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Article history: This work presents X-ray computed tomography (XCT) as a dimensional quality assurance technique for
Received 3 November 2022 micro-injection moulded polymeric test objects for the establishment of predictive quality models and
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(i) the exploitation of a XCT equipment for dimensional characterisation of micro-injection moulded
products made out of polymers with adequate acquisition times, (ii) that acquired XCT data from the
3D visualisation of the micromouldings perform on par with a laser-scanning-confocal microscope in a
quality prediction model, (iii) that the deformation occurring in an additively manufactured soft-tool
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can be quantified using XCT. The technique was particularly superior in volumetric data acquisition com-

pared to LSCM in the filling prediction of the micromouldings. Better accuracy and repeatability in pre-

dicting the quality of the mouldings up to 92% achieved with XCT, in conjunction with an in-line collected

soft-tool surface temperature data as an indirect quality assurance method. Given the capability of the

XCT for the 3D data acquisition of polymeric miniature components, the approach described here has

great potential in high-value micro-manufacturing process quality modelling for in-line quality assess-

ment of miniature and added value products in data-rich contexts.

Rendered 3D animation of the X-ray CT data: https://youtu.be/KwZty_yoDfs.
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1. Introduction

The increasing capability of micro-manufacturing processes
enables the manufacture of miniature products with extremely
small dimensions, complexity, and net-shape for a wide range of
applications [1]. Demanding metrology requirements are present
for ensuring that the products with micro and nano features are
of sufficient and acceptable quality. Advanced microscopy tech-
niques have already been widely utilised for such purpose, often
measuring a single critical characteristic of the products for the
development of quality predictive models [2,3]. The capture of
3D topology of the micro-manufactured product is obviously more
desirable, providing full visualisation and implementation of data-
rich approaches. However, the data-intensive aspect of 3D visuali-
sation makes the methods such as laser-scanning or profilometry
cumbersome and impractical for micro-manufacturing applica-
tions. On this basis, X-ray computed Tomography (XCT) have
unique advantages with the recent advancements in the technol-
ogy with the material and right acquisition parameter selection
to provide 3D data acquisition of the objects at adequate speeds.

The process of XCT is similar to conventional radiography, in
which X-rays are emitted from an X-ray source towards the object
of interest. These X-rays are attenuated relatively based on the
local composition of material through which they travel, denser
objects resulting in higher attenuation. The penetrating X-rays
are then registered by a photon-sensitive detector panel to create
a radiograph. Where XCT differs however is that a series of radio-
graphs are acquired by rotating the object by a small increment
and repeating the process until radiographs 360° around the object
are acquired. This set of projections are then subjected to recon-
struction, most commonly FDK (Feldkamp, Davis and Kress) algo-
rithm [4], which creates a voxelised 3D grid of grey values that
represents local relative density at the voxel size of the scan, rang-
ing from < 1 pm to 300 um depending on hardware and object
[5,6].

Although being an extremely powerful technique with many
recent developments in commercial systems, XCT is still a develop-
ing technology and involves relatively time-intensive workflows
for the characterisation of technological components including
acquisition time, reconstruction, and post-processing [7-12]. To
tackle these challenges, commercial systems now offer significant
advantages to reduce the acquisition times to increase throughput
and availability of system to more users [11]. Moreover, recon-
struction and post-processing steps can be potentially automated
for utilising XCT towards quality assessment of high-throughput
and high-value products [6].

