred using a magnetic stirrer for 48 h at 60°C
before use.

Polyurethane diacrylate formulation (PUR) was cast on
flat glass molds with peripheral spacers and UV irradiated
with a mercury lamp (Karl Suss MicroTEC, model MAG6)
having wavelength of 365 nm and intensity 10mW/cm? for
30 s. The cured polymer film was then removed from the
mold and refrigerated for 48 h at 4°C for quenching to
prevent further dark polymerization (Kilambi et al. 2007).
The resulting films had an average thickness of 250 £
20 pm. Dumbbell sized specimens following the dimen-
sions of ASTM standards (ASTM Standards D638-03
2003), Type V design, were punched out using a stainless
steel cutter purchased from Dumbbell Co., Ltd (Model:
SDMK-100-D). The specimens were placed in a dry box
for 24 h before testing.

Simple uniaxial tension tests were conducted. A uni-
versal Instron testing machine, frame model 5565 with a
50 N load cell was used to conduct the tests at an extension
rate of 0.01 mm/s. Figure 2 shows that the average stress-
strain behavior (n = 3) exhibited by PUR is non-linear and
hyperelastic. The average UTS of the polymer at 30%
fracture strain is 5.7 MPa.

2.2 Hyperelastic material model

The commercial finite element (FE) package ABAQUS
Standard version 6.4-3 (ABAQUS 2004) was used for all
the numerical simulations. PUR was modeled as a general
incompressible elastomer with non-linear material proper-
ties. By curve fitting the uniaxial tensile test data obtained
from Sect. 2.1 to an Ogden strain energy potential (Eq. 1
below) (Ogden 1972), a hyperelastic material model was
generated and the model matches the data very well. Large
strain theory was used in the simulation.

N
Ui
Wy = TGy 4 3 - 3) (1)

i=1 i

o= (2)

_ 3Ko/pg —2

L=
6K()/,UO +2

(3)

In Eq. 1, Wy, is the Ogden strain energy potential, /; are
the deviatoric principal stretches. N, u; and o; are material
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Table 2 Coefficients in Ogden strain energy potential: y;, o;

i i %;
—83.02 —3.51
42.37 —2.918
51.78 —6.15

parameters. Ky, the initial bulk modulus, was assumed to be
close to infinity. In Eq. 2, g is the initial shear modulus. In
Eq. 3, v, is the Poisson ratio, based on the ratio of Ky/ug
and was close to 0.49995 (ABAQUS 2004) Hence, it is
reasonable to assume that the PUR was almost
incompressible. Table 2 shows the coefficients used in
the Ogden strain energy potential (1) to approximate the
experimental non-linear hyperelastic material behavior
(Fig. 2).

2.3 Linear elastic material model

The linear elastic assumption for polymer material
response, employed in our prior paper, significantly redu-
ces the computational effort. To examine the differences
between the linear and non-linear models, a pseudo con-
stant linear elastic modulus of 29 MPa (Fig. 2, circled
trend) was used to simulate the behavior of the cured PUR.
The value of 29 MPa approximates the initial measured
stiffness of the cured PUR. However, by examining the
difference between linear elastic and non linear elastic
material models, it was palpable that the assumption of
linear material properties could lead to significantly dif-
ferent results as compared to the actual non-linear model.
The Poisson ratio v for the elastic model was set to be
almost incompressible, at a value of 0.49995.

2.4 Defining the cohesive element

User-defined rate-independent polynomial function cohe-
sive elements from GKSS (Scheider 2001) were used to
simulate the polymer-mold interface. Figure 3 shows the
Scheider traction separation curve that defines stress
experienced by the cohesive elements used in the model.
The interface toughness or cohesive energy I'y is defined in
(4) and the maximum separation J is defined in (5). Iy is
assumed to have a low value of 0.1 J/m?. (8,/0,) and
(92/09) are normalized separations (Fig. 3) This is a rep-
resentative value for nickel molds coated with anti-stick
compound to lower their surface energy (Chan-Park et al.
2003a). The initial portion of the curve is defined by (8,/¢)
for which a small value of 0.01 was adopted. The softening
branch of the curve was characterized by (0,/0¢) and the
value was set to be 0.75. Both values were used to
minimize convergence difficulties during the numerical
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simulations. gy is the maximum fracture strength which
corresponds to the flat region of the curve between (,/0¢)
and (d,/dg). At fractional separations beyond (J,/dg) the
polymer experiences decreasing stresses. g is assumed to
be 50% of the UTS of the polymer.

