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Effect of viscoplasticity on microfluidic cavity filling efficiency
of a thermoplastic polymer in hot-embossing process

Gang Cheng" - Thierry Barriere?

Abstract

The micro hot-embossing process is an efficient and low-cost manufacturing process that can produce components with complex
geometries in a wide variety of materials. The physical behaviour of the material needs to be investigated to achieve optimisation
of'the process. Many experimental results have been presented in the literature; however, modelling of the material properties and
simulations of the process to improve the microreplication quality are still lacking. The principal scientific challenge in the
numerical simulation is to provide an efficient material behaviour law to describe the deformation of the material during the
process. The physical constitutive behaviour law of polymer plates in the hot-embossing process can be treated as viscoelastic or
viscoplastic, depending on the various process boundary conditions. This study mainly concerns the identification of a physical
constitutive behaviour law for an amorphous polymer poly (methyl methacrylate) (PMMA), which is used in hot-embossing
processes at the microscale. Uniaxial compression tests were carried out under various temperature conditions slightly above the
glass transition temperature (7}) of the polymer, and the viscoplastic behaviour of the polymer was characterised. In the present
study, the fabrication of a complex microfluidic device is treated as a case study, focusing on the filling stage of the process.
Modelling in numerical software using the implemented polymer behaviour model was realised, and the influence of different
processing and material parameters on the filling efficiency was investigated at the microscale in two different zones (channel and
reservoir). Specific related microreplications in the processing temperature range from 7, +20 °C to T, +40 °C with different
material parameters were also studied and compared. The results of the simulation were in good agreement with the experimental
results in terms of replication for the PMMA amorphous thermoplastic polymer compared at different microscales and in
different zones, confirming the efficiency of the proposed approach with different comparisons in 2D and 3D cases.
Moreover, the models can be used when similar behaviours are observed in amorphous thermoplastics and extended to other
micro hot-embossing components.

Keywords Micro hot-embossing - Amorphous thermoplastic polymer - Replication at microscale - Viscoplastic behaviour -
Simulation

1 Introduction

Micro hot-embossing is widely used because it is one of the
most efficient processes for the manufacture of polymeric
components [28]. It provides several advantages compared
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to other polymer forming processes, such as a relatively low
cost of moulding tools, flexibility in the embossing material,
lower processing temperature, and simple operation [22].
These advantages enable the wide use of hot-embossing for
the fabrication of microcomponents in various applications.
Andersen et al. [2] proposed a fast, low-temperature, low-
pressure method to fabricate polymer-based microneedles
for drug delivery. Hot-embossing can also be used for micro-
scale replication with various embossed materials. Kurita et al.
[18] proposed a laser-assisted hot-embossing process with
glass material. Their results demonstrated that the die mould
could be heated with a laser to improve the embossing efficien-
cy in the replication of microstructures. The replication efficien-
cy depends on the performance of the moulding tool, which
should be strong, durable, and capable of manufacturing



features with a particular size and aspect ratio [32]. Most of the
final components are manufactured on a planar surface in this
process, and high-quality replication of microstructures has
been obtained with a high aspect ratio [4].

Polymers are important materials in microreplication ow-
ing to their low cost and wide range of physical properties.
Polymers have played a significant role in the development of
multi-functional materials. A general review of the printing
technologies for smart materials based on polymers was pro-
vided by Oliveira et al. [23] and discussed the excellent inte-
gration and wide application of polymer-based materials in the
electrical and mechanical engineering fields. Lee et al. [19]
demonstrated that thermoplastic polymers are suitable for the
fabrication of modular-assembly microfluidic devices via the
hot-embossing process. The embossed material is heated to a
certain temperature that allows the material to flow into the
cavities of the mould insert. For thermoplastic polymers, the
processing temperature is slightly above their glass transition
temperature (7,), and drastic changes in physical properties
such as the activation energy, specific heat, and coefficient of
thermal expansion of the polymer occur in this temperature
range. The rheology, creep rate, and various mechanical prop-
erties, such as the toughness and strength, also exhibit major
changes at the 7, [16]. The physical behaviour of polymers,
including physical properties such as the viscoelasticity and
viscoplasticity, are highly dependent on the loading time and
temperature. An increasing number of microcomponents have
been fabricated with thermoplastic polymers via the micro
hot-embossing process in recent years; however, the lack of
numerical models and simulations restricts the further devel-
opment of the process [27].

