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Impact of micro milling strategy on the demolding forces in micro 
injection molding
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Abstract

The quality and the integrity of complex 3D micro injection molded parts can be influenced by the efficiency of the 
demolding phase. During demolding, the forces that take place at the component-tool interface due to adhesion and 
friction need to be overcome. Deep cores are a particularly critical geometry for the ejection, because of the 
shrinkage of the polymer onto the mold. These conditions are exacerbated in the case of multi-layer microfluidic 
devices, where several arrays of through holes are required and they cannot have draft angles. Decreasing the 
ejection forces can significantly contribute to improve ejection systems design and help guaranteeing the structural 
integrity of the moldings. In this work, the influence of mold micro milling strategy on the demolding forces was 
studied, using a specifically designed geometry of the cavity. The relation between mold manufacturing strategy and
the demolding force profile was studied by varying process parameters. The results provide useful information 
regarding the effect of the micro milling strategy on the demolding conditions in micro injection molding.
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1.     Introduction

The increasing demand for complex micro part
constantly poses new technological issues for micro 
manufacturing replication processes, as micro injection 
molding (μIM). In particular, filling and ejection are 
critical steps determining the efficiency of the process.

State-of-the-art μIM technologies carry out the 
demolding phase through the application of ejection 
forces in some designed location of the part. The 
retaining forces that take place at the part-tool 
interface, due to friction and adhesion, need to be 
overcome, to efficiently remove the solidified polymer 
part from the cavity [1].

In order to manufacture plastic micro parts 
characterized by high precision and good tolerances, it 
is fundamental to understand how the demolding force 
can be reduced, as to avoid possible damaging of the 
replicated part. This is particularly important for cavity 
features that counteract the shrinkage of the polymer 
melt, as deep cores [2]. Indeed, during the cooling 
phase the part shrinks, being constrained by the tool, 
causing an increase of stress in the molding [3].

To some extent, the shrinkage can be controlled 
by different selections of μIM process parameters [4].
In particular, there is a correlation between the cavity 
pressure during part filling and packing, with the 
demolding parameters [5]. Pontes et al. also showed 
that the demolding force is influenced by the cooling 
phase [6]. In fact, the temperature of the part at 
demolding determines the elastic modulus of the 
polymer and modifies friction at the part-tool interface. 

During the ejection phase, the effect of part 
shrinkage combines with the frictional effects, which 
are dominated by the surface topography of the mold 
[7]. Sasaki et al. observed that ejection forces 
decrease with the decrease of mold roughness, but 
they found a limit beyond which the force increases [8].

Thus, the optimization of surface finishing is 
fundamental in determining friction during the ejection, 
especially for tool fabrication technologies that produce 
intermittent smearing, as micro milling [9].

In this work, the effect of the micro milling strategy 
on the ejection force in μIM was investigated. The 
experimental analysis aimed at studying the impact of 
different mold surface finishing on the reduction of the 
demolding force. Three different micro milling 
strategies were considered, varying cutting parameters. 
The obtained molds were used for the μIM experiments 
that took into consideration the effect of process 
parameters, directly affecting the shrinkage of the 
polymer melt. The geometry considered in this work
was a study part, specifically designed to maximize the 
shrinkage of the part around small deep cores, and 
thus making the demolding phase critical.

2.     Materials and methods

2.1. Part and mold design

The part considered in this study is a cylinder with
a diameter of 6 mm and a thickness of 1.5 mm. The 
part is characterized by four through holes, which have 
a diameter of 800 μm and no draft angles. The part 
was specifically designed to study the effect of mold 
deep cores on the demolding force. In order to 
maximize the shrinkage of the polymer on the tool and
makes the demolding force around the cores the most 
important component, the external diameter of the part 
was tapered. Fig. 1 depicts the geometry of the cavity 
as it was produced by micro milling in the mold insert.

A particular ejection system was carried out by 
machining five cylindrical pins (diameter: 1 mm –
aspect ratio: 3) on the top of a 6 mm diameter ejector 
rod. The pins served as small ejectors acting around 
mold cores during the demolding phase. 
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Fig. 1.  Main dimensions of the mold cavity 

 
The definition of the coupling tolerances between 

the ejector pins and their holes was critical, as it 
determined the final efficiency of the mold ejection 
system. Moreover, highly accurate micro milling 
strategies were implemented in the manufacturing of 
the ejector rod and the mold samples to respect the 
imposed micrometric tolerances. 
 
2.2. Micro milling 
 

Three mold samples and one ejector rod were 
produced by micro milling. An ultra-high precision 
machining centre in a 3-axis configuration (Kern Evo®) 
was used for manufacturing the mold inserts. Coated 
tungsten carbide end-mills were used for the machining 
operation.  

The tight coupling tolerances between the ejector 
pins and the mold insert were matched by machining 
and measuring the ejector pins, before manufacturing 
the mold inserts. In fact, drilling operations of the holes 
for the ejector pins were then performed using ball-end 
milling tools.Three mold inserts were machined varying 
the milling strategies and the cutting parameters (Table 
1), based on state-of-the-art mold manufacturing 
strategies. The roughing and semi-finishing operations 
were performed in the same way for the three mold 
samples, using the CAM software (CimatronE®). 

