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Abstract: Microinjection moulding has been developed to fulfil the needs of mass production of
micro components in different fields. A challenge of this technology lies in the downscaling of micro
components, which leads to faster solidification of the polymeric material and a narrower process
window. Moreover, the small cavity dimensions represent a limit for process monitoring due to
the inability to install in-cavity sensors. Therefore, new solutions must be found. In this study, the
downscaling effect was investigated by means of three spiral geometries with different cross sections,
considering the achievable flow length as a response variable. Process indicators, called “process
fingerprints”, were defined to monitor the process in-line. In the first stage, a relationship between
the achievable flow length and the process parameters, as well as between the process fingerprints
and the process parameters, was established. Subsequently, a correlation analysis was carried out to
find the process indicators that are mostly related to the achievable flow length.
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1. Introduction

The application of small components with dimensions in the micrometre and nanometre ranges
has largely increased in various engineering fields over the recent decades [1]. Micro components are
gaining importance in areas such as health care, optical products, automotive industry, communication,
biotechnology and so forth. The demand for micro parts made of thermoplastic polymers is becoming
increasingly widespread due to the need for reduced weight, high chemical resistance, low production
costs and ease of fabrication—even in complex shapes. Therefore, advanced micro manufacturing
technologies are fundamental to support their production. In this context, most of these products
are nowadays manufactured by microinjection moulding. This process can be conceived of as a
miniaturised variant of the conventional injection moulding process, with the intention of combining
high productivity with the capability to manufacture micro components [2]. A substantial difference [3]
between the conventional and the micro process is the filling of the cavity, which becomes much
more challenging at the microscale. The downscaling of micro components leads to a relatively large
surface-to-volume ratio and, consequently, to an increased heat flux at the mould–melt interface.
Hence, solidification occurs quickly, hindering the complete filling of the cavity [4]. High levels of
injection speed as well as melt and mould temperatures are typically required in order to favour
the replication capability of the process [5–7]. However, the process window becomes narrower
at the microscale, as the levels of the injection moulding process parameters are largely limited by
the existence of polymer degradation. Therefore, process optimisation is a fundamental step for
manufacturing products that comply with design specifications. When the geometric characteristics
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of the components are the response variables, experimental investigations based on off-line digital
measurements are fundamental to tune the process, making process optimisation a time-consuming
task. Additionally, high throughput rates do not allow for measurement of all the produced micro
components in three dimensions [8]. A solution to this problem is the application of in-line monitoring
techniques to the microinjection moulding process as a tool for quality assurance.

For example, in-line measurements can be carried out to monitor cavity pressure. This factor is in
most studies identified [9–11] as the process variable that best outlines the evolution of the moulding
cycle. However, in the micro process, the cavity dimensions can be comparable or even larger than that
of typical sensors, therefore interfering with their use [12]. A solution to this issue is to monitor the
hydraulic pressure provided by the injection plunger or screw, since this quantity can be extracted from
the machine data for each moulding cycle without the need to use any further sensor. The limitation of
this method is the difference between hydraulic and cavity pressures, which means that the pressure
measured at the screw is not representative of the behaviour of the polymer melt inside the cavity.

The selection of the main injection moulding process parameters has a relevant impact on the
recorded process indicators (e.g., cavity pressure [13], injection speed [14], demoulding forces [15], etc.).
Thus, the process can be successfully monitored by controlling these variables. Nevertheless, a
relationship between those indicators, called “process fingerprints”, and the dimensional quality of
the produced micro components has not been established so far. In this investigation, a correlation
between the flow length (the response) and the monitored process fingerprints was achieved. Thus,
quality assurance can be performed in-line by only controlling their values, enhancing its robustness
and reducing the quality control time.

2. Materials and Methods

2.1. Spiral Geometry

In this work, micro components having the same spiral geometry but different cross-section
dimensions were investigated. The aim was to evaluate the downscaling effect on the filling behaviour
and the process conditions by measuring the manufactured parts and monitoring representative
process variables. In this case, the geometric characteristic of the component considered as a response
variable was represented by the achievable flow length of the polymeric material, which depended on
the selected process parameters and the process conditions.

The three selected flow spiral geometries had rectangular cross sections of 1 × 1 mm2, 0.5 ×
0.5 mm2 and 0.25 × 0.25 mm2 (see Figure 1).
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The cavities were designed in a changeable mould unit and integrated a central ejector (see Figure 2).
The tooling process was carried out on a five-axis milling centre (DMG Sauer Ultrasonic 20 Linear).
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Figure 2. Changeable mould unit including a central ejector for spiral geometries with a cross section
of 1 × 1 mm2. (A) Bottom view; (B) top view; (C) side view.