Much research on the viscoelastic and viscoplastic behav-
iours of polymers has been published. The term ‘elastic’ sig-
nifies recoverable strain after deformation [21]. The term
‘plastic’ indicates unrecoverable strain, which is considered
to be relevant to the magnitude of the local stress or strain.
The term ‘visco’ indicates strain that changes with time [17].
A three-dimensional constitutive model was presented by
Bardenhagen et al. [3]. This model could be used to describe
the viscoplastic deformation of polymeric materials under iso-
thermal conditions. The viscoplastic behaviour of polymers
has been characterised qualitatively using stress relaxation
and creep tests. A constitutive model that combines nonlinear
viscoelastic effects and plasticity was proposed by Frank and
Brockman [11]. The time-dependent and nonlinear responses
of thermoplastic polymers in the glassy regime were taken
into account in this model. The model seems to be suitable
for describing the effects of hydrostatic pressure and strain on
the behaviour of thermoplastics. Another constitutive model
for describing the viscoplastic behaviour of amorphous poly-
mers was proposed by Drozdov [7]. The heterogeneity of
amorphous polymers at the microscale is described by this
model, and fair agreement has been obtained between the

experimental and numerical results for uniaxial relaxation
tests. Constitutive equations for the viscoplastic damage be-
haviour of rubber particle-loaded thermoplastic polymers
were investigated by Zairi et al. [31]. The effects of the strain
rate, strain magnitude, and damage fraction evolution were
described in the model. The model has been validated with
experimental data and provides a correct prediction of the
nonlinear deformation of loaded polymers associated with
the influence of void growth. A novel test to separate the
relative stress contributions of semi-crystalline polymers was
presented by Holmes and Loughran [13]. The aim of their
work was to facilitate the constitutive modelling of polymer
behaviour along with the elastic, viscoelastic, and viscoplastic
material properties. A viscoplastic model for glassy polymers
was developed to analyse their inelastic deformation using a
generalised viscodamage and viscohealing theory by
Voyiadjis et al. [25]. The proposed viscoplastic model is con-
sidered an efficient numerical tool to evaluate ductile damage
in polymers. It can be used to predict large inelastic deforma-
tion under low cycle fatigue conditions. Yu et al. [30] pro-
posed a cyclic constitutive model to describe the nonlinear
viscoelastic and viscoplastic behaviour of polymers. The ther-
modynamic material behaviour was deduced using the dissi-
pative inequality and constructed Gibbs free energy. A large-
deformation viscoelastic and viscoplastic model was proposed
by Gudimetla and Doghri [12] to describe the strongly non-
linear finite strain response of a thermoset polymer. Good
agreement between the simulation and experimental results
for the compression-dominated deformation mode has been
achieved, which demonstrates the excellent prediction ability
of the proposed viscoelastic and viscoplastic model. A 3D
fractional viscoplastic model to describe the deformation of
amorphous polymers was presented by Xiao et al. [29]. The
performance of the proposed model was confirmed using the
stress response under uniaxial deformation at various strain
rates and temperatures. The polymer recovery behaviour dur-
ing the hot-embossing process was studied by Wang et al.
[26]. They showed that the recovery of the polymer reduces
the filling efficiency during the unloading step of the process,
but this occurs only when the strain energy is high enough to
break the interfacial bonding between the die cavity and the
polymer substrate. The time—temperature superposition prin-
ciple was applied to study the large-deformation mechanical
behaviour of poly (methyl methacrylate) (PMMA) by
Federico et al. [10]. A so-called equivalent strain rate, which
describes the relationship between the strain rate and the tem-
perature, was considered as a unique parameter to characterise
the polymer complex properties above the T,. Tensile test
results were used to validate the modelling efficiency not only
in the rubbery region near and slightly above the 7, but also in
the viscous region. The viscoelastic and viscoplastic behav-
iours of the polymer were taken into account in the modelling
of fatigue damage by Holopainen and Barriere [14].



Numerical modelling of the fatigue damage development was
accomplished by shifting an endurance surface in an effective
damage free stress space. This modelling approach was im-
plemented using finite element software, and numerical ten-
sile fatigue simulations were conducted for a polycarbonate
specimen. The proposed model was shown to be suitable for
predicting the isothermal fatigue behaviour of amorphous
thermoplastic polymers.

The micro hot-embossing process has been widely used for
manufacturing polymer-based components for microelectro-
mechanical, biomedical, and optical devices. Many studies on
the mould design, polymer processing, and optimisation have
been conducted, but investigations of the physical behaviours
of the material and efficient numerical modelling tools are still
lacking. The material physical behaviour needs to be investi-
gated clearly in order to satisfy the rapid development of the
micro hot-embossing process. The principal scientific chal-
lenge in the numerical simulation is the development of an
efficient material behaviour law to describe the material de-
formation during the process on a microscale. Polymer-based
microfluidic devices using various materials have attracted
much attention in the medical field owing to their short re-
sponse time, high sensitivity, and low analyte consumption
[20]. In this study, the elastic-viscoplastic behaviour of an
amorphous polymer was characterised in the temperature
range of the hot-embossing process. Polymer uniaxial com-
pression tests with cylindrical specimens were also carried
out. Different stress and strain loads were applied to the poly-
mer to investigate the complex behaviour in the temperature
range from 7}, +20 °C to Ty +40 °C. The fabrication of amor-
phous polymer-based microfluidic devices by micro hot-
embossing was chosen as an example and was modelled in
finite element software using the proposed model. Two differ-
ent cavity areas in the microfluidic device were specifically
studied at the microscale from 7 + 20 °C to T, + 40 °C during
the filling stage: the reservoir and the channel. Specific related
studies with different filling efficiencies under the three for-
mation temperature conditions and varying material parame-
ters are also discussed in this paper. Furthermore, the simula-
tion results were compared with those of PMMA experiments
with hot-embossed structured components described in previ-
ous studies to validate the proposed model implemented in the
finite element software and to verify the efficacy of this ap-
proach with different comparisons in 2D and 3D cases. A
summary of the nomenclature including all of the symbols
used in this paper is provided in Table 1.

