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Highlights

e Anexperimental study on the micro-injection moulding process of TPE micro rings.

e Process window identified using SEM inspections and weld line depth measurements.

o Measurements performed using a focus variation microscope and their uncertainty
evaluated.

o The micro ring geometry is sensitive to micro-injection moulding process parameters.

o The process has an opposite influence on the rings outer and inner diameter.

ABSTRACT

Micro-injection moulding (pIM) represents the only technology currently capable of enabling
the mass production of polymer micro-components. Although this process is mainly utilized to
process rigid thermoplastics, the development of new fields of application asks for the
extension of the technology potential to novel types of polymeric materials such as soft
thermoplastic elastomers (TPESs). In this work, the authors studied the pIM technology of TPE
micro suspension rings for sensor applications. An initial benchmark study, based on
microscopy inspections and weld line depth measurements, allowed identifying suitable
process parameters settings. Then, the effects of the process parameters on the dimensional

variation of the outer and inner diameter of the produced micro rings were quantified. A focus



variation microscope was employed for the measurements of both parts and mould cavities.
The results of this study showed that the outer ring diameter was mostly affected by mould
temperature and holding pressure, while the inner one depended mainly on mould and melt
temperature. It was also found that the investigated process parameters had an opposite effect
on the outer and inner diameter variations, posing great challenges in the achievement of the

part geometry specified in the design.

1. Introduction

Over the last decade, the need of miniaturized, complex-shaped components has drastically
increased in several fields such as medicine, biotechnology, automotive, avionics,
communication, etc. [1]. In order to meet this fast growing request of both precision and
productivity, the manufacturing community reacted by either designing brand new micro-
manufacturing processes or by developing well established ones and adapting them to the new
challenging demands [2].
Within this scenario, micro-injection moulding (pIM) represents the miniaturized counterpart of
the conventional injection moulding technology. The peculiarity of this process lies in the fact
that it successfully combines the cost-effective production of complex and net-shaped plastic
parts with the capability of accurately and precisely manufacturing micro components [3]. In
order for a product to be considered in the pIM domain, it has to belong to one of the following
categories [4], [5]:
- Parts with outer dimensions in the millimetre range or larger, but locally featuring
structures in the micrometre range. This class is typical of microfluidic devices.
- Parts with larger outer dimensions but dimensional tolerances in the micrometre range.
- Small parts with outer dimensions in the micrometre scale and mass in the milligram
order.
Being the miniaturized adaption of conventional injection moulding, pIM presents the same
overall process cycle: the plastic granules are melted, metered and then injected into the mould

cavity in the form of a viscoelastic polymer flow. After packing and cooling, the moulded



product is ejected. However, even though the physics behind the two technologies is the same,
new challenges and fundamental differences arise when downscaling the process [6]. In fact,
dedicated micro machines, micro tooling processes, different modelling approaches and new
measuring solutions are all needed to carry out a repeatable and controllable injection moulding
process in the microscale [7-9]. In order to face all these challenges, extensive research has been
carried out in the last decade. Nowadays, the pIM process is fairly developed in the field of
rigid thermoplastics. These materials, being low cost, relatively easy to process and stiff, cover a
preponderant part of the polymer materials processed by pIM. In fact, the current main
application of pIM is represented by the microfluidic devices industry, which relies on the
manufacturing of rigid and micro/nano structured 2.5D parts [10]. Table 1 reports examples of

the most commonly thermoplastic polymers used in pIM and their applications.

Table 1 Rigid thermoplastics used in uIM components.

Materials Micro-applications Reference
Polyoxymethylene (POM) Micro filter, Dog-bone tensile sample [11], [12]
Polycarbonate (PC) Ultra-high aspect ratio nano-pillars, Optical part [13], [14]
Liquid Crystal Polymer (LCP) Toggle for hearing aids [15], [16]
Poly(methyl methacrylate) (PMMA) Nano-structured part, Microfluidic platform [17], [18]
Polypropylene (PP) Micro-structured part, Microfluidic distributor [19], [20]
Acrylonitrile Butadiene Styrene (ABS) Micro pillars, Microfluidic part [21], [22]
Polystyrene (PS) Bio-MEMS component, Micro-structured part [23], [24]
Cyclic Olefin Copolymer (COC) Micro-featured part, Microfluidic device [25], [26]

The research on pIM applied to other classes of polymeric materials is very limited. New
research has to be carried out to extend the technology potential to new materials in order to
broaden its fields of application. With this aim, this present paper focuses on thermoplastic
elastomers (TPES).

