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Abstract

Experiments and simulations on micro injection moulding (uIM) of a thin wall micro part have been conducted.
Simulations of uIM have been carried out using Moldex3D considering actual injection molding process. Factors
influencing simulation accuracy were considered specifically: flow rate profile, packing pressure and time,
injection machine parameters, mould geometry, melt and cooling temperature, solid mesh parameters. Four
quality factors were chosen to evaluate simulation accuracy: flow front pattern, part mass, cavity pressure near
gate and filling time. A boundary layer mesh was adapted to mesh a thin-wall micro part. Actual experiments
were calibrated to achieve accurate implementation of the simulation. Uncertainty in experimental data was
minimized in order to increase the accuracy of simulations. This work provided a reliable method for validating
simulation accuracy of micro injection moulding of a thin wall part.
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1. Introduction

Micro injection moulding (uIM) is one of the most
important technologies for mass production of
complex miniature components in thermoplastics [1].
Numerical simulation is used in pIM in order to avoid
the risks of costly re-engineering [2], as it does for
conventional injection moulding [3]. However,
simulation filling of a pIM process is more
challenging than that of conventional injection
moulding. It has been reported by many researchers
that significant discrepancies exist between
simulation and experimental results for the pIM
process [4,5], when using commercial CAE software.
Such inconsistency can result from a lack of accurate
material data or on-line process and machine
parameters, heat transfer coefficient and critical
shear stress of wall-slip, and improperly specified
boundary conditions that do not reflect the actual
physics within a micro-cavity.

In this work, processing data based on actual
micro  injection moulding experiments  was
established and calibrated prior to being used in the
commercial software Moldex3D to simulate the filling
process of a thin-wall micro part. Results between
simulation and experiment were compared based on
four quality factors: flow front pattern, part mass and
cavity pressure near gate and filling time. Actual
validation of simulation software is an important step
to assess the accuracy of the mathematical model
that is used for predicting the actual polymer flow
state. Several researchers have simulated pIM using
different methods, such as short shot [6,7], flow melt
visualization [2,8] or flow marker [9,10]. This showed
that many factors can influence simulation accuracy,
such as processing parameters, mesh method,
mathematical models, boundary conditions and
software set-up.
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2. Process characterization

A short shot method was applied to the present
experiments. Cyclic olefin copolymer (COC8007
grade), widely used in manufacturing polymeric
microfluidic devices, was selected as a convenient
material because of its wide processing window and
existence in the Moldex3D material database. All
experiments were implemented using a Fanuc
Roboshot S-2000i 15B reciprocating micro injection
moulding machine. A 40 mmx60 mmx0.5 mm thin
wall plate, which has an array of micro features, was
designed and injection moulded as shown in Fig.
1(a). These micro features are composed of an
array of 4x5 free standing micro-ridges. The
dimensions of the micro ridges on the thin wall plate
are 0.2 mmx0.2 mmx5 mm, as shown in Fig. 1(b).

The micro injection moulding process was
performed continuously and the parts were ejected
by 8 ejector pins. The injection moulding machine
was run for 15 minutes and after a further 30 cycles
the process had stabilised; the subsequent 10
cycles were suitable for process and data analysis
based on each shot size. During this study, the shot
size increased by 2 mm from 16 mm to 28 mm until
the mould cavity was completely filled. Related
process data could be collected automatically by
built-in sensors on the micro injection moulding
machine and was collected by a data acquisition
system (Kistler COMO injection process monitoring
system (2869B)).

The collected data includes short shot size,
injection speed, screw position, screw velocity,
cavity pressure and temperature near the gate,
injection pressure, and melt temperature. The
injection profile was set with a constant injection
speed of 58 mm/s at each shot size from 16 mm to
28 mm and process parameters were shown in
Table 1. Screw velocity and screw position were
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measured simutanously at each shot size for the
corresponding simulations.

a) Micro injection moulded thin-wall part with micro ridge

Width: 0.2mm
Height: 0.2mm
Length: 5mm

b) Micro ridge detail
Fig. 1. Part, ejector positions and micro feature (micro ridge)

Table 1 Process parameters in uIM experiments

Process parameters Value Unit
Injection speed 58 mm/s
Mould temperature 60 °C
Melt temperature 230 °C
Packing pressure 0 MPa
Packing time 0 S
Cooling time 20 s

The time constant of injection speed of the
injection machine is around 60 ms, which indicates
the time that the injection machine needs in order to
reach the set injection speed. It can be determined
from the injection speed profile, as monitored by the
Kistler COMO system. If this value is small, it means
that the injection speed response of this machine is
fast. The response time of 60 ms in this work was the
time between injection speed reaching 80% of the
set value in the flow rate profile, namely 58 mm/s.
This time was determined based on the required
speed for the injection moulding process. This time is
an important factor that needs to be set up in the
software and should be considered in subsequent
simulations.