2 Polymer elastic-viscoplastic behaviour
model

An elastic—viscoplastic behaviour law was proposed to de-
scribe the mechanical properties of the amorphous

Table 1 Nomenclature used in this paper

T, Glass transition temperature

& Total compression strain

& Elastic strain

€ Plastic strain

o, Total compression stress

E Elastic modulus

o, Relaxation stress

a Constant to describe the relaxation stress

b Constant to describe the relaxation stress

t Relaxation time

g Equilibrium stress

H, Initial height of the specimen in compression test

H Final height of the specimen in compression test

D, Initial diameter of the specimen in compression test

D Final diameter of the specimen in compression test

£ Compression true strain

O Compression true stress

F, Compression force

N Final cross-sectional areas of specimen

So Initial cross-sectional areas of specimen

£, Compression true strain rate

v Drop rate of the upper platen in compression test

R’ Coefficients of determination

dl Length of the small interspace in the axisymmetric model
hl Height of the small interspace in the axisymmetric model
d2 Length of the small interspace in the 2D plane strain model
h2 Height of the small interspace in the 2D plane strain model

thermoplastic polymer in the hot-embossing temperature
range, which was slightly above its 7,,. These behaviour laws
were implemented in numerical software based on the finite
element method to perform the numerical simulation of the
hot-embossing process.

In this study, the numerical simulation of the hot-
embossing process is separated into two steps: the first is
the filling stage, in which the PMMA substrate is com-
pressed by the mould microfluidic die insert, and the sec-
ond is the packing stage, in which the PMMA flow con-
tinues to fill the microcavities after the filling stage. The
filling stage occurs in a very short time (normally less than
1 s), and the elastic-plastic behaviour of the polymer dom-
inates the deformation of the polymer flow. Therefore, the
packing stage lasts for a relatively long time, and the poly-
mer viscous behaviour dominates the deformation of the
polymer flow. Nearly 90% of the deformation of the poly-
mer substrate occurs during the filling stage in the hot-
embossing process. Two different behaviour laws have
been proposed in this study: one is an elastic—plastic mod-
el used in the filling stage and the other is a viscoelastic
model used in the packing stage.



A classic elastic—plastic function was proposed to describe
the polymer deformation in the filling stage. The total com-
pression strain of the polymer was divided into the elastic
strain and the plastic strain as follows:

£ = el + &pl (1)

The elastic strain, ¢4 , is expressed by Hooke’s law as
follows:

Eel = Ut/E (2)

where E is the elastic modulus, which is obtained from the
uniaxial compression tests. The plastic strain, €,; , is
characterised using the true stress-strain curves obtained in
the uniaxial compression tests.

An exponential function is proposed to describe the visco-
elastic behaviour of the polymer in the packing stage. The
relaxation stress can be expressed with the following equation:

o, = aexp(-bt) + g (3)

where o, is the relaxation stress, a and b are the constants, and
g is the equilibrium stress.

3 Material characterisation
3.1 Uniaxial compression tests

A Bose® ElectroForce® instrument was used to perform the
polymer uniaxial compression tests according to the ASTM
D4762 test method for the compressive properties of poly-
mers. The cylindrical specimens were 18 mm length with a
diameter of 10 mm. The tested specimens were annealed at the
testing temperature for 1 h to homogenise the specimen tem-
perature before every mechanical test. The tested specimens
were loaded in the centre of the space between two platens in a
temperature oven, and the specimen temperature was con-
trolled using a thermocouple. The lower platen was fixed,
and a compression load cell was used to measure the force
on the specimen. The strain rate or stress rate of the specimens
was controlled using a WinTest® digital control system.

The mechanical testing of the compression specimen was
performed at a temperature slightly above the 7,. The true
stress-true strain curves for the amorphous PMMA were ob-
tained at various load and strain rates. The polymer specimen
deformation during the compression test is described in Fig. 1.
Two assumptions were made in the determination of the
PMMA true stress-strain curve: the polymer specimen volume
remains constant during the mechanical testing, and the spec-
imen shape remains cylindrical after the compression test. As

Upper platen
Do

Polymer

specimen r
! Hqo|  Hg Initial height
| H Final height

Dy Initial diameter

=

|
PECEN
Lower platen D Final diameter

Fig. 1 Deformation of the cylindrical polymer specimen in the
compression tests

shown in Fig. 1, H, and H are the initial and final heights of
the tested specimen, respectively; D, and D are the initial and
final diameters of the cylindrical specimen, respectively.