Generally speaking, acquisition times for XCT data are domi-
nantly governed by exposure time and number of projections
needed to be acquired, and both values are contingent on a number
of complex, interrelated settings [12,13]. Exposure time describes
the duration that the detector is exposed to X-rays to acquire a sin-
gle projection, with larger and denser objects requiring higher
exposure to fully penetrate. In this context, XCT of high-added
value prototypes or components made out of soft-materials (poly-
mers) can be scanned significantly quicker with lower exposure
times as compared to denser materials, e.g., metals with sufficient
spatial resolutions [14,15]. This feature can potentially be
exploited for technological products manufactured by polymer
replication techniques such as injection moulding, hot embossing,
and micro-injection moulding, all of which require extensive qual-
ity assurance procedures [16-20]. Micro-injection moulding (-
IM) in particular is thought to be the manufacturing technique
which would benefit most from a quality assessment using XCT
since the miniature parts manufactured by p-IM are products often
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made from single material or polymers, with very high value mar-
gins such as medical devices, intricate microsystem components
and optics [19-23]. The combination of XCT with sufficient spatial
resolution and automated data processing will provide the oppor-
tunity for creating predictive models for quality assurance in
micro-manufacturing applications [3,22]. This comes with the
advantage of having full 3D visualisation of the product, rather
than having only the surface point cloud data of interest which is
typically provided by standard metrology techniques such as
coherence scanning interferometry, focus variation microscopy
and laser-scanning-confocal microscopy (LSCM) [20,23,24]. LSCM
stands out amongst them, offering the advantage of laser scanning
technology for acquiring 3D topography of the measured surface
with minimal material limitations which can be advantageous for
polymeric micro-featured products due to their translucent or
transparent characteristics [24]. However, even though LSCM has
higher spatial resolution than XCT, the technique can only acquire
surface topography rather than the full 3D volume scan of the
object.

The application of XCT to micro-injection moulded products in a
predictive quality assurance scheme or quality monitoring has not
been reported in the literature to the authors’ knowledge. One of
the early reports investigated the feasibility of XCT for dimensional
metrology of micro-injection moulded parts [25]. Their results con-
cluded that XCT can be used for filling control and morphological
characterisation of micromolded products with 8 and 15 pm voxel
sizes. However, no scanning or exposure time data were presented
in the work. XCT was effectively used for quantification of pore vol-
umes up to 0.4 mm? in a V-shaped product mimicking typical med-
ical device features. A total scan time of 60 min was reported, and
total volume of the product was not disclosed [14]. Fibre volume
content was also quantified using XCT for miniature polymeric test
components, using scanning times of 150 and 190 min where over-
estimations based on voxel sizes were quantified [26]. The authors
reported an overestimation of 300% in fibre volume for a voxel size
of 8 um in a simulation environment of 13 pwm diameter glass
fibres, which signifies the importance of acquisition parameter
adjustment with respect to the feature size. These findings demon-
strate XCT’s excellent capability for quality assurance of micro-
injection moulded components, however, the data was not used
in conjunction with other process monitoring technologies and
in-line quality predictive models.

The current work presents the utilisation of XCT for micro-
injection moulded parts in a data-rich context that can be pre-
sented as an alternative to an industry standard metrology tech-
nique, LSCM. This is demonstrated as XCT’s capability to establish
predictive quality monitoring models in conjunction with the pro-
cess data generated during the manufacturing process using exter-
nal sensing technologies. For achieving this, an additively
manufactured soft-tool was designed for producing a micro-
featured circular object in back-to-back p-IM cycles. Critical
dimensional features were defined and extracted from the
moulded objects using XCT and LSCM for comparison. Measure-
ments have been compared and validated against maximum sur-
face temperature of the soft-tool after the ejection of the
mouldings to use the data for quality prediction of the mouldings.
Deformations occurring on the soft-tool were also quantified by
both measurement techniques and compared. A 3D overlay
method was specifically applied for XCT which provided significant
advantages for visualisation of deformations. The work presented
here can be a significant contribution to the literature for 3D visu-
alisation of micro-featured components with XCT as a demonstra-
tion of the technology to micro-manufacturing, quality assurance
and prototyping applications.
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2. Test object design and manufacture
2.1. Moulding object design