Figure 2 demostrates the velocity built-up
process. Here we used a 14 mm diameter injection
screw. The screw velocity at each position (5, 7, 10,
13, 16, 19, 22, 25, 28 mm) during its entire travel
during the full shot process was recorded with the
COMO system. Once the injection speed increases,
the polymer melt and air included in the melt are both
compressed, causing some variation of inejction
speed. The measured average screw velocity was
59.68 mm/s with an average deviation of 0.28 mm/s
once the screw ran steadily from a position of 25 mm
to 10 mm. Overall, the screw positions could reliably
repeat with an average deviation of 0.37 mm over the
injection time with a shot size of 28 mm. Actual cavity
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pressure could be measured synchronously by a
pressure and temperature combined sensor which
was located near the gate. During short shot
experiments, a zero packing pressure and packing
time was applied and the cooling time was 20 s.
Total average cycle time was 28 s at the maximum
shot size of 28 mm.
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Fig. 2 Screw injection speed profile throughout 28 mm

At the same time, the mould cavity pressure and
temperature sensor (PT sensor) collected data of
mould cavity temperature and pressure, as shown in
Fig. 3. During the mould filling, due to the thermal
contact resistance between mould and melt, the
mould-melt interface temperature (Tmt) is usually
higher than the set mould temperature (Tmb). The
difference between Tmb and Tmt depends on the
thermal properties of mould metal and polymer melt,
and also on the process conditions used. For
conventional injection moulding, the Tmt may be not
so different to the Tmp which means Tmb can be used
to represent Tmt directly in the moulding CAE
simulation. However, this cannot be used for those
cases with thin-walled parts, high speed filling or for
melts with highly temperature-dependent viscosity.
In this work, actual mould cavity surface temperature
was determined from the cavity temperature profile
before the melt front touched it, where the actual
mould temperature was about 72 °C, which was
higher than the set value (60 °C) of the mold. At the
same time, cavity pressure began to increase from 0
MPa once the melt contacted the PT sensor and
reached its peak value when the cavity was
completely filled.

3. Simulation of injection moulding process

The simulations were performed using
Moldex3D R13.0 software. As mentioned, the
relevant machine and process parameters were
used in simulation settings after reasonable
calibration, such as screw velocity, mould
temperature and injeciton machine response time.

Boundary layer mesh method was used to mesh
a STEP 3D CAD model of the thin-wall part
geometry and at least 5 element layers were
meshed across the thickness, and finally a solid
mesh of 662474 elements composed of tetra,
pyramid and prism elements was created, as shown
in Fig. 4. Different mesh densities were applied to
the thin-wall part and runner system in order to
reduce the overall number of elements and to save
computer calculation time and improve simulation
efficiency. Average element mesh sizes of 0.5 mm
and 0.04 mm were applied to the runner system and



gate area respectively, while 0.25 mm and 0.1 mm
were used to mesh the substrate and its features.

Nozzle volume is usually ignored in coventional
simulation due to the small percentage of the whole
injection system, as it has little or no influence on the
filling in simulation. However, nozzle volume is a
critical factor that influences simulation accuracy due
to its relative larger volume in the injection system,
especially compared with the metering part of the
screw. Inaccurate values will result in an incomplete
filling or push ahead of the switch-over point from
filling to the packing stage in simulation, which is
inconsistent with actual experiments. The nozzle
volume used in this simulation was 3.36 cm?, as
calculated directly based on the Fanuc injection
molding machine.
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Fig. 3 Relationship between cavity pressure and cavity
temperature when injection moulding

(a) Mesh of part and runner system

P

b) Cross section with different mesh elements

Fig. 4 Solid hybrid mesh of micro part and runner system

For micro injection moulding, the polymer melt
front cooled down very fast and a frozen insulation
layer was formed instantly when it contacted the cold
cavity surface during the initial several milliseconds.
This phenomenon could decrease the heat flux
existing at the interface between the melt and mould
cavity surface. However, the heat transfer coefficient
(HTC) in the first milliseconds had a greater effect on
the filling stage for pylM than for conventional IM. We
choose HTC of 2000 W/(m2K) as a proper set value
instead of the default value of 1500 W/(m?K) in
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Moldex3D, according to our simulation trials and
validation. Filling calculations were selected to
compare with short shot experiments.