A large deformation was observed during the compression
tests; therefore, the PMMA compression true strain, €., was
determined using the conventional logarithmic strain expres-
sion [6]:

e. =In(Hy/H) 4)

To ensure that the compression true strain has a positive
value, the terms in parentheses were inverted (in a compres-
sion test, Hy > H, whilst in a tensile test, H > Hy).

The volume conservation assumption was applied to deter-
mine the compression true stress, o:

oc=F./S=(F.H)/(SoH,) (5)

where F, is the compression force applied by the platens and
Sy and § are the initial and final cross-sectional areas of the
specimen, respectively.

The compression true strain rate, &, is equivalent to the
derivative of the true strain with respect to time, expressed
as follows:

. = de./dt = v/(Ho—vt) (6)

where t is the testing time and v is the drop rate of the upper
platen corresponding to the displacement rate of the tested
PMMA specimen; vt is the total downward displacement of
the upper platen, corresponding to the total displacement of
the polymer specimen.

3.2 Identification of the elastic modulus
for compression

The elastic modulus of the amorphous PMMA specimen was
determined at three different temperatures in the uniaxial com-
pression tests: T, +20 °C, T, +30 °C, and T, +40 °C. A con-
stant strain rate (0.01 s™') was applied to the cylindrical
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Fig.2 True stress-true strain curves for PMMA with small deformation at
temperatures slightly above T,

specimen in the true strain range of 0.0005 to 0.0025, where
the PMMA specimen undergoes elastic deformation. The true
stress-strain curves for the PMMA specimen at three different
temperatures are shown in Fig. 2.

Based on the PMMA true stress—strain curves obtained at
three different temperatures, the elastic modulus was deter-
mined with a linear regression analysis. A fitted linear regres-
sion model was proposed to identify the relationship between
the true stress and strain. The PMMA elastic modulus was
then obtained based on the fitting parameters of the regression
model. Good agreement between the fitting model and exper-
imental results was observed, with an R-squared (coefficient
of determination) of 0.95 to 0.98. PMMA elastic moduli of
3.61 MPa, 2.81 MPa, and 1.51 MPa were obtained at T, +
20°C, T, +30 °C, and T, + 40 °C, respectively. With increas-
ing temperature, the PMMA elastic modulus decreased dras-
tically: the elastic modulus decreased by 22% when the tem-
perature increased by 10 °C from 7, +20 °C to 7,+30 °C,
whilst the elastic modulus decreased by 46% when the tem-
perature increased by 10 °C from 7, +30 °C to T, +40 °C.
The elastic modulus of the PMMA specimen at temperatures
slightly above its T is much lower than its elastic modulus at
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0.20 A

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
True strain

Fig.3 True stress-true strain curves of PMMA with the same strain rate at
temperatures slightly above the T,

Table 2 Fitting parameters of the elastic-plastic model for the PMMA
polymer at three temperatures

Polymer T, +20 °C T,+30 °C T+40 °C
o.(MPa) €, o.(MPa) g, 0. (MPa) €,
PMMA 05 0 0.1 0 0.05 0
0.8 001 024 0.012 02 0.009
1.1 0.04 038 0.024 034 0.018
1.4 0.08 0.52 0.036

room temperature of approximately 1300 MPa [15]. The sig-
nificant decrease in the elastic modulus of PMMA at high
temperatures was confirmed in our analyses. A similar result
was observed by Srivastava et al. [24].

3.3 Identification of elastic-plastic behaviours
as a function of temperature

The uniaxial compression tests were conducted in a large
strain range to determine the PMMA plastic behaviour. A
constant strain rate of 0.03 s~' was applied to the cylindrical
specimen, which was then unloaded with the same true strain
rate. A large deformation of the PMMA cylindrical specimen,
which exceeded the true strain by 10%, was observed during
the compression tests. The PMMA true stress-strain curves
with a constant strain rate at T, +20 °C, T, +30 °C, and
T +40 °C are shown in Fig. 3.

Based on the PMMA true stress-strain curves presented in
Fig. 3, the initial stiffness of the polymer decreases dramati-
cally with an increase in temperature. The true stress at a true
strain 0of 0.11 is approximately 1.4 MPa at T, + 20 °C, butis no
more than 0.3 MPa at 7, + 40 °C. The true stress-strain curve
at T, + 20 °C shows that plastic deformation occurs even at a
temperature above the 7,. However, the amount of permanent-
set decreases drastically with an increase in temperature from
To+20°Cto T, +40 °C. At T, +20 °C, the true stress-strain
curve exhibits a well-defined yield peak, which disappears at
To+30 °C and T, +40 °C. The PMMA true stress-strain re-
sponse is highly nonlinear in this temperature range. The plas-
tic strain and stress of PMMA could be analysed at three
temperature conditions. The compression stresses associated
with the plastic strain at three temperatures are summarised in
Table 2.

3.4 Identification of viscoelastic behaviours
as a function of strain level

Stress relaxation tests were carried out to characterise the
polymer viscoelastic behaviour in the temperature range
slightly above its 7,. A constant true strain rate (. = 0.01
s ') was applied to the polymer specimen until an ultimate
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strain level was reached. Then, the variation in the true mate-
rial stress versus time was recorded at a constant true strain.
The polymer specimens were compressed at six different true
strain levels and then released at T, +20 °C. The relaxation
stress of the polymer versus time obtained at different strain
levels is illustrated in Fig. 4.