2.2. Measurement Method

The flow length was determined by recording the solidified and demoulded part with a VHX-6000
digital microscope from the manufacturer Keyence. For this purpose, the flow spirals were divided
into quadrants (see Figure 3).
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Each quadrant had a larger radius than the previous one. With the straight flow length from the
sprue to the quadrant 0 and the different radii, the maximum flow length could be calculated up to the
end of each quarter circle. For example, the achievable flow length of the spiral with a cross section of
1 × 1 mm2 for different radii is illustrated in Table 1.

Table 1. Values of the flow length for different radii for the spiral with a 1 × 1 mm2 cross section.

Quadrant Radius (mm) Max. Flow Length (mm)

0 1.5 1.5
1 2 4.63
2 2.5 8.55
3 3 13.25
4 3.5 18.75
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If the last quadrant was not filled completely, a filling ratio of the incompletely filled quadrant
was calculated according to the following equation:

l = r · π · α/180◦. (1)

As an example, in Figure 4, the measurements of the angle α for three different spiral parts (with
cross sections of 1 × 1, 0.5 × 0.5 and 0.25 × 0.25 mm2, respectively) are illustrated.
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2.3. Microinjection Moulding Machine

Injection moulding experiments were carried out using a microinjection moulding machine
(Desma FormicaPlast 2K) consisting of a two-phase piston injection unit and a pneumatic injection
drive (see Figure 5). The first phase refers to a heated plasticisation zone with a vertically positioned
plasticising piston, while the second phase to a horizontally positioned piston for precision injection
that has far more accurate control over the injected polymer melt than large diameter screws.
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2.4. Polymeric Material

The material chosen to perform the experiments was uncoloured POM N23200035, a thermoplastic
polymer with an extremely low coefficient of friction and sliding wear when mated with smooth metal
surfaces. Its main properties are listed in Table 2.
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Table 2. Main properties of the material.

Property Test Method Units Value

Density ISO 1183 kg/m3 1400
Melt volume rate (190 ◦C, 2.16 kg) ISO 1133 cm3/10 min 7.5

Melt temperature ISO 11357-1/-3 ◦C 167

2.5. Design of Experiments (DoE)

DoE is a standardised approach to determine the relationship between factors affecting a process
and its output. Particularly, it helps to identify the critical factors affecting the desired output, thus
enabling optimisation of the entire process. The parameters selected for this investigation were:
injection speed (Vinj), melt temperature (Tmelt), mould temperature (Tmould) and holding pressure
(Phold). The values were based on the material recommendations and preliminary experiments.
Two levels of each parameter were chosen. These values were chosen in such a way that they covered
a wide range of variations for each of the selected process parameters (see Table 3).

Table 3. Process parameter settings for the design of experiments (DoE) plan.

Process Parameter Low High

Vinj (mm/s) 125 250
Tmelt (◦C) 200 220

Tmould (◦C) 80 100
Phold (bar) 200 400

In order to avoid excessive flash formation, the holding pressure was set at relatively low
values. The velocity/pressure switch-over point was set at the packing pressure value. A four-factor
full-factorial design consisting of 16 experiments was carried out (see Table 4). For statistical assurance,
10 moulded parts were moulded for every set of process conditions. In order to reach a steady state
when changing from one experiment to another, the first seven test specimens were discarded and the
following three were kept for evaluation.

Table 4. Process parameter settings for the DoE plan.

Experiment Tmelt (◦C) Tmould (◦C) Vinj (mm/s) Phold (bar)

1 200 80 125 400
2 200 80 125 200
3 200 80 250 400
4 200 80 250 200
5 200 100 125 400
6 200 100 125 200
7 200 100 250 400
8 200 100 250 200
9 220 80 125 400

10 220 80 125 200
11 220 80 250 400
12 220 80 250 200
13 220 100 125 400
14 220 100 125 200
15 220 100 250 400
16 220 100 250 200

2.6. Process Monitoring

Pressure and velocity of the injection plunger were recorded in-line during the injection moulding
cycle. No external sensor was used, as these process variables were derived from the machine data.