I'o = 0¢pdo [0.5 —% (3—;) +0.5 (2_(2))} (4)

I O

Mixed mode fracture behavior (Modes I and II) was
assumed in the model. Parameters for Mode I and Mode II
were assumed to be similar. The failure criterion for
cohesive zone modeling was determined by the interface
energy. When the interface energy of the interface element
exceeded Iy, the element was reckoned to have
delaminated. The UTS of the polymer was used as a
failure criterion. When the maximum principal stress
experienced by the polymer was greater than UTS of the
cured polymer, the polymer was reckoned to have fractured
prematurely and demolding was considered to have failed.

3 Finite Element Modeling

When multifunctional photocurable resins polymerize,
crosslinks are formed due to the conversion of double
bonds. Varying the UV intensity and/or time will change
the degree of thermoset shrinkage and the polymer
mechanical properties such as brittleness and cohesive
strength which will strongly influence the outcome of de-
molding. The shrinkage that attends crosslinking facilitates
demolding. But an excessively brittle polymer, one that is
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Fig. 4 Finite Element models
a PET-polymer-cohesive
elements-mold assembly. Cup
1-Cup 6 are labeled
consecutively from right to left,
b Boundary conditions and
prescribed displacement (1)
shown in assembled model.
Prescribed displacement was
applied at highlighted ellipse
with pre-crack incorporated (by
removing the cohesive elements
after shrinkage is completed).

¢ Dimensions of PET film,
polymer, trench width, spacing
and depth are noted. Cohesive
elements are denoted by (X).
The labels Iiop, Lyan and Ipoom
denote the distinct interface
regions in which cohesive
element delamination must take
place during demolding

(a)

CUP6 CUPs CUP4 CUP3 CUp2 CUPL

PSS OISO I O X X
XX Pt Pt XX Pt XX
X K XX XX %X XX
XX P XX XX XX XX Cohesive
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Table 3 Material properties of PET and nickel

Material Elastic modulus (GPa) Poisson ratio
PET film 4.4 0.33
Nickel mold 200 0.33

too extensively crosslinked, is vulnerable to fracture during
demolding, spoiling the mold as well as the molded object.
Insufficient crosslinking, on the other hand, may result in a
polymer that has shrunk too little to significantly facilitate
demolding and that also has too little cohesive strength to
sustain the stresses of demolding, again spoiling the mold
and the molded object. Between the limits of inadequate
and excessive crosslinking (and the corresponding degrees
of shrinkage) there may, for any given formulation, be a
range of degrees of crosslinking that permit demolding
with little or no marring of the molded object. Within this
range, there will be an optimal degree of crosslinking,
Several assumptions were made to render the modeling
tractable. UV embossing is typically an isothermal process;
consequently, shrinkage was represented as pseudo equiv-
alent thermal strain for analysis purposes. It was assumed
that the polymer behaved as a perfectly hyperelastic
material. Hysteresis effects and sliding friction forces were
assumed to be negligible. The stress-strain data for a

nominal UV cure time of 30 s was used throughout the
modeling process. The polymer replication is assumed to
have taken place within a rigid nickel mold of the kind that
can be fabricated with micromachining and nickel elec-
troforming methods (Agarwal et al. 2005).

The finite element model consists of a rigid nickel mold,
the replicated crosslinked polymer and a thin substrate
layer of Polyethylene Terephthalate (PET) film. The PET
film and polymer were modeled such that no delamination
would occur. Figure 4a shows the finite element model as
separate material entities for clearer visualization. For ease
of simulation and without loss of generality a plane strain
assumption was employed. 2D plane strain hybrid elements
CPE4H were used to model the substrate film PET-poly-
mer-mold assembly. As a representative model, 6 micro-
walls, denoted Cup 1 to Cup 6 from right to left were
simulated. The PET and nickel mold were modeled as
isotropic elastic materials, with their material properties
shown in Table 3. The material properties of the cohesive
elements are as described in Fig. 3. PET-polymer interface
was modeled as a continuous interface such that no sepa-
ration would occur since in actual experiments, the
polymer bonded well to the surface-treated PET film.