The relaxation stress curves in Fig. 4 show that the true
stress of the PMMA specimen decreases with time. Initially,
a large decrease in the true stress occurs (from 0 to 40 s); then,
the true stress becomes nearly constant until the end of the
testing period (120 s). It is evident that the true stress increases
with an increase in the compression true strain level. At7=0s,
the relaxation stress is approximately 0.70 MPa for a true
strain of 0.40; however, at the same time, the relaxation stress
is approximately 0.10 MPa for a true strain of 0.06. A signif-
icant decrease in the polymer relaxation modulus is indicated
by these curves. For example, at a strain of £, =0.40, the
relaxation stress decreases by approximately 59% during the
observation time.

Three parameters in the exponential equation need to be
identified in order to describe the viscoelastic behaviour of the
PMMA specimen at Ty + 20 °C. The parameters in this model
were determined using the relaxation stress curves shown in
Fig. 4. The relaxation stress curves at six different strain levels
were used to determine the identified parameters. The method

Table 3  Fitting parameters of the exponential equation for the PMMA

polymer and associated coefficients of determination

Polymer  Strain levels a b g (MPa) R

PMMA €,=0.06 0.0612  0.04308  0.03159  0.9815
€,=0.12 0.1116 ~ 0.03638  0.06508  0.9883
€= 0.18 0.1597  0.03229  0.1041 0.9907
€4=0.25 02149  0.02984  0.1498 0.9925
€5=0.33 0.2817  0.02797  0.204 0.9934
€6=0.40 0.3832  0.02756  0.2771 0.9934
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of least squares was used to determine the constants described
in Eq. (3). The fitting parameters for the PMMA specimen and
the associated coefficients of determination ( R?) are listed in
Table 3. The R? values for these six relaxation curves are
approximately 0.98 or 0.99, which indicates that the selected
equation fits the stress relaxation curves for the tested PMMA
specimens well.

4 Numerical simulation of the filling stage
of the micro hot-embossing process

The numerical simulation of the micro hot-embossing process
was performed using the finite element program Abaqus [1].
The proposed elastic—plastic and viscoelastic models, with the
identified material parameters, were implemented in the soft-
ware to describe the elastic—viscoplastic behaviour of the
PMMA specimen at temperatures slightly above its 7,. The
elastic—plastic model was used to describe the polymer defor-
mation in the filling stage, while the viscoelastic model was
used to describe the polymer deformation in the packing stage.
In this section, some simulation results for the filling stage of
the micro hot-embossing process are presented.

The boundary conditions of the numerical simulation were
based on the experimental conditions for the fabrication of
microfluidic devices by hot-embossing. The microfluidic de-
vices were used for mixing or separating fluid flows. The
dimensions of the steel mould die cavities are shown in
Fig. 5. The microcavity structure was fabricated using laser
ablation [5]. A PMMA substrate with a thickness of 2 mm was
used to fabricate and replicate the microfluidic devices. In this
process, the two-part mould, including the die insert and poly-
mer substrate, is heated to slightly above the polymer T.
Then, the moving mould plate moves forward to compress
the polymer substrate, which has been placed between the
moving and fixed mould die. The polymer flows into the
mould die to fill the microcavities. The gap between the
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Fig. 5 Dimensions of microcavities in the microfluidic device

PMMA substrate and the microfluidic mould die is main-
tained under pressure at the compression temperature for a
defined time period. At the end of the hot-embossing process,
the mould plates and the replicated polymer substrate are
cooled to a temperature below the 7, and the embossing force
is released.

The dimensions of the geometric models created in the
numerical software were consistent with the actual dimensions
of the microfluidic mould die insert shown in Fig. 5. The
mould die insert was considered a rigid body, which exhibited
no deformation during the hot-embossing process. The 3D
geometric models of the polymer substrate and the mould
die insert were created, but only the polymer viscoelastic be-
haviour was considered during the embossing process [5].
Although numerical simulation with the 3D microfluidic geo-
metric model could show the global deformation of the poly-
mer substrate during the micro hot-embossing process, it pre-
sented some difficulties in investigating the filling ratio of the
microcavities.

Owing to the specific geometric features of the replications
obtained by hot-embossing, different geometric models were
created in the numerical software. Two different zones in the
microfluidic device were selected to create the numerical
model used in the simulations: the reservoir and the channel,
as shown in Fig. 6. A 2D model comprising the mould
microfluidic die cavity and PMMA substrate was designed.
The micro hot-embossing process was performed under dif-
ferent temperature conditions to study the effect of the
embossing temperature on the filling efficiency. A four-node
bilinear quadrilateral mesh was used for the simulation, and
the mesh size was adjusted based on the polymer deformation

46 mm

Channel

Reservoir

Fig. 6 Front view of the mould insert, showing the two zones selected for
the numerical simulation: the reservoir and the channel

during the filling step of the hot-embossing. The region
exhibiting large deformation of the polymer substrate was
meshed using a smaller element size to reduce the effect of
the element size and improve the simulation accuracy. A total
of 1482 elements were generated in the reservoir zone, and
4510 elements were generated in the channel zone.