Micromachines 2019, 10, 335 6 of 11

These data are available to any machine user and easy to access. The injection pressure was recorded
via a strain gauge transducer mounted on the back of the injection plunger, while the injection speed
was acquired via the speed of the motor driving the plunger through the control unit of the machine.
The recorded speed and pressure needed no alignment with respect to the timescale, as they were
acquired synchronously.

The dependence of pressure and velocity on the injection moulding process parameters was
investigated by identifying some variables referred to as process fingerprints. These process indicators
well characterise the pressure and velocity curves and are defined as follows:

• Maximum injection pressure, Pmax: this value is defined as the maximum injection pressure
recorded during each moulding cycle. This indicator is related to the filling behaviour of the
cavity, since the pressure peak is increased by the small size of the channels.

• Mean injection pressure, Pmean: this quantity is calculated as the average of the pressure values
recorded from the start to the end of the moulding cycle.

• Mean injection speed, Vmean: the mean injection speed is defined as the average velocity that
characterises the filling phase. The speed values are recorded in the time interval between the
start of the acceleration of the injection plunger and when it stops at the switch-over point.

3. Results and Discussion

3.1. Achievable Flow Length

Figure 6 shows the results of the achievable flow lengths for flow spirals with different cross
sections (1 × 1, 0.5 × 0.5 and 0.25 × 0.25 mm2) and different injection moulding process parameters.
The error bars represent the standard deviations for the three parts taken into account for each
experiment. Higher flow length values were achieved for higher levels of the process parameters. In
the case of experiment 1, the achieved flow length for the spiral with a cross section of 0.5 × 0.5 mm2

was slightly higher than the one with the cross section of 1 × 1 mm2. This was an exception, since
for all other experiments, the flow length increased with the size of the cross sections. For all other
experiments, the different spirals showed similar behaviour. Comparing the results for cross sections
of 1 × 1 and 0.5 × 0.5 mm2, the difference in flow length could be estimated, in most cases, with a factor
of two in favour of the larger cross section. Considering the results for cross sections of 0.5 × 0.5 and
0.25 × 0.25 mm2, this difference was more evident. In this case, a factor of three in favour of the cross
section of 0.5 × 0.5 mm2 can be observed. Therefore, the downscaling of the cross section does not
give flow lengths exactly proportional to the size of the cross section, but it is possible to find a factor
representative of this behaviour.

The results from the experimental campaign were analysed considering the flow length as the
response variable. An ANOVA with a main effect plot for identifying the factors that significantly
affect the response was also employed. The statistical analysis was carried out using the statistical
software Minitab 18. In Figure 7, the results for the three spirals are illustrated.
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Figure 7a,c show a similar effect of the process parameters on the achievable flow length. In this
case, the melt temperature was the most significant parameter. In the case of a 0.5 × 0.5 mm2 cross
section, the factors gave a substantially different response. The injection speed was the parameter that
had the highest influence, followed by mould temperature, melt temperature and holding pressure.
Furthermore, higher flow lengths were recorded for a holding pressure of 400 bar, unlike the other
two cases, where higher flow lengths were obtained for a holding pressure of 200 bar. However, this
difference can be neglected, since the holding pressure is the parameter that has less of an influence on
the response.

3.2. Process Fingerprint Analysis

The process fingerprint analysis was carried out to identify the sensitivity of these process
indicators with respect to the process parameters. This dependency is shown in the following
diagrams (Figures 8–10). For each spiral geometry, the values of maximum injection pressure, mean
injection pressure and mean injection speed were obtained during the experiments. Subsequently, an
average of these values for the three spirals was carried out, considering experiments with the same
process parameters.

Figure 8 shows the results for the maximum injection pressure. This indicator mostly depended
on the selected injection speed and holding pressure values, as an increase in both parameters resulted
in an increase of this process indicator. The influence of the holding pressure was due to the fact
that the machine was set to switch from the filling to the holding phase at a given pressure value.
In this case, the selection of a higher holding pressure implies that the injection pressure rises more
before switching to the holding profile. The injection speed influenced the maximum injection pressure
because a higher pressure requires a fluid flowing at a higher speed.
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Figure 9 shows the results for the average injection speed. As can be observed, its value was
predominantly influenced by the holding pressure and injection speed. The effect of the injection speed
was obvious, due to the setting of a higher injection velocity. In the case of holding pressure, a higher
level of this process parameter required a lower deceleration of the injection plunger. Therefore, a
higher mean injection speed was observed during the moulding cycle. On the other side, melt and
mould temperature had a slight effect.