Thermoplastic elastomers are polymeric materials that combine the melt processability typical
of thermoplastics and the elastomeric behaviour of vulcanized rubbers [27]. The fundamental
difference between rigid thermoplastics and TPEs regards their mechanical properties: the first
are rigid and stiff, while the second are soft and flexible. Therefore, TPEs exhibit the distinctive
characteristics of thermoset rubbers and are, at the same time, easy to process as thermoplastic

polymers. The explanation of the ambivalent behaviour of thermoplastic elastomers lies in their



structure. Most TPEs are phase-separated systems: one phase is hard and crystalline at room
temperature, while the other is an elastomer [27]. The hard phase confers the strength and acts
as physical cross-link, whereas the elastomeric one interconnects the rigid phases providing
flexibility and elasticity to the system. The transition temperatures of TPEs, and thus their
process window, are determined by the characteristics of both the phases. Below the glass
transition of the elastomeric phase, the TPE is brittle and stiff. Above this temperature, the
material is soft and elastic, similarly to rubber. Finally, when the temperature is higher than the
melting temperature or glass transition temperature of the hard phase, the TPE turns into a
viscous fluid and becomes processable by means of injection moulding. TPEs are usually
preferred to thermoset rubbers because of their simpler manufacturing process and shorter
fabrication times [27]. The possible re-moulding also represents an important advantage.
Finally, the exceptional repeatability of the injection moulding process allows manufacturing
TPE components with tighter tolerances compared to conventional thermosets rubbers. Thus,
thermoplastic elastomers represent the best solution for manufacturing precision and micro
parts featuring softness and flexibility.

Although the injection moulding process of TPEs is well established and widespread for macro
scaled components [28], very few studies report about their use in combination with pIM.
Alabran et al. [29] studied the effects of process conditions and tooling on the replication of
nano-scale features (patterns size ranging from 100 nm to 1500 nm) using two different
thermoplastic polyurethanes and varying only the mould temperature. Attia et al. [30]
proposed and validated the micro-overmoulding process of TPE for the manufacture of a 3D
microfluidic system. The rigid substrate was made of PMMA while the TPE was a styrene-
ethylene-butylene-styrene (SEBS) copolymer. The assembled device was tested against leakage,
but no study regarding the process parameters effect on the product dimensional accuracy was
performed.

The present paper studies the pIM technology of TPE miniaturized suspension rings employed
in sensor applications. An initial benchmark study based on scanning electron microscopy and

weld line depth measurements allowed identifying a suitable process window. Then, a



comprehensive experimental study based on design of experiments (DOE) was carried out in
order to evaluate the effects of the moulding process on the part functional geometries. With the
aim of evaluating the actual replication capability of the process, the mould cavities were also

measured and used as reference for the investigation.

2. Materials and methods

2.1 Case study

The micro component under investigation was a TPE micro suspension ring utilized as a
component of a micro sensor. Since this application demands both high dimensional accuracy
and dampening properties, pIM of TPE represents the only solution allowing meeting the
functional requirements. Fig. 1 shows the shape and main dimensional features of the

investigated suspension micro ring.
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Fig. 1. Geometry and nominal dimensions in mm of the micro suspension ring.
The internal geometry of the ring presents a conical structure, making the component three-
dimensional. Being the part mass equal to 2.2 mg and the dimensional tolerances +10 pm on
both internal and external diameters, the component falls in the category of micro products
according to the aforementioned definitions.
The present work focuses on the outer dimeter (OD) and internal diameter (ID) of the rings,

since they represent the most significant geometries with respect to the part functionality.