Figure 4b shows the assembled mode of the finite
element model with boundary and loading conditions. The
rigid mold was fixed in the X direction at the left vertical

Fig. 5 Computed maximum 7
principal stress versus shrinkage
using linear and non-linear
polymeric material properties at
a AR 5, b AR 10, ¢ both AR5
and AR10 with only non-linear
model. Points a, b, a’, b/, ¢/, d,
¢’ and f' were identified as
indications that an interface had
delaminated based on a drop in
global maximum principal
stresses in the ARS and AR10
non-linear models

Linear
6 8- Non-Linear

Maximum Principal Stress (MPa)

8- Non-Linear
6 | |——Linear =B

Maximum Principal Stress (MPa)

Shrinkage (%)

Shrinkage (%)

Maximum Principal Stress (MPa)

Shrinkage (%)
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Fig. 6 Maximum principal stress contour plot at shrinkage level 5% for non-linear elastic polymer material behavior ai AR5 Full model,
aii ARS—Cups 1| and 2 at Deformation Scale 3, bi AR10 Full model, bii AR10—Cups 1 and 2 at Deformation Scale 5

surface and in the Y direction at the bottom surface.
Shrinkage represented by equivalent thermal strain in the
model was applied to the polymer. By setting a coefficient
of thermal expansion of 0.1E-3/°C, a shrinkage value of
5% (which was the maximum shrinkage possible for
polyurethane diacrylate compound determined experi-
mentally (Yeo 2008) could be easily simulated by setting a
pseudo temperature change of —500°C to the polymer. It
should be noted that this temperature change and the
coefficient of thermal expansion are not physical; they are
imposed to induce strain in the model that corresponds to
the shrinkage-induced strain experienced by a real micro-
molding that is contacted to its mold and has undergone
crosslinking. A pre-crack between the polymer and the
mold experimentally achieved by a knife incision at the
polymer-mold interface after the completion of shrinkage
was simulated by removing some interface elements
(Fig. 4b, eclipse area). Then an increasing prescribed dis-
placement load was applied to the corner of the polymer at
the pre-crack corner.

Figure 4c illustrates the dimensions of the finite element
model. Trench width and spacing of 10 and 80 um
respectively, were assigned. The thickness for PET film
and Polymer were 60 and 20 pm, respectively. The simu-
lated array depth of 50 and 100 um corresponded to an
aspect ratio of 5 and 10. Trench width and spacing were

kept constant for all aspect ratios. The labels L, Lyan and
Ipowom denote the distinct regions of cohesive element
delamination.

Numerical convergence was more difficult to obtain in
the higher-aspect-ratio simulations. This was most likely
due to the larger number of cohesive elements embedded
between the hybrid plane strain elements used to model the
rest of the materials. Poor convergence was also common
in models that were analyzed with shrinkage levels less
than 1%. A possible reason for this instability could be the
rapid increase of the stress on the interface elements with
displacement in the initial stiffening branch of the traction-
separation curve (See Fig. 3).

Both linear and non-linear elastic polymer material
behaviors were investigated for all shrinkage loads up to
5% shrinkage for aspect ratios of 5 and 10 to assess the
difference between the stress evolutions in of the different
aspect ratio demoldings. To determine the desired shrink-
age level at aspect ratios 5 and 10, for the non-linear elastic
material models, simulations were performed based on
selected shrinkage levels. These levels were determined as
the shrinkage levels that the interface had delaminated
based on the global maximum principal stress and also
intermediate shrinkage levels of 2, 3 and 4%. For abbre-
viation, the models are named as ARX, whereby AR means
Aspect Ratio; X is either 5 or 10.
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Fig. 7 Plots of maximum principal stress versus displacement at
different shrinkage levels. Abnormally high stresses were recorded,
indicating the occurrence of numerical difficulties

4 Results and Discussion
4.1 Shrinkage load only

Figure 5 compares the global maximum principal stresses
experienced by the polymer at various shrinkage levels (%)
using linear elastic and non-linear elastic polymer material
properties for both ARS and AR10. A shrinkage level of up
to 5% was investigated. Significant difference in the stresses
is evident between the non-linear and linear elastic polymer
material properties. In general, we would expect the overall
stresses to be lower using the non-linear elastic model since
the modulus decreases as the polymer approaches fracture
(Fig. 2). However, as shrinkage progresses, the responses of
the interface elements (i.e. delamination) between linear
and non-linear elastic material models were different due to
different stress evolution history. Due to this different
delamination behavior, the overall stresses could be higher
for the non-linear elastic model than that of the elastic
model, at the same shrinkage level.