A circular test object containing microfeatures (Fig. 1a) was
designed for manufacturing of the parts using p-IM. It was used
for comparative measurements on mould filling and quality assess-
ment using XCT and LSCM. The dimensional details of the test
object are given in Fig. 1b. The object design had 3 pairs of 6 mm
wide micro-channels and micro-protrusions with a pyramidal pro-
file and 0.6 mm depth or height. Each pair were separated by
3.5 mm. The upper end of the product had 0.8 mm diameter,
0.6 mm deep cylinder-shaped protrusion. Being at the far end of
the product, this feature was designed to act as a filling indicator,
and for making the moulding process more variation susceptible.
These features also mimic typical dimensions that are being used
for medical devices such as organ-on-chip, microfluidic devices,
or connectors [27,28]. All of the microfeatures were oriented sym-
metrically onto a 13 mm diameter and 1.25 mm thick circular base.
3D CAD software (Solidworks, Dassault Systémes, France) was used
to generate the model and a negative version of the cavity was cre-
ated onto a 55 mm diameter, 10.4 mm thick mould insert. A fan-
type gate with 5 mm width and 1 mm depth was designed. A blank
counterpart of the object was symmetrically placed on the mould
insert for making the ejection process easier during de-moulding.
The insert with the test object’s negative impression cavity was
fabricated using a J750 material jetting prototyping machine
(Stratasys Ltd, USA) and fixed onto a bolster mould (Fig. 1c). The
build was made in ‘high-quality’ and ‘glossy finish’ settings with
a 14 pm layer thickness in the z-axis. The reason for the selection
of soft-tooling method is to introduce additional variability in the
process such as tool deformation as a disturbance to the process,
so that it can be determined whether XCT can capture these
variations.

2.2. Materials

A white, translucent resin (Vero PureWhite - RGD837, Stratasys
Ltd, USA) was used in the 750 to additively manufacture the soft-
tool. The soft-tool material was expected to be deformable in a
cycle-by-cycle moulding process as it has a relatively low glass
transition and heat deflection temperature compared to typical
injection moulding conditions. This was thought likely to induce
variations in each of the moulded prototype for XCT to detect
changes throughout the process. The physical properties of the
soft-tool material are given in Table 1.

1.25 %

SECTION A-A
SCALE3: 1
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Table 1
Physical properties of Vero PureWhite -RGD837 manufactured by
Stratasys.
Properties Value & units
Tensile strength 40 - 55 MPa
Modulus of elasticity 2200 - 3000 MPa
Heat deflection temperature 45-50 °C
Glass transition temperature 52 - 54 °C

Polymerised density 1.17 - 1.18 g/cm?

2.3. Micro-injection moulding

Test objects were manufactured using the aforementioned
mould combination on a p-IM machine (Microsystems 50, Witt-
mann - Battenfeld UK, UK) (Fig. 2a). The moulding material was
a widely used polypropylene (PP) resin (C711-70RNA, Braskem
Europe, Germany). The process was optimised to run in fully-
automatic mode, where the parts were ejected from the soft-tool
using an automated ejector after each moulding cycle. The
moulded test objects were collected from each cycle from the 1st
to the 10th cycle, and then every 10th sample until the 100th, mak-
ing 19 samples in total to be dimensionally characterised for the
experiment. For each of the test objects, a maximum mould surface
temperature (Tmax) Was also recorded inline using a thermal cam-
era (Xi 410, Optris GmbH, Germany) (Fig. 2b) that offered a resolu-
tion of 384 x 240 pixels, a spectral range of 8-14 um and a
measuring accuracy of + 2 °C. Cavity surface temperatures are
known to represent the filling events in p-IM processes
[24,29,30]. Hence, Ty,ax values were used to validate XCT data
against LSCM for cavity filling and micro-feature replication that
could be beneficial for in-line quality assurance and process mod-
elling (Fig. 2c).

3. 3D visualisation methods
3.1. X-ray computerised tomography (XCT)

A Unitom XL micro XCT scanner (Tescan Orsay Holding, as,
Czech Republic) was used for 3D visualisation of all 19 PP test
objects. This particular XCT equipment combines a high-power
X-ray source, fast frame rate detectors and efficient binning meth-
ods for high-temporal resolution which results in significantly
reduced exposure and total acquisition times. The scanning param-
eters used for each of the mouldings are given in Table 2. The set-
tings were chosen to provide a compromise between spatial
resolution, noise reduction, and acquisition time, using a voxel size

DETAILB
SCALES8: 1

Fig. 1. Details of the test object design: a) an optical image showing the test object; b) dimensional details of the test object (dimensions in mm); c) soft-tool placed on the

bolster mould.
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Fig. 2. Images depicting the manufacturing environment and process monitoring approach: a) Battenfeld Microsystem 50 micro-injection moulding machine; b) thermal
camera attachment for soft-tool surface temperature measurements; c¢) a thermal image of the soft-tool showing the maximum temperature (68.4 °C) after ejection.