2.2 Mould design
A three-plate mould with replaceable insert was developed and used in the experiments. The

main advantage of this type of mould is that the separation of the part from the feeding system
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is achieved automatically by means of the movement of the middle plate. The use of such a
strategy is relatively common in conventional injection moulding, but few examples of three-
plate moulds utilized for pIM purposes exist [30-32]. Both the mould plates and the insert were

made from tool steel. Four cavities were machined on the insert and the internal geometry of

(@) (b) (©)

Fig. 2. TPE mould design. (a) Closed mould, (b) Open mould, (c) Mould cross section. The three plates (1, 2 and 3) and
the TPE moulded material (in green) are also indicated.

the micro rings was created by means of micro pins protruding from the fixed ejection plate.
Both the cavities and the micro pins were machined using micro-electro-discharge-machining
(REDM). Taking into account both the nominal shrinkage of the TPE material and the target
part dimensions, the four cavities were designed with diameter 1.550 mm while the pins with
diameter 0.480 mm. The parts feed system consisted in a cylindrical sprue connected to the
cavities through four runners and pin gates. Fig. 2(a) and 2(b) illustrates the design of the three-

plate mould. Fig. 2(c) shows how the feeding system was located in the mould frame.

After the end of each moulding cycle, the four micro rings were ejected by means of ejector
tubes around the pin, thus ensuring a full automatic procedure. It is worth noting that such an
ejection system relies on the softness and elasticity of TPE. In fact, the undercut introduced by
the internal rings geometry (see Fig. 1) would have made the ejection impossible if a rigid
thermoplastic material was used. Fig. 3(a) and 3(b) show the internal details of the four micro

cavities on the ejection and injection sides respectively.
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Fig. 3. (a) Close-up of the ejection side of the mould. 1: ejector tube in neutral position. 2: Pin forming the internal ring
geometry 3: Moulded suspension ring before ejection 4: Ejected suspension ring with ejector tube in forward position
(b) Close-up of the injection side of the mould. 5: Cavity wall creating the outer dimensions of the suspension ring.
6: Asymmetrical gate location 7: Suspension ring inside the cavity.

2.3 Experimental details

Injection moulding experiments were performed using a state-of-the-art Wittmann-Battenfeld
MicroPower 15 pIM machine (maximum clamping force: 150 kN, maximum injection velocity:
750 mm/s). The machine presents a 14 mm plasticisation screw and a separated 5 mm injection
plunger. The thermoplastic elastomer used for the moulding was a styrene-ethylene-butylene-
styrene (SEBS). This material is suitable for the application due to its high flowability and

enhanced dampening properties. Table 2 reports the main properties of the material.

Table 2 Main properties of the TPE material.

Property Units Value  Test method
Density g/cms 0.90 I1SO 2781
Melting Flow Index, MFI g/10 min 68.0 1SO 1133
Melting point °C 153 DSC

The particularly low viscosity of the TPE material, indicated by the large MFI value, makes it
suitable for pIM, since a very low flow resistance is usually needed to completely fill the micro
cavities. If, on one hand, this characteristic has a positive effect on the process feasibility, on the
other, the very low viscosity facilitates the appearance of product defects such as flashes.

Another consequence of the low viscosity is that the mould temperature utilized when



moulding TPE is typically set to a level lower than the ones usually employed with rigid
thermoplastics.

In order to identify a suitable processing window for the pIM process of the micro suspension
ring, a preliminary benchmark study was performed. Three different process setting
combinations were tested and their resulting production batches evaluated. The first
combination was called “Data sheet” since it corresponded to the moulding settings
recommended by the material manufacturer. The second, called “High”, employed parameters
higher than the recommended ones to observe possible improvements in filling and replication
quality, as often reported in literature [3]. Finally, the process settings of the third batch, called
“Improved”, were found as part of an operational optimization that aimed at achieving better
cavity filling and smaller defects on the produced micro rings. This optimization was based on
manual inspection under an optical microscope right after moulding. Table 3 lists the process

parameters utilized for the benchmark study.

Table 3 Process parameters for the three batches investigated in the preliminary benchmark study.