Interface delamination can be detected by sudden
decrease in the maximum principal stress versus shrinkage
plot (e.g. Points a and b in Fig. 5). An interface delami-
nation causes a loss of integrity and stiffness of the
structure. For displacement loading, this will cause a sud-
den decrease in the maximum principal stress for a given
displacement load. This delamination is captured by the
typical cohesive element behavior. Subsequent to delami-
nation, the interface energy of the element is expanded
with no stress across the element. Further separation will
result in no stress transferred across the interfacial element.

For ARS, using the non-linear stress model, noticeable
interface delamination occurred at two distinct shrinkage
levels of 0.35% (Point a) and 1% (Point b) as indicated in
the maximum principal stress vs. shrinkage plot (Fig. 5a).
The stresses started to ascend between shrinkage levels of
1% to 5%, indicating that no cohesive interface element
had delaminated. Using the linear elastic material property
model, the maximum principal stress between the shrink-
age levels of 0.4% to 3.2% showed only slight increase and
then decrease, with decreases indicative of interface ele-
ment fracture. This appeared to be indicative that interface
element delamination was occurring throughout the span of
shrinkage level between 0.4% to 3.2%. Between the
shrinkage levels of 3.2% to 4.2%, the stresses increased but
decreased after interface delamination took place at 4.2%
shrinkage.

As for AR10 (Fig. 5b), interface delamination occurred
at shrinkage levels of 0.26% (Point a’), 0.6% (Point b’),
1.08% (Point ¢’), 1.9% (Point d’), 2.2% (Point e’) and 3.6%
(Point ) for the non-linear elastic material property
model. Beyond 2.2% shrinkage level, the maximum prin-
cipal stress appeared to increase with increasing shrinkage
levels (except at 3.6%). The stresses for linear elastic
material model between shrinkage levels 0.6% to 2.5%
appeared to be constant, indicating no failure of any
cohesive interface element. Beyond 2.5% shrinkage level,
the stresses for linear elastic material model also increased
with increasing shrinkage loads.

. . .. 7
Flg' 8 Maximum pr1n01pal 6 1 —&— Shrinkage 1.9% (Point d'in Fig. 5b)
stress (MPa) versus B /l‘ 65 —g—gnpmgz g Dz% (Point &'in Fig. 5b)
. R s 1
Displacement (um) for a ARS, 5| a A o ~ ~ % - Shrinkage 3.6% (Point  in Fig. 5b)
\ ) = ~ e ~ P | © 6 —a— Shrinkage 4%
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Comparison of the linear and non-linear material prop-
erties results in Fig. 5a and 5b indicates that although
linear elastic polymeric material behavior simplified com-
putation, it could only indicate trends for preliminary
study. For more realistic predictions, non-linear material
behavior had to be employed. Only non-linear material
behavior is considered in all subsequent discussions unless
specified otherwise.

Figure 5c plots the maximum principal stresses for non-
linear polymer material property vs. shrinkage levels for
both AR5 and ARI10. For all aspect ratios, applying a
maximum shrinkage level of 5% was far from ideal since
the maximum principal stresses would have exceeded the
UTS of the polymer, 5.7 MPa. Based on the results shown
in Fig. 5c, the UTS threshold was exceeded at shrinkage
levels 4.4% (5.7 MPa) and 4.7% (5.75 MPa) for AR5 and
ARI10, respectively.

Interface material properties were kept similar for both
aspect ratios, with J, specified to be 0.045 pm for both
Modes I and II fracture. The shrinkage levels at which
interface delamination started to occur were compared. At
the lower aspect ratio (ARS), slightly higher shrinkage
loads were required before the interface started delami-
nating. For the higher aspect ratio, the trench is deeper and
this lowered the overall thermal strain threshold for
delamination along the wall region. Hence delamination
initiated at lower shrinkage levels for the interface ele-
ments along the I, region. In addition, for higher aspect
ratio, the polymer experiencesd more constraints hence
higher stresses were experienced and consequently more
interfaces delaminated. For ARS, interface delamination
based on global maximum principal stress plots occurred at
shrinkage levels 0.35% and 0.92%.