 
Table 1 
Micro milling strategies for the machining of cores side 
 

Parameter Sample 1 Sample 2 Sample 3 

Strategy (Z axis) constant  constant  helicoidal 
Cutting Speed 
[rpm] 24000 32000 24000 

Feed [mm/tooth] 0.012 0.006 0.006 
Axial Depth of 
Cut [mm] 0.5 0.5 0.012 

Radial Depth of 
Cut [mm] 0.02 0.01 0.015 

 
Conversely, different parameters were adopted for 

the finishing of the cores sides, as producing different 
mold textures. For these operations three 0.5 mm 
diameter round end milling tools with a corner radius of 
50 μm (Union Tool HLRS 2005-005-020) were used, 

one for each sample to prevent tool wear effects. 
The geometry of the mold cavity hinders the 

possibility to characterize the sides of the micro-milled 
pins using non-destructive techniques, such as the 
non-contact optical metrology , which however would 
represent the optimal choice for measuring the pin 
texture. Therefore, the surface topography of the mold 
inserts were observed by means of scanning electron 
microscopy (SEM - FEI, Quanta 400). The qualitative 
analysis of mold cores side surfaces showed that there 
is a change in surface finishing moving from Sample 1 
to Sample 2 and to Sample 3. Thus confirming the 
expected effect of the micro milling strategy and cutting 
parameters on the mold surface topographies. In 
particular, the higher the selection of micro milling 
cutting parameters the less evident are surface 
smearing, which are inherently related to the cutting 
conditions. 
 
Table 2 
Main properties of the Total PS Crystal 1540 
 

Property Units 
Test 

Method 
PS 

Density g/cm3 ISO 1183 1.04 

MFI (200°C-5kg) g/10min ISO 1133 12 

Tg °C ISO 6721 100 
 
2.3. Materials and manufacturing system 
 

A commercial polystyrene (Total PS Crystal 1540) 
was used in the experiments. Table 2 reports the main 
properties of the polymeric material. This material was 
selected for the micro injection molding experiments 
due to its high flowability and high impact strength, 
which make it suitable for the manufacturing of micro 
parts. Moreover, it is widely used for biomedical 
applications because of its good biocompatibility.   

A state-of-the-art μIM machine (Wittmann 
Battenfeld, MicroPower 15) with a maximum clamping 
force of 150 kN and a maximum injection speed of 750 
mm/s was used for the experiments. The machine is 
characterized by an injection system divided into a 14 
mm plasticizing screw and a 5 mm injection plunger. 
 
2.4. Process monitoring 
 

The variation of the force during the ejection stage 
was monitored using a Kistler 9223A piezoelectric force 
transducer (measuring range: 0÷2500 N) positioned 
just behind the ejector (Fig. 2). During the demolding of 
the part, the transducer was subjected to a mechanical 
load that produced a piezoelectric charge signal. This 
signal was converted into an output voltage using a 
Kistler Type 5039A charge amplifier and monitored 
using a National Instruments NI9205 16-bit analog 
input module. The sensor output signal was then 
downloaded onto a PC using a National Instrument NI 
cDAQ-9172 data acquisition unit and the measured 
values were analysed using the National Instruments 
Labview 2013 software. 

Ten samples were acquired at a rate of 60 KHz. 
The acquired demolding force curves were then 
aligned to the beginning of the ejection phase, and the 
peak values of the force were collected. 
 

ϕ 

ϕ 
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Fig. 2.  Mold assembly 

 
3.     Results and discussion 
 
3.1. Dry cycling 
 

The functionality of the mold and of the force 
acquisition setup was initially evaluated with several 
dry cycles of the clamping unit. In fact, the loose fit 
between the mold insert holes and the ejector pins 
needed a stable behaviour to be reached. After the 
ejector was cycled 200 times (ejector stroke: 0.8 mm – 
ejection speed: 10 mm/s), the dry demolding force 
resulted smaller than 1 N for all the mold samples. 

 
3.2. Effect of micro milling strategy and Experimental 
design 
 

A design of experiment (DoE) approach was 
followed for the design and the analysis of the effect of 
the main process parameters and their interaction with 
the different micro milling strategies. A two-level, four 
factor, full factorial plan was designed. According to the 
literature, the injection molding factors were the 
packing pressure, the cooling time and the melt 
temperature [4]. The range values for each factor 
(Table 3) were defined considering the literature, 
recommendations of the material supplier (max. nozzle 
melt temperature 210÷240 °C) and technological 
limitations of the available experimental setup. 

During all the μIM tests, the following parameters 
were fixed: 

� mold temperature: 50°C; 
� injection speed: 300 mm/s; 
� metering size: 1.2 mm; 
� packing time: 2 s. 
 