Process parameter Data sheet High Improved
Melt temperature [°C] 185 200 200
Mould temperature [°C] 40 60 40
Clamping force [kN] 100 100 30
Injection speed [mm/s] 120 200 85
Holding pressure [bar] 300 750 275

In order to evaluate the micro suspension rings produced using the three different process
settings, a scanning electron microscope (SEM) was used to perform a qualitative evaluation.
Moreover, the depth of the weld line on the injection side, caused by the asymmetric gating of
the ring (see Fig. 3), was also taken into account for identifying the best process settings. Weld
lines are particularly critical since they represent both a visual defect and a zone of reduced
strength for the moulded part [33]. For this analysis, ten produced rings per batch were

randomly selected and successively inspected.



The outcome of the initial benchmark study was used as a starting point for the successive
experimental phase, in which a design of experiment (DOE) approach was employed for
evaluating the effects of the process on the rings OD and ID. Four parameters were varied: melt
temperature, mould temperature, injection speed and holding pressure. A general full factorial
design was carried out. In particular, melt and mould temperature were varied on two levels,
while three levels of injection speed and holding pressure were tested (see Table 4). This
particular design was selected since preliminary ulM tests showed that melt and mould
temperature did not have any relevant non-linear effects on the outputs. Considering also that a
long time was needed to reach thermal equilibrium of both polymer melt and mould steel and
therefore to change level of these parameters, it was decided to vary them on two levels only in

order to reduce the experimental effort.

Table 4 DOE process settings.

Process parameters Levels
Melt temperature, Tmei [°C] 210, 225
Mould temperature, Tmouia [°C] 30, 40
Injection speed, vinj [MM/5s] 50, 70, 90
Holding pressure, phoid [bar] 300, 500, 700

Five replications were produced for each one of the 36 process parameter combinations. The
parts moulded during the first ten cycles were discarded in order to evaluate only the effects of
a stable moulding process. Considering the presence of four cavities in the mould insert, a total
number of 720 micro suspension rings were produced and measured. By doing this, the effect of

the different cavities on the measured outputs could be quantitatively investigated.

2.4 Measurement strategy and uncertainty evaluation



The depth of the weld line was measured using a 3D state-of-the-art focus variation microscope
(Alicona InfiniteFocus) with 0.25 um vertical resolution and a 1.75 um lateral resolution. The
entire weld line on the injection side was acquired. The depth was evaluated in five different

positions (see Fig. 4) using cross sectional profiles.

(a) (b)

Fig. 4. (a) Scheme of the five measuring positions along the weld line (in red). (b) Three-dimensional scan of the weld
line.

The same focus variation microscope was used for measuring the outer and inner diameters of
the TPE micro rings. The measurements of the outer and inner diameters were extrapolated
from each 3D optical reconstruction by fitting the points of the two circles (see Fig. 5). In
particular, the ring face corresponding to the injection side was captured. For each part, three
consecutive acquisitions were carried out and their average value was then taken as output of
the measuring operation. Along with the produced micro rings, also the four mould cavities
were measured in order to assess the replication level of the pIM process. In fact, especially
when dealing with the extremely demanding precision and accuracy of miniaturized products,
a complete knowledge of the tool geometry is fundamental in order to characterize the effect of
the process on the dimensional quality. For this purpose, an optical coordinate measuring
machine with 0.5 um lateral resolution was employed to measure the cavity diameters
(corresponding to the ring OD) and the pins diameters (corresponding to the ring ID). In order
to verify the quality of the measurements, an uncertainty assessment was carried out. The
measurement uncertainty U is a parameter that characterizes the dispersion of the values that