The typical interface delamination behavior for AR10 is
illustrated in Fig. 5b. At point a’ (shrinkage level 0.26%),
all Tyoom interfaces have delaminated except some at Cup
1. For point b’ (shrinkage level 0.6%), 1,4 interfaces for all
Cups had delaminated. At shrinkage level 1.08% (point c’),
all Tocom have broken. Point d’, corresponding to shrinkage

Displacement um

level 1.9%, recorded an increase in the number of I,.;
interfaces delaminated. Finally, for points ¢ and f
(shrinkage 2.2% and 3.6%), 1o, interfaces near the corners
of Cups 1 and 2 started to break.

Figure 6 shows the maximum principal stress contour
plots at 5% shrinkage level for AR5 and ARI10, respec-
tively. In general, the interface at Iyoom delaminated first
followed by .. Shrinkage alone caused more delamina-
tion at the I, interfaces for lower aspect ratio (ARS5)
(Fig. 6a) than for aspect ratio 10 (Fig. 6b). At shrinkage
level 5%, for AR 5, all of Iyyom and I,y interfaces dela-
minated. The I, interfaces around Cup 1 and some of Cup
2 delaminated (highlighted by the ellipses in 6a-ii). For AR
10, all the Iyottom and Ly, have demolded with very few I,
demolded at the corners perpendicular to I,;. As shown in
Fig. 6, at a shrinkage level of 5%, the maximum principal
stresses have exceeded the UTS of 5.7 MPa of the polymer,
indicating that some premature fracture of the polymer
would have taken place.

4.2 Shrinkage and displacement controlled load

Shrinkage alone could not break all the interfaces. For the
polymer to demold completely, an externally applied load
was required at the edge (Fig. 4b whereby prescribed dis-
placement was applied at the highlighted eclipse area). An
incremental displacement-controlled load was modeled for
improving computational stability, and it was further
assumed that a pre-crack had been created at the edge of
the polymer. When the displacement-controlled load was

Table 4 Summary of optimum shrinkage level at different aspect
ratios and the corresponding maximum principal stresses and maxi-
mum strain energy released

Aspect Shrinkage Maximum principal Maximum strain
ratio (%) stress (MPa) energy (10712 J)
5 0.92% 3.96 308.29
10 1.9% 2.92 389.88
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5, Max. Principal
[Ave. Crit.: 75%)
.904e+00
.254e+00
. 604e+00
.954e+00
.304e+00
. 654e+00
.004e+00
.353e+00
.034e-01
.329e-02
.968e-01

Fig. 10 Maximum principal
stress contour plots for ARS at
shrinkage level 0.92% a before
complete demolding, b after
complete demolding

(a)

3, Max. Principal
[Ave. Crit.: 75%&)
+9.791e-01
+8.765e-01
+7.739e-01
+6.714e-01
+5.688e-01
+4,662e-01
+3.637e-01

(b)

applied to models with low shrinkage levels less than 1%
or slightly more than 1% (0.35% for AR5 and 0.6% and
1.08% for AR10), numerical errors were encountered. The
stresses involved were extremely high (5.7 MPa) and it
was not possible to complete the simulation run for all 6
Cups in the array. This behavior was expected since at low
shrinkage levels, few cohesive elements had delaminated
and the polymer had to overcome higher stresses to achieve
demolding. Figure 7 shows the stress history for peel de-
molding that occurred at various low shrinkage levels for
AR5 and AR10. Abnormally high stresses were encoun-
tered and these indicated that numerical errors had
occurred due to the numerical instability experienced when
the cohesive elements were about to delaminate. Shrinkage
level 0.35% at ARS, 0.6 and 1.08% at AR10, correspond-
ing to points a in Fig. 5a, and b’ and ¢’ in Fig. 5b showed
erroneous stress history due to convergence problems
(Fig. 7).

@ Springer

4.3 Optimum shrinkage load

Shrinkage is an aid to demolding since the polymer tends to
“pull” away from the mold after UV irradiation, reducing
the polymer/mold interaction forces that must be overcome
in demolding. As the cross-linking density increases with
longer UV irradiation time or dosage, the rigidity of the
network formed also increases, resulting in higher polymer
strength. However, higher elastic modulus comes at a price
of increased brittleness and too much shrinkage also results
in the loss of dimensional fidelity during replication. There
is an optimal degree of crosslinking and associated
shrinkage, which it is desirable to determine.