4.1 Filling of reservoir zone of microfluidic device

For the reservoir zone, an axisymmetric model was created in
the numerical software, with a diameter of 2.13 mm and
height of 0.20 mm. The friction between the PMMA substrate
and the microfluidic mould die was not taken into account in
this simulation. The PMMA substrate was first heated to 7, +
20 °C; then, it was heated to T, + 30 °C, and finally to T, +
40 °C. The mould plate fell by approximately 0.20 mm to
compress the PMMA substrate, and the PMMA flow filled
the microcavities, as shown in Fig. 7.

The von Mises stress of the polymer decreases with the
increase in temperature from 7, +20 °C to T, +40 °C, as
shown in Fig. 8. Less compression force is required to com-
press the polymer substrate at the higher temperature of 7, +
40 °C. The most important value of the stress in the polymer
substrate appears at the bottom of the reservoir, which exhibits
maximum deformation of the polymer substrate. The polymer
was pushed from left to right to fill the cavities in the mould
die.

Another efficient way to compare the different processing
temperatures is to investigate the effective strain distribution,
as demonstrated by Esmacilpour et al. [8, 9]. The effective
strain distributions of the polymer substrate under three pro-
cessing temperature conditions (7, +20 °C, T, +30 °C, and
T, +40 °C) are presented in Fig. 9. For all of the temperature
conditions, the highest the effective strains occur in the con-
tour of the reservoirs because the polymer flow has been
pushed up to fill the microcavities in the mould die. The next
highest effective strains are located at the bottom of the poly-
mer substrate under the contour of the reservoirs, which indi-
cates that the polymer in this zone is not only compressed by
the mould but is also pushed by the polymer flow to move to
the right side. The highest effective strains occur at a temper-
ature of T, +20 °C. This indicates that the polymer substrate
exhibits more plastic behaviour at 7, +20 °C, which is con-
sistent with the investigation of the material characterisation.

The vertical displacements of the polymer substrate under
processing temperature conditions of 7, +20 °C, T+ 30 °C,
and T, +40 °C are presented in Fig. 10. The height of the
embossed cavities in the polymer substrate are 0.1928 mm,
0.1935 mm, and 0.1929 mm for 7, +20 °C, T, +30 °C, and
T, +40 °C, respectively. The polymer at the bottom was com-
pressed towards the right side to fill the cavities of the
microfluidic device. The polymer at the top surface was raised
and then compressed by the mould die. As a result, there is a
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Fig. 7 Polymer flow direction in the axisymmetric model of the filling step
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Fig. 8 Von Mises stresses of the polymer substrate in the axisymmetric model after the filling stage under different temperature conditions
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Fig. 9 Effective strain distribution of the polymer substrate in the axisymmetric model after the filling stage under different temperature conditions
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Fig. 10 Vertical displacement of the polymer in the axisymmetric model after the filling stage under different processing temperature conditions

small positive vertical displacement of the polymer substrate.
The microfluidic cavities were almost filled by the polymer
substrate under the three temperature conditions. However,
there was always one small interspace in the polymer substrate
that was not completely filled by the polymer.
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To compare the filling efficiency at the microscale during
the hot-embossing process under the three temperature condi-
tions, the dimensions of the small interspace were investigat-
ed, as shown in Fig. 11a. As shown in Fig. 11a, d1 and h1 are
defined as the length and height of the small interspace in the
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Fig. 11 a Small interspace in the polymer substrate in the axisymmetric model after the filling stage of the hot-embossing process. b Dimensions of the

small interspace in the reservoir of the microfluidic device

axisymmetric model, respectively. The dimensions of the in-
terspaces formed at three processing temperatures are shown
in Fig. 11b. Efficiency of the filling polymer is achieved when
the values of d1 and hl are small. The best filling efficiency
was obtained at 7, +40 °C, because the values of d1 and hl
were smaller at T + 40 °C than under the other conditions. As
shown in Fig. 11b, the difference in the interspace dimensions
is very small compared to the reservoir size. No significant
difference in the dimensions of the interspace was observed
for the three temperature conditions. The microcavity could
not be completely filled in the filling step; however, almost
90% of the microcavity was filled with the polymer substrate.
The polymer flow may continue to fill the microfluidic cavi-
ties in the subsequent step, and the filling efficiency may
improve.

4.2 Filling of the channel zone of the microfluidic
device

For the channel zone, a 2D plane strain model was created in
the numerical software, with a channel width of 0.34 mm and
height of 0.20 mm. The length of the section was sufficiently
long to observe the whole deformation of the channel zone.
The friction between the substrate and the mould was not
taken into account in this model. The PMMA was first heated
to Ty +20 °C; then it was heated to T, +30 °C, and finally to
T,+40 °C. The mould plate dropped by approximately
0.2 mm to compress the polymer substrate. The polymer sub-
strate was compressed and filled the microcavities on both
sides. In Fig. 12, the arrows indicate the direction of move-
ment of the polymer substrate. The polymer at the bottom of
the channel was compressed downwards and spilled over to
fill the cavities on each side. The polymer at the top surface of
the channel flowed towards the centre of the channel to fill the
cavities.