Table 2
Scanning parameters and information used in the XCT
experiments for mouldings.

Parameter Value & units
Exposure voltage 80 kV
Exposure power 15w
Exposure time 81 ms

Voxel size 10 pm

# of projections 2279

of 10 um to provide a sufficient resolution of all structures on the
test part. The number of projections was defined by the Tuy-Smith
criterion [31], using a cropped detector to reduce acquisition time
at no expense of image quality. A Step-and-Shoot acquisition
method was used to further reduce noise at the expense of scan
time, where the stage stops between radiograph acquisitions
rather than moving continuously.

XCT datasets were reconstructed using the standard FDK (Feld-
kamp, Davis and Kress) algorithm without a beam hardening cor-
rection due to the relatively low density of the PP test objects
[4]. The post-processing and analysis of the XCT data was carried
out in VGStudio Max 2.2 (Volume Graphics GmbH, Germany) and
Avizo 2021.2 (Thermo Fischer Scientific, USA). In order to minimise
spatial uncertainty, a voxel scaling process was used to calibrate
the voxel size to a physical artefact [32]. To do this, a physical cal-
ibrated artefact was scanned before and after each disc sample was
scanned at the same settings (see Table 3). The distance between
the 3 spheres was measured in VG Studio Max 2.2 following seg-
mentation using a standard ISO 50 algorithm and compared to
the calibrated measurements. The deviation between these three
measurements was used to calculate a scaling factor for each,
which were then averaged together to create a single global scaling
factor. This was then applied to the base voxel size to produce an
adjusted voxel size of 10.00698 pm to be used for all subsequent
volumetric data analysis.

Table 3
Parameters for voxel scaling process.

3.2. Laser-scanning confocal microscopy (LSCM)

A LSCM (LEXT - OLS5000, Olympus - EVIDENT Europe GmbH,
Germany) was used to perform surface scans of the test objects
for the validation and comparison with XCT data. The microscope
used a 405 nm light source for capturing the 3D topography of
the surface by means of laser scanning. A 10x objective lens was
used for acquiring surface point cloud data of the PP test objects
using the stitching option. This resulted in a 3D acquisition of
the micro-features on a 7 x 10.5 mm area on the surface of the
sample. LSCM acquisition parameters are summarised in Table 4.

A visual representation of the XCT and LSCM data is given in
Fig. 3. Fig. 3a shows an example of the reconstructed XCT data
on a sample. The LSCM counterpart of the data is shown in
Fig. 3b. 2D representation of the surface data shows LSCM’s limita-
tion in the total area acquisition which prevents a volumetric anal-
ysis of the whole part. However, the technique is known to capture
the microfeatures with superior detail with 200 nm lateral and
100 nm vertical resolutions at 10x magnification [33]. It can also
be seen from the figure that the features are rounded at the sharp
edges due to the nature of the material jetting technique [34].

4. Results and discussion
4.1. Measurement and comparison method

Common measurands for XCT and LSCM were selected which
allowed the comparison of measurements on the objects. Measur-
ands were chosen for extraction in the same or most similar fash-
ion for both techniques since the post processing of data vary
depending on the software. Hence, the dome and ridge feature
towards the far end of the product away from the gate has been
selected to be analysed in detail as they are known to be more sen-
sitive to pressure drops in the moulding processes (Fig. 3a and b)
[19,35].

Calibrated value (pum) Value before scan (pum) Deviation (%)

Value after scan (pm) Deviation in percent Voxel size scaled (pum)

8.3043 8.3069 1.000854979

8.3114 1.00054718 10.000698
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Table 4
Parameters and conditions used in the LSCM acquisitions for test objects.

Parameter Value & units
Objective lens 10x

Mode Standard
Brightness 75.4%

Laser intensity 100%

Acquisition area (stitched) 4