Figure 10 shows the results for the mean injection pressure. This indicator was mostly influenced
by the holding pressure. This was because the mean pressure was calculated considering the entire
moulding cycle, which was dominated above all by the holding phase. The other parameters had a
definitely lower influence on the mean injection pressure.

3.3. Correlation Analysis

A correlation analysis was carried out to establish an efficient quality control based only on the
measurement of the process fingerprints. Thus, the achievable flow length was correlated with the
process fingerprints (maximum injection pressure, mean injection pressure and mean injection speed).
The coefficient of correlation was calculated with the following equation:

r(x, y) =

∑
i[
(
Xi −X

)(
Yi −Y

)
]√∑

i[
(
Xi −X

)2
·
∑

i[
(
Yi −Y

)2
(2)

where X and Y are the mean values of flow length and process fingerprints, respectively, and Xi
and Yi are their values obtained during the experiments. The coefficient of correlation can vary
between +1 and −1. A value of 0 indicates that there is no correlation between the flow length and
the process fingerprints, while a value of +1 or −1 indicates a perfect positive or negative correlation
respectively. As the values of the process fingerprints for each experiment were an average of three
values recorded for each of the three flow spirals, we also considered a single value of flow length for
each experiment, making an average of the three values. The following Figure 11 shows the results of
the correlation analysis:
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The results of the correlation analysis showed that the mean injection speed was the process
fingerprint that had the strongest correlation with the achievable flow length, followed by maximum
injection pressure and mean injection pressure. While the maximum injection pressure had a degree of
correlation similar to the mean injection speed, the mean injection pressure showed a significantly
lower correlation value, meaning that this process fingerprint is not useful to establish quality assurance
based on this process indicator. On the other side, mean injection speed and maximum injection
pressure act as a link between process monitoring and achievable flow length, representing useful
process indicators for faster quality assurance of the injection-moulded micro spiral parts. By using
this method, it is possible to have an estimation of the achievable flow length by analysing the process
fingerprint values.

4. Conclusions

The aim of this research was dual: on one hand, the downscaling effect of spiral components
with the same geometries but different cross sections was investigated, using the achievable flow
length as the response variable; on the other hand, an optimisation method to reduce the off-line
inspection effort of the moulded micro components was established. We demonstrated that the
downscaling of the cross sections did not have a linear relationship with the achievable flow lengths.
It was possible to identify a factor of two between the flow length achieved with cross sections 1 ×
1 mm2 and 0.5 × 0.5 mm2 and a factor of three between the achieved flow length with cross sections
of 0.5 × 0.5 mm2 and 0.25 × 0.25 mm2. A process in-line monitoring technique was implemented,
finding a relationship between the process fingerprints and the microinjection moulding process
parameters. Finally, a correlation analysis was carried out to relate the response (i.e., achievable flow
length) with the process fingerprints. By monitoring these process indicators, it will be possible to
predict the response, thus avoiding time-consuming off-line measurements and performing in-line
quality assurance. This developed method has the potential to be applied to other micro components
by defining their process fingerprints and responses (e.g., diameters, height of specific features, etc.)
depending on the geometry of the micro components being investigated.



Micromachines 2019, 10, 335 11 of 11

Author Contributions: A.L. conceived and designed the experiments; A.L. performed experiments and
measurements; A.L. analysed the data; A.L. wrote the paper; O.R. revised the paper.

Funding: This research work was undertaken in the context of the MICROMAN project (“Process Fingerprint for
Zero-defect Net-shape MICROMANufacturing”, http://www.microman.mek.dtu.dk/). MICROMAN is a European
Training Network supported by Horizon 2020, the EU Framework Programme for Research and Innovation
(Project ID: 674801).

Acknowledgments: The support provided by Darshan Jain (University of Applied Sciences Bremerhaven) is
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Tosello, G. Micromanufacturing Engineering and Technology; Qin, Y., Ed.; Elsevier: Amsterdam, The Netherlands,
2015; pp. 201–238.