4. Results and discussion

Four quality factors were chosen to validate
simulation accuracy for quantitative analysis: flow
front pattern, part mass, cavity pressure near gate
and filling time.

4.1 Validation of flow front pattern

Melt flow front pattern was a useful process
parameter to validate simulation accuracy.
Intermediate steps of the filling animation were
chosen at the particular time corresponding to
injection time of experimental short shots. As shown
in Fig. 5, simulated and experimental melt flow front
pattern agreed well with each other. However, the
actual flow rate of the melt was slightly faster than
that predicted by simulations. This is believed to be
because when melt flowed into the thin-wall cavity,
only 0.2 mm thick, a wall slip phenomenon
happened due to the high shear rate. Future work
will focus on measuring this wall slip coefficient in an
actual filling process.
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(a) Injection time = 0.301 s, shot size = 20 mm

(b) Injection time = 0.328 s, shot size = 22 mm

Fig. 5 Experimental and simulated short shot flow front
comparison for validation study

4.2 Validation of cavity mass

Moldex3D can calculate the filled volume so that
cavity mass can be determined based on the density
of COC8007. The comparison between the
simulated and measured cavity mass was quantified
as shown in Fig. 6. Small differences between the
experimental and simulation results were seen, due
to the slightly faster flow rate of the actual melt. The
trend in these differences became progressively
smaller at larger filling volumes, which meant that
the transient wall slip coefficient used in the software
matched the actual coefficient more closely.
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However, when the mould cavity was completely

filled at 100%, the actual melt flow couldn’t stop

immediately; this resulted in the mass differences

between experiments and simulation became

significant again.
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Fig.6 Cavity mass comparison between experiments and
simulation

4.3 Validation of cavity pressure near gate and filling
time

The cavity injection pressure near to gate was
compared between experimental and simulation
method, as shown in Fig. 7. In generally, a good
agreement between experimental and simulated
results was achieved both in profile trend and
maximum viaue of pressure, and the maximum
values were 57.8 MPa and 55.3 MPa respectively.
Experimental values of cavity pressure were almost
zero before the melt reached the PT sensor. Both the
experimental and simulated pressure linearly
increased with the increae of the injection time after
polymer melt touched PT sensor due to steady flow
of polymer melt until the mould cavity was almost full.
Then both of them achieved the peak value at screw
position where switch-over happened from a velocity
to a pressure-controlled process. In totally, the
simulated values were slightly smaller than that of
experiments, this may be related to heat transfer
coefficiet during filling process.
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Fig.7 Injection pressure comparison between experiments
and simulation for validation study

Filling stage is very short in pIM compared to
CIM, usually filling time of pIM lasts less than 1s.
Therefore, filling time also can be a very important
factor to evaluate the simulation accuracy of pIM.
Moldex3D allows to apply machine mode to simulate
micro injection moulding process, the injection time is
determined by flow rate verse ram position. As a
result, simulated filling time can be used to validate
the simulation accuracy. As shown in Fig. 7, the total
filling time of experiment and simulation were 0.464 s
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and 0.498 s respectively, which coincides with each
other. Such little discrepancy was reasonable and
acceptable.

5. Conclusions

This paper simulated and validated a simulation
process of a thin-wall micro part. The simulation set-
up was performed using actual process data
calibrated from the actual plM experiments. Four
important parameters of a validation study for pIM
were investigated: flow front pattern, part mass,
cavity pressure near to gate and filling time. Good
agreement was achieved between simulation and
measured process data. Some important factors,
such as mould surface temperature, wall slip and
local heat transfer, showed important influence on
simulation results and these need to be determined
carefully for further validation and optimization of the
uIM process. This work also provides a base for
accuarcy simulation of filling process of micro ridge
features.
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