To ensure the stability of the process, 10 molding 

cycles were performed before the first acquisition of the 
demolding force. Then, for each molding condition, 5 
acquisitions were collected, one every 5 cycles. 

The effect of mold surface finishing on the 
demolding force was at first experimentally evaluated 
by means of some μIM experiments, conducted for 
fixed settings of process parameters.

The ejection forces were monitored for the three 
mold samples with different selections of process 
parameters. The results, indicated that the demolding 
force is higher for Sample 1, that was produced with 
higher values of micro milling parameters, as the feed 
and the radial depth of cut. 

Table 3 
Process parameters settings for the experimental DoE 
 

 
Milling 

Strategy 

Packing 
Pressure 
Ph [bar] 

Cooling 
Time tc 

[s] 

Melt 
Temp. Tb 

[°C] 

(-) Sample 2 40 2 220 

(+) Sample 3 80 10 240 
 

Fig. 3 displays the demolding force curves 
obtained with an injection speed of 450 mm/s and a 
packing pressure of 80 bar applied for 2 s. It can be 
noticed that the trend of the curves is more or less the 
same with all of the three molds, but the values of the 
ejection forces are different. In particular, the change of 
micro milling strategy from Sample 1 to Sample 3 
resulted in a reduction of the maximum demolding 
force of more than 50%. 
 

 
Fig. 3.  Effect of mold surface roughness on the demolding 

force 

 
The negative effect of the strategy adopted for 

Sample 1 on the demolding force, is explained by the 
different surface topographies. Indeed, the qualitative 
SEM analysis confirmed that Sample 1 is characterized 
by a worst surface finishing, thus the mechanical 
effects of surface asperities are expected to be higher, 
and so the friction between the polymer part and the 
mold cores. In fact, when filling the cavity, the polymer 
melt can replicate the surface topography of the mold.  
Hence, a worst finishing of the mold surface means 
that during the ejection ploughing and deformation 
intervene to modify the friction between the mold 
surface and the solidified polymer part. 

Considering the results of this preliminary μIM 
tests, a deeper investigation was designed taking into 
consideration only mold Sample 2 and 3. Indeed, these 
two micro milling strategies resulted more promising in 
terms of demolding force reduction compared to the 
strategy adopted for Sample 1. 
 
3.3. Effect of μIM processing conditions 
 

The results of the analysis of variance (ANOVA), 
reported in Table 4, indicate that the packing pressure 
and the cooling time are the μIM process parameter 
most affecting the peak in the demolding force profile.  
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Fig. 4. Main effect plots for (a) mold sample and (b) packing pressure

Table 4 
Anova table for the designed experiments 
 

Source Adj SS Adj MS P-
Value 

Linear 5024.79 1256.20 0.00 
Sample # 4754.87 4754.87 0.00 
Tb 0.05 0.05 0.61 
Ph 260.90 260.90 0.00 
tc 8.98 8.98 0.00 

Interactions 152.40 25.40 0.00 
Sample*Tb 116.89 116.89 0.00 
Sample*Ph 7.02 7.02 0.00 
Sample*tc 0.00 0.00 0.97 
Tb*Ph 24.14 24.14 0.00 
Tb*tc 0.13 0.13 0.38 
Ph*tc 4.21 4.21 0.00 

 
In particular, by varying the packing pressure from 

40 to 80 bar, the maximum value of the ejection force 
increases by +12%. The increase produced by a 
variation in the cooling time from 2 to 10 s resulted less 
significant (+2%). Moreover, different micro milling 
strategies were confirmed to be statistically significant: 
changing micro milling parameters from Sample 2 to 
Sample 3 yielded a reduction in the maximum value of 
the ejection force of 38%.  

The negative effect on the demolding force of 
higher packing pressure and cooling time is justified by 
their influence on the shrinkage of the polymer melt 
around mold deep cores. Indeed, the higher the 
selection of these process parameters, the more 
relevant is the adhesion between the mold and the 
solidified polymer part. The effect of these process 
parameters is markedly significant for the geometry of 
the part considered in this study. Indeed, deep cores 
are a critical condition for the demolding phase in the 
injection molding process, thus the optimization of 
process parameters is crucial in determining the final 
quality of the part. 
 
4.     Conclusions 
 

The main objective of this study was the 
investigation of the effects of different micro milling 
strategies on the μIM demolding force. In particular, the 
cavity was designed as to highlight the effect of surface 
finish on the ejection phase. The combined effect of 

polymer shrinkage onto deep cores and surface finish 
was studied in relation with the main μIM process 
parameters.  

The packing pressure and the cooling time 
resulted significant in decreasing the ejection force, as 
they directly influence the shrinkage of the polymer 
melt onto mold cores. 

Moreover, the analysis of the experimental data 
showed how different micro milling strategies can 
modify the force acquired during the demolding phase. 
In particular, higher selection of cutting parameters can 
improve surface finish and thus reduce the ejection 
force. The limited optical accessibility did not allow the 
direct roughness characterization of the mold surfaces, 
but it will be the focus of future activities. 
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