could be reasonably be attributed to the measurand [34]. The evaluation of such a factor is of
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paramount importance. In fact, when dealing with a design of experiments study, a large
uncertainty interval can partially or even totally hide the effects of the experimental factors [35].
In this study, the uncertainty of the measurements of both TPE parts and mould was calculated
following 1SO 15530-3 [36]. Such a procedure is based on the substitution method: by measuring
a calibrated artefact sharing similar characteristics with the actual measurand, the systematic
error of the measuring instrument is quantified. For the current investigation, a calibrated circle
of diameter 1 mm was utilized. In particular, five uncertainty sources were considered: Ucal,
related to the calibration certificate of the utilized artefact; up, the uncertainty associated with
the measurement procedure calculated as standard deviation of ten repeated measurements on
the calibrated circle; uy, related to the systematic error of the measurement process; Ures,
introduced by the lateral resolution of the instrument and calculated considering a rectangular
resolution interval and uy, related to the material and manufacturing variations of the actual
measurand. For mould measurements, uy was calculated as standard deviation of ten repeated
measurements of the mould OD and ID. For the moulded parts, it was calculated as standard
error of the measurements of the parts related to each injection moulding process parameters
combination. Therefore, it also includes the uncertainty contribution due to the plM process.
The expanded uncertainty U was then obtained using the law of propagation of uncertainty

[34]:
1
U=k (ucaI2+up2+ub2+uresz+uw2) /2 (1)
and considering a coverage factor k of 2 in order to achieve a 95 % of confidence level.

Table 5 reports the uncertainty budget for both mould cavity and moulded TPE measurements.

Table 5 Mean values of uncertainty contributions and expanded uncertainty for OD and ID measurements for both
mould and moulded part.

Uncertainty contributions Mould cavities Moulded parts

OD[um]  ID[um]  OD[um]  ID[um]

Ucal 0.5 0.5 0.5 0.5
Up 0.09 0.09 0.09 0.09
Up 5-10% 5-10% 5-10% 5-10%

11



Ures 0.14 0.14 0.51 0.51
Uw 0.83 0.71 0.71 1.96

Uk=2) 2.0 18 2.0 42

(b)

Fig. 5. (a) Three-dimensional scan of a suspension ring. (b) Interpolated inner and outer circle.

3. Results

3.1 Benchmark study results

In order to evaluate the quality of the main suspension ring features, three details were
captured, namely the injection side view, the internal geometry and the hole at the ejection side.
With the aim of observing the internal geometry, the parts were cut in half. It must be noted
that the imperfect straightness of the internal side walls of the central hole was due to the
imperfect alignment of the manual cutting process, and not to the actual internal shape of the
micro rings.

Fig. 6 shows the SEM scans of rings produced with the three different process settings
combination (see Table 3).

When considering the “Data sheet” setting, it may be observed from the injection side view that
the residual gate mark, left by the automatic detachment of the feeding system from the part,
was relatively small. Moreover, it did not protrude from the surface, which is a convenient
feature for precision micro assembly operations when flat surfaces are required. A small weld

line was present, caused by the not symmetric gating of the part. From the cross-section, it can
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be seen that the internal geometry was not well defined. In particular, the internal corners
looked more rounded than in the design (see Fig. 1). This difference was most probably due to
the tooling process capability, which could not create perfectly sharp angles on the pin
geometry. The ejection side hole presented a relevant defect caused by the presence of a weld
line. The entrapped air, which prevented the TPE melt from fully filling the micro cavity near
the pin, caused this imperfection.

The “High” process setting combination resulted in an overall smoother surface on the injection
side. This indicates that a better filling of the cavity was achieved thanks to the increased speed
and mould temperature. On the other hand, the gate mark was bigger and it significantly
protruded from the upper ring surface, representing a serious issue for the suspension ring
mounting. The weld line looked also deeper, and a large defect appeared at its end, almost
certainly caused by entrapped air. The increased injection speed helped the formation of this
imperfection. From the cross-sectional view, it is evident that the internal geometry was more
detailed than when utilizing the “Data sheet” process parameters. This enhanced replication
was achieved by means of the increased holding pressure. However, the rounding on the
internal angles was still present. In the ejection side view, similarly to the previous case, an
evident defect can be observed on the hole circumference. However, its size was significantly
larger due, once again, to the increased injection speed that helped the formation of entrapped

air near the pin.
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Finally, the rings produced with the “Improved” process settings showed a very small weld line
on the injection side. Moreover, the gate mark was smaller than in the “High” case. A
comparable level of filling was also achieved as shown by the smooth surface of the suspension
ring. No air entrapment seemed to have prevented a complete filling of the part on the injection
side. The internal geometry appeared finely detailed. The hole on the ejection side still
presented the same type of defect, but its size was consistently reduced if compared to the

suspension rings produced with “Data sheet” and “High” process settings.