For our application, the optimum shrinkage load is
defined as the shrinkage level that results in the lowest
recoverable strain energy and lowest maximum principal
stress found globally in the polymer as a prescribed dis-
placement was applied. Since there was no plastic work
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Fig. 11 Maximum principal S, Max. Principal
stress contour plots for AR10 at (e, Crit.: 798) (a)

A +1.820e+00
shrinkage level 1.9% a before +1.630e+00

complete demolding, b after {1-seerm

+1.248e+00
complete demolding +1.058e+00

+8.668e-01
+6.761e-01
+4,854e-01
+2.947e-01
+1.039e-01
-8.680e-02

S, Max. Principal
(Ave. Crit.: 75%)
+3.582e+00
+3.157e+00
+2.731e+00
+2.306e+00
+1.880e+00
+1.455e+00
+1.029e+00
+6.038e-01
+1.782e-01
-2.473e-01
-6.728e-01

done, the recoverable strain energy derived was the elastic
work stored in the polymer due to peel demolding, and it
indicated the level of work done to demold. Polymer pre-
mature failure behavior was not reflected as the data
presented was the overall energy. The premature failure
could be reflected by the maximum principal stress during
the demolding process. Previously, one of the failure cri-
teria stated was that if the maximum principal stress
exceeded the polymer UTS, polymer fracture would have
occurred. However, from the maximum principal contour
plots shown, the high maximum principal stress was at the
occurrence of numerical convergence difficulties. It was

hence reasonable to assume that these were not actual
fracture points since the stresses would have redistributed
with delamination or yielding.

Specific shrinkage loads at which an interface had del-
aminated, identifiable through the decrease and then
increase in global maximum principal stresses as seen in
Fig. 5c, were selected for analysis. Intermediate shrinkage
levels of 2%, 3% and 4% were also investigated. Figure 8
shows the maximum principal stress in the polymer versus
displacement and Fig. 9 shows the corresponding recov-
erable strain energy versus displacement for both AR5 and
ARI10 after the shrinkage load was completed. The
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optimum shrinkage level for AR5 and AR10 based on the
various shrinkage levels investigated were found to be
close to 0.92 and 1.9%, respectively. The values were
determined based on the lowest maximum principal stres-
ses and lowest recoverable strain energy at a specific
shrinkage level. From an experimental perspective, proper
design of experiments can be carried out to obtain the
optimum shrinkage level with a change in aspect ratio.
Table 4 summarizes the results of the optimum shrinkage
levels and their corresponding maximum principal stress
and recoverable strain energy at various aspect ratios.
Optimum shrinkage level increased with increasing aspect
ratio. This conformed to our expectation since, as aspect
ratio increases the difficulty to demold also escalates due to
more mechanical interlocking between the polymer and the
mold.

Figures 10 and 11 show the maximum principal stress
contour plots at the optimum shrinkage levels for each
aspect ratio at the largest prescribed displacement applied.
Two maximum principal stress contour plots are shown for
each aspect ratio for the step before complete demolding
and the step after complete demolding was achieved. The
global maximum principal stresses decreased from
5.90 MPa (before) to 0.98 MPa (after complete demolding)
for the AR5 model. In theAR10 model, the stresses
decreased from 3.58 to 1.82 MPa. The decrease in the
stresses experienced by the polymer in both AR5 and
AR10 indicate that full demolding had occurred.

5 Conclusions

A new numerical methodology which involves the use of
hyperelastic polymeric material properties instead of linear
elastic material properties were used during the peel
demolding simulation for UV embossing. During the
simulation, numerical convergence difficulties were
encountered. These were overcome by employing smaller
load steps to avoid the non-convergence points during the
application of shrinkage and prescribed displacement
loads. Shrinkage load alone was not capable of breaking all
the interface elements between polymer and mold. Dis-
placement load could be applied after the shrinkage load
was completed to aid demolding. Optimal shrinkage was
determined whereby the polymer experienced the lowest
maximum principal stress and lowest strain energy. Based
on the molds with aspect ratio 5 and 10, the optimum
shrinkage load was found to be 092 and 1.9%,
respectively.
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