As shown in Fig. 13, the von Mises stress of the polymer
decreases with the increase in temperature from 75, + 20 °C to
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T, +40 °C. The stress distribution is symmetrical around the
centreline of the channel. Less compression force is required
to compress the polymer substrate at the higher temperature.
The most important stress value in the polymer substrate ap-
pears at the bottom of the channel, which exhibits maximum
deformation of the polymer substrate. The polymer at the bot-
tom of the channel was pushed from the centre of the channel
towards the edge to fill the cavities in the mould die. The
polymer at the top surface of the channel moves towards the
centre of the channel. Therefore, a small stress is observed in
this area.

The effective strain distributions of the polymer substrate
under processing temperature conditions of 7, +20 °C, T, +
30 °C, and T, +40 °C are presented in Fig. 14. Similar obser-
vations could be obtained as with the axisymmetric model.
For all of the temperature conditions, the highest effective
strains occurred in the contour of the channels because the
polymer flow has been pushed up to fill the microcavities in
the mould die. The effective strain is symmetric around the
centreline of the channel. There is a zone in the middle of the
polymer substrate under the bottom of the channel where the
effective strain is smaller than that in the contour because in
this zone, the polymer flow is compressed by the mould die
and simultaneously pushed by the polymer flow on the right
and left sides. This zone is smaller at 7, + 20 °C and becomes
lager at T, +30 °C and T, +40 °C, which indicates more
plastic behaviour at a lower processing temperature. The
highest effective strains occur under the temperature condition
of T, +20 °C. This signifies that the polymer substrate ex-
hibits more plastic behaviour at 7, +20 °C, which is consis-
tent with the investigation of the material characterisation.

In Fig. 15, the vertical displacement of the polymer sub-
strate in the 2D plane strain model is shown for three temper-
ature conditions. The heights of the embossed cavities in the
polymer substrate are 0.1937 mm, 0.1941 mm, and
0.1941 mm for 7, + 20 °C, T, + 30 °C, and T, + 40 °C, respec-
tively. The polymer at the bottom of the channel was



Fig. 12 Polymer flow direction in the 2D plane strain model of the filling step

compressed towards the edge to fill the cavities of the
microfluidic device. The replicated component is symmetrical
around the centreline of the channel. Similar to the situation in
the axisymmetric model, the polymer at the top surface was
raised and then compressed by the mould. As a result, there is
a small positive vertical displacement of the replicated com-
ponent. The microcavities at the edge of the channel were
almost filled by the polymer substrate under the three temper-
ature conditions. However, there is always a small interspace
at each side of the channel in the polymer substrate that is not
completely filled with the polymer.

To compare the different filling efficiencies of the
microchannels under the three processing temperature condi-
tions, the dimensions of the small interspace were investigat-
ed, as shown in Fig. 16a. As shown in Fig. 16a, d2 and 42 are
defined as the length and height of the small interspace in the
2D plane strain model, respectively. The dimensions of the
interspace formed under three processing temperatures are
shown in Fig. 16b. Good filling efficiency is achieved when
the values of d2 and h2 are small. The same conclusion could
be reached as for the microreservoir: the best filling efficiency
of the microchannels was obtained at 7, + 40 °C, correspond-
ing to the maximal forming process temperature, because the
values of d2 and /2 are smaller at 7, + 40 °C than at the other
temperature conditions. Based on the dimensions of the small
interspace, the value of @2 is much more important than that
of h2. This indicates that the microcavities are filled more
effectively by the PMMA flow in the vertical direction than
that in the horizontal direction. The difference in the inter-
space dimensions is very small compared to the channel size,
as shown in Fig. 16. No significant difference in the dimen-
sions of the interspace was observed in the three temperature
conditions. The microcavities could not be completely filled
in this filling step; nevertheless, almost 90% of the
microcavities were filled with the polymer substrate. The
polymer flow may continue to fill the microfluidic cavities
in the next step, and the filling efficiency may be improved.

5 Comparison of simulation and experimental
results

The filling stage of the micro hot-embossing process was
modelled by considering the elastoplastic behaviour of the
PMMA polymers. Two specific parts of the microfluidic
device, the reservoir and the channel, were investigated in
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the numerical simulation example. The numerical simula-
tion results need to be compared to the experimental re-
sults to evaluate the accuracy of the model for the micro
hot-embossing process.