Data sheet High Improved

1200um 1200pm

Fig. 6. SEM images of micro rings produced with the three different process settings in the preliminary benchmark study.
The injection side view (red), the cross sectional view (green) and the hole on the ejection side (blue) are shown.

In conclusion, the SEM analysis indicated that high pressure and injection speed enhanced the
filling of the cavity, but simultaneously generated relevant defects due to air entrapments. Air
trap imperfections were mainly observed when moulding with the “Data sheet” and the “High”
process settings, indicating that the low values of clamping force and injection speed selected
for the “Improved” batch (see Table 3) were decisive in increasing the evacuation of the air from
the cavity. This result is in accordance with the study of Griffiths et al. [37], which demonstrated

that the volume of evacuated air is lower at higher injection speeds.
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The weld line depth measurements confirmed these findings. In fact, the “Improved” process

settings resulted in the smallest weld line depth in all the five measuring positions (see Fig. 7).

40 [ Data sheet
] High
- Improved
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Weld line depth [pm]
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Fig. 7. Weld line depth for the three different setting of the benchmark study in the five different measuring positions.
The standard deviations related to the ten different parts are indicated.

On the other hand, the weld line depth was largest for the “High” batch because of the
increased injection speed that obstructed the air evacuation from the cavity. Considering the
different measuring positions, the weld line was always deeper moving from the inner to the
outer diameter, proving that the air entrapment was formed on the external part of the cavity,
where the polymer flow ended its path.

Eventually, considering both SEM inspections and weld line depth measurements, the
“Improved” process settings combination represeneds the best solution since it allowed
minimizing the part defects. Therefore, it was chosen as a starting point for defining the levels
of the process parameters investigated in the successive DOE investigation. In particular, the
clamping force value was always kept at 30 kN in order to allow a proper evacuation of the air

from the cavity.

3.2 Mould cavities measurements results

The HEDM tooling process allowed achieving a very high dimensional accuracy. In fact, the
deviations between target and measured dimensions ranged between -0.4 um and 1.6 pm for

OD and between 0.8 um and 2.7 um for ID (see Fig. 8). Considering the calculated uncertainties

15



(see Table 5), the measured values allowed to meet the mould design specifications except for

the inner diameter of cavity 1 and 2.
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Fig. 8. Results of cavity measurements for OD (a) and ID (b). The error bars indicate expanded uncertainties, while the

red dashed lines represent the mould target dimensions.

3.3 DOE results

3.3.1 OD results

Fig. 9(a) reports the main effects plot concerning the outer diameter OD measured on the
moulded rings. In this plot, along with the usual lines indicating the effects of the experimental
factors, the uncertainty related to the particular process parameters combination was added in

order to verify that the variability did not hide the influence of the process.
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Firstly, it is possible to observe that the micro TPE rings production was consistent across the
four cavities. This is an important result since it proves that, on one hand, the polymer
conditions (temperature, shear rate, pressure, and in turn specific volume and final shrinkage)
were equivalent in the four cavities. On the other hand, it also proves that, under controlled
conditions in terms of micro tooling and moulding processes, it is possible to achieve single
digit accuracy and precision in multi-cavity micro moulding. The effects of mould temperature
and holding pressure were preponderant since they presented the highest slope indicating a
great significance on the response value. The increase of these process parameters had a
positive effect on OD. Such a behaviour, which indicates that high mould temperatures and
pressures enhanced the filling of the cavity, was also observed in previous pIM experiments on
rigid thermoplastics [32], [38]. In particular, a high level of Tmeuia OppOSes a premature cooling
and the subsequent raise in viscosity of the polymer melt while a high value of pnog allows more