2. Giboz, J.; Copponnex, T.; Mélé, P. Microinjection molding of thermoplastic polymers: A review. J. Micromech.
Microeng. 2007, 17, R96–R109. [CrossRef]

3. Whiteside, B.; Martyn, M.T.; Coates, P.D.; Greenway, G.; Allen, P.S.; Hornsby, P. Micromoulding: Process
measurements, product morphology and properties. Plast. Rubber Compos. 2004, 33, 11–17. [CrossRef]

4. Brousseau, E.B.; Dimov, S.; Pham, D.T. Some Recent Advances in Multi-Material Micro- And Nano-Manufacturing.
Int. J. Adv. Manuf. Technol. 2010, 47, 161–180. [CrossRef]

5. Lucchetta, G.; Ferraris, E.; Tristo, G.; Reynaerts, D. Influence of mould thermal properties on the replication
of micro parts via injection moulding. Procedia CIRP 2012, 2, 113–117. [CrossRef]

6. Meister, S.; Dietmar, D. Investigation on the Achievable Flow Length in Injection Moulding of Polymeric
Materials with Dynamic Mould Tempering. Sci. World J. 2013, 3. [CrossRef]

7. Sha, B.; Dimov, S.; Griffiths, C.; Packianather, M.S. Micro-injection moulding: Factors affecting the achievable
aspect ratios. Int. J. Adv. Manuf. Technol. 2007, 33, 147–156. [CrossRef]

8. Chen, Z.; Turng, L.S. A review of current developments in process and quality control for injection molding.
Adv. Polym. Technol. 2005, 24, 165–182. [CrossRef]

9. Michaeli, W.; Schreiber, A. Online control of the injection molding process based on process variables.
Adv. Polym. Technol. 2009, 28, 65–76. [CrossRef]

10. Speranza, V.; Vietri, U.; Pantani, R. Monitoring of injection moulding of thermoplastics: Adopting pressure
transducers to estimate the solidification history and the shrinkage of moulded parts. Strojniški Vestnik J.
Mech. Eng. 2013, 59, 677–682. [CrossRef]

11. Tsai, K.-M.; Lan, J.-K. Correlation between runner pressure and cavity pressure within injection mold. Int. J.
Adv. Manuf. Technol. 2015, 79, 14–23. [CrossRef]

12. Mendibil, X.; Llanos, I.; Urreta, H.; Quintana, I. In process quality control on micro-injection moulding:
The role of sensor location. Int. J. Adv. Manuf. Technol. 2017, 89, 3429–3438. [CrossRef]

13. Griffiths, C.A.; Dimov, S.; Scholz, S.G.; Hirshy, H.; Tosello, G. Process Factors Influence on Cavity Pressure
Behavior in Microinjection Moulding. J. Manuf. Sci. Eng. 2011, 133. [CrossRef]

14. Griffiths, C.A.; Dimov, S.S.; Scholz, S.G.; Tosello, G.; Rees, A. Influence of Injection and Cavity Pressure on
the Demoulding Force in Micro-Injection Moulding. J. Manuf. Sci. Eng. 2014, 136. [CrossRef]

15. Griffiths, C.A.; Dimov, S.S.; Brousseau, E.B. Microinjection moulding: The influence of runner systems on
flow behaviour and melt fill of multiple microcavities. Proc. Inst. Mech. Eng. Part. B J. Eng. Manuf. 2008, 222,
1119–1130. [CrossRef]

16. Desma Tec. Formicaplast—Micro Injection for the Smallest Shot Weights (100—200 mg). Available online:
http://www.formicaplast.de/en/index.php (accessed on 21 May 2019).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.microman.mek.dtu.dk/
http://dx.doi.org/10.1088/0960-1317/17/6/R02
http://dx.doi.org/10.1179/146580104225018346
http://dx.doi.org/10.1007/s00170-009-2214-5
http://dx.doi.org/10.1016/j.procir.2012.05.051
http://dx.doi.org/10.1155/2013/845916
http://dx.doi.org/10.1007/s00170-006-0579-2
http://dx.doi.org/10.1002/adv.20046
http://dx.doi.org/10.1002/adv.20153
http://dx.doi.org/10.5545/sv-jme.2013.1000
http://dx.doi.org/10.1007/s00170-014-6776-5
http://dx.doi.org/10.1007/s00170-016-9300-2
http://dx.doi.org/10.1115/1.4003953
http://dx.doi.org/10.1115/1.4026983
http://dx.doi.org/10.1243/09544054JEM1084
http://www.formicaplast.de/en/index.php
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Spiral Geometry 
	Measurement Method 
	Microinjection Moulding Machine 
	Polymeric Material 
	Design of Experiments (DoE) 
	Process Monitoring 

	Results and Discussion 
	Achievable Flow Length 
	Process Fingerprint Analysis 
	Correlation Analysis 

	Conclusions 
	References