Microfluidic devices with the same geometric patterns
were replicated successfully through micro hot-embossing in
our previous study [5]. The PMMA substrate was embossed
using the mould die by 0.20 mm at 7, + 40 °C through the hot-
embossing process. The microfluidic devices fabricated from
the PMMA substrate were optically transparent, and thus, it
was difficult to measure their dimensions directly with optical
equipment. Therefore, room-temperature vulcanising (RTV)
silicone rubber was used to replicate the negative micropattern
of the microfluidic devices. As shown in Fig. 17, the height of
the replicated reservoir and channel is approximately 210 um
in these experiments. As determined in the numerical simula-
tion in the previous study, the height of the reservoir is
192.9 um, whilst that of the channel is 194.1 um. The differ-
ence between the numerical and experimental results is ap-
proximately 20 wm, which is likely due to deviation in the
manufacturing of the mould die insert for the microfluidic
device and discrepancies during the measurement of the di-
mensions of the microcavities. The numerical results show
good agreement for the prediction of the polymer substrate
deformation in the replication of a microfluidic device using
the hot-embossing process.

6 Conclusions

This study focuses on the physical modelling of an amorphous
thermoplastic polymer and a numerical simulation of the mi-
cro hot-embossing process. The main contribution is the char-
acterisation of the mechanical properties of the amorphous
thermoplastic polymer in a temperature range slightly higher
than its glass transition temperature. In this temperature range,
the polymers exhibit elastic, viscoelastic, and viscoplastic be-
haviour together. The polymer viscoplastic properties were
characterised in a temperature range slightly above its glass
transition temperature. Numerical simulation of the filling
stage of the micro hot-embossing process was performed suc-
cessfully. The effects of temperature on the filling ratio of the
microcavities (channel and reservoir) were analysed to opti-
mise the hot-embossing process with the PMMA amorphous
thermoplastic polymer. The results of the simulation were in
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Fig. 13 Von Mises stress of the polymer substrate in the 2D plane strain model after the filling stage under different temperature conditions
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Fig. 14 Effective strain distributions of the polymer substrate in the 2D plane strain model after the filling stage under different temperature conditions
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Fig. 15 Vertical displacement of the polymer substrate in the 2D plane strain model after the filling stage under different temperature conditions
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Fig. 16 a Small interspace in the polymer substrate in the 2D plane strain model after the filling step of the hot-embossing process. b Dimensions of the

small interspace in the channels of the microfluidic device

good agreement with the experimental results in terms of rep-
lication on a microscale.

Uniaxial compression tests with PMMA specimens were
carried out under different hot-embossing temperature condi-
tions. The elastic modulus of the amorphous polymer was
obtained at temperature conditions of T, +20 °C, T,+
30 °C, and T, +40 °C, which correspond to the processing
temperature range for the micro hot-embossing process. The
elastic-plastic behaviour of PMMA was identified with the
true stress-strain curves obtained from large-deformation
compression tests. The viscoelastic properties of PMMA were
characterised using the true stress versus time and true strain
versus time curves obtained from the compression relaxation
tests. The relaxation moduli of the polymer at six strain levels
were obtained with respect to time. A good agreement be-
tween the identification and experimental data was obtained,
suggesting the potential for the application of numerical sim-
ulations of the hot-embossing processes.

The numerical simulations realised with the proposed
viscoplastic model implemented in finite element software
specifically investigated the filling stage at the microscale in
two different zones (channel and reservoir). The filling step

reservoir

during the hot-embossing process was analysed to investigate
the filling efficiency of the amorphous polymer flow into the
mould die cavities. Two numerical models were created in the
software: an axisymmetric model for simulation of the reser-
voir zone and a plane strain model for simulation of the chan-
nel zone. The elastic-plastic behaviour of the amorphous poly-
mer was taken into account in the numerical simulation of the
filling step of the micro hot-embossing process. Most of the
microcavities were filled by the polymer flow, with the excep-
tion of a small interspace near the edge of the mould insert. The
dimensions of this small interspace were measured to compare
the filling efficiency at different embossing temperatures.

The investigation of microfluidic devices fabricated by mi-
cro hot-embossing using the amorphous polymer was realised
in this study through a case study comparing the experimental
and numerical results with different processing and material
parameters. Specific related studies in the processing temper-
ature range of 7, +20 °C to T, +40 °C with different filling
efficiencies for different material parameters were discussed
and compared in this paper. As shown in the experimental
investigation, the height of the PMMA replicated reservoir
and channel was about 210 um. In the numerical simulation,
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Fig. 17 The 3D images of the reservoir and channel zones of the RTV silicone microfluidic obtained using the micro hot-embossing process [5]
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the height of the reservoir was 192.9 pm and that of the chan-
nel was 194.1 um. The difference between the simulation
results and the experimental results was approximately
20 wm, which was probably due to deviations in the
manufacturing of the mould die insert for the microfluidic
device and/or the discrepancies during the microscale
measurement of the dimensions of the microcavities.
The simulation results show suitable agreement for the
microscale prediction of polymer substrate deformation
during replication of a complex microfluidic using the
hot-embossing process, validating the implemented mod-
el in the finite element software and confirming the effi-
cacy of the proposed approach with different compari-
sons in 2D and 3D cases. The results of this study will
be helpful for improving the microreplication quality in
the micro hot-embossing process.
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