material to fill the cavity before the freezing of the gate. The increase of mould temperature and
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holding pressure led to an average increment of 7 pm in both the cases. The influence of melt
temperature was less relevant. In particular, an increase of Tmei resulted in an average decrease
of 3 pm of OD. This small negative effect of the melt temperature is unusual, since in most cases
a high Tmer helps the filling of the cavity by means of a reduced viscosity. This may have been
caused by the fact that, starting from a higher temperature of the melt, the ring outer diameter
had undergone a larger amount of shrinkage at the end of the moulding process. Finally, an
evident nonlinear relation between OD and the injection speed was observed: by incrementing
Vinj, the replication level increased due to the faster injection, which decreased the polymer
viscosity. However, this behaviour was valid until a certain injection speed, since OD plot
presents a negative slope when moving from 70 mm/s to 90 mm/s. This fact, which has already
been observed by Surace et al.[12] for part mass measurements, indicates that a local optimum
for the injection speed existed within the explored range. This phenomenon may be due to an
increase of residual stresses that caused a bigger shrinkage of the part OD. Residual stresses are,
in fact, typically larger at high injection speeds because of the more drastic cooling rate of the

injected polymer melt.

3.3.2 1D results

Fig. 9(b) shows the main effects plot for ID measurements. As before, the cavity number did not
present any relevance for this output, confirming the high precision of the employed tooling
and moulding processes. Once again, the mould temperature showed a high significance on the
inner diameter value. The increment of Tmouid from 30 °C to 40 °C resulted in a decrease of ID of
9 pm. Thus, the mould temperature had an opposite effect on the two measured diameters.
Contrary to the previous case, the holding pressure effect was negligible: the uncertainty totally
hid the ID values for the three different levels of proia. This difference may be due to the
geometry of the part: given the position of the gate (see Fig. 3(b)), the last portion of the cavity
filled by the polymer melt stood on the outer ring circumference, as proven by the weld line
depth analysis (see Fig. 7). Therefore, the holding pressure, which came to act only in the last

phase of the moulding process when the cavity was already almost filled, mainly influenced the
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outer diameter that was filled as last. The influence of the melt temperature was greater than for
OD. In particular, the increase of Tmeit led to an average ID increment of 9 pm. As for the mould
temperature, this trend was opposite with respect to what observed for OD, where the
increment of the melt temperature led to a decrease of the measured output. Finally, the
injection speed had a non-linear effect on the output. However, as for the other process
parameters, this effect was contrary to the one observed when dealing with the outer diameter:
the central level of vinj corresponded to the smallest ID value, whereas it corresponded to the

largest OD.

4. Discussion

It was observed that the four process parameters had opposite effects on the two measured
diameters. In fact, when OD increased, ID always decreased and vice versa. This behaviour was
also confirmed by the opposite non-linear effect generated by the injection speed on the two
measured outputs. Such a phenomenon has never been observed before for micro-injection
moulded components, and it may be directly related to the particular annular geometry of the
suspension rings. Being both OD and ID on average smaller than their target dimensions (see
Fig. 2), this behaviour poses great challenges in meeting the part’s requirements, since a
simultaneous increase of both the diameters was impossible to achieve by just tuning the
investigated process variables.

With the aim of furtherly investigating the opposite effect of the process parameters on the
outer and inner ring diameters, the shrinkage levels of the two measured outputs were
compared. In order to carry out this analysis, a reference diameter Dy was defined (see Fig. 10).
This quantity was equal to the average between the OD and ID measured on each one of the
four mould cavities and was therefore constant with the cavity number. This particular
geometrical reference was chosen since it allows evaluating potential asymmetry of the outer
and inner ring diameters. The deviation A was selected as shrinkage indicator. It was calculated

as:
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AOD:OD'Dref (2)

AID:“D'Drefl (3)

The absolute value in equation 2 was used in order to quantify the reduction of inner diameter
with a positive sign. Fig. 11 reports the main effect plots of Aop and Aip. The effect of the cavity
is not shown since it has already been verified that it did not affect the measured outputs.
Firstly, it can be observed that the shrinkage of ID was always larger than the one involving
OD. In particular, the average deviations were equal to 624 um and 469 um for inner and outer
diameter respectively. Therefore, the inner diameter shrank more than the outer one, generating
a distortion of the initial part design. This phenomenon was most probably caused by the fact
that ID was object of constrained shrinkage during moulding, while OD was not. In fact, the
presence of the pin did not allow the inner surface to shrink freely during cooling, while the
outer one was free to shrink. The constrained shrinkage generated a concentration of tensile
stresses in the TPE ring at the inner diameter, causing the higher shrinkage of ID after
demoulding. When considering the symmetry of the deformation around the ring axis, it was
observed that it was more pronounced for the injection side of the ring because of the non-
uniform cooling generated by the asymmetric gate (see Fig. 12).

All the comments related to the process parameters significance are still valid, since A is just
scaled by a factor (Dyef) that is almost constant for all the four cavities. As expected, the process
parameters had the same influence on the deviations of outer and inner diameters, being the
trends of the main effect plot similar in the two cases. However, the magnitude of the process
effects, which is evaluable by the slopes of the main effect plot lines, was considerably different.
In fact, the process effects resulted much larger for ID. The only exception was represented by
the holding pressure influence that was significant only for OD, as explained before. For the
other experimental factors, the ratio between the ID and OD slopes ranged from 1.8 (observed

between 50 mm/s and 70 mm/s of injection speed) to 6.0 (observed for the melt temperature),
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proving that the shrinkage behaviour of the inner diameter was significantly more sensitive to

the process setting variation.
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Fig. 10. (a) Side view of the part indicating the position of the geometrical reference. (b) Schematic view for the micro
ring shrinkage behaviour.
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Fig. 11. Combined main effect plots for the deviations A of both OD (in red) and ID (in blue). The error bars indicate the

expanded uncertainties related to the particular process parameter level. The grey dashed lines show the total averages.
The axes are broken in order to facilitate comparisons among measured trends.
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Fig. 12. (a) Temperature of the TPE material during filling. (b) Process-induced warpage on the micro ring. The yellow
cone represents the asymmetric injection location.
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5. Conclusions

The present paper studied the pIM technology of micro suspension rings utilized as dampening

elements in micro sensor applications. For the first time, a comprehensive investigation has

been carried out on a micro component moulded using a thermoplastic elastomer (TPE). The

peculiar characteristics of this class of polymeric materials makes them the only candidate for

producing micro polymer parts featuring softness and flexibility.

The following conclusions can be drawn from the study:

As shown in the preliminary benchmark study, low values of clamping force and
injection speed were decisive for reducing defects (e.g. weld lines) on the part by
minimizing air entrapment in the cavity.

For both outer and inner diameter of the TPE rings, the four different cavities ensured a
robust, effective and repeatable multi-cavity pIM production, as the measured
dimensions in all parts from the four different cavities were equivalent within the
single-digit micrometre measurement uncertainty.

For the outer diameter, mould temperature and holding pressure were the most
relevant process parameters. In particular, they both helped in increasing OD. Melt
temperature and injection speed were less significant.

For the inner diameter, mould temperature and melt temperature showed the highest
effects. On the other hand, the holding pressure was not significant.

Both inner and outer diameters showed a non-linear dependence with respect to the
injection speed.

The four process parameters had, in all the experimental cases, an opposite effect on the
two measured diameters: an increase of OD always came with a decrease of ID and vice
versa. Being the measured diameters smaller than the designed ones, this behaviour
poses great challenges in the process optimization.

Using the average mould diameter as reference, it was found out that the inner
diameter shrank more than the outer one. This was caused by the constrained shrinkage

that affected the ring inner surface, which was not allowed to shrink freely because of
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the presence of the central pin. Moreover, ID is also more sensitive to the process
variations.
Future work will address the study of the pIM process effect on micro rings made of rigid
thermoplastic materials. This will allow to determine if the opposite shrinkage behaviour is
peculiar of TPEs or not. Moreover, process simulation will also be used to physically investigate

the effects of the process parameters on the two measured diameters dimensional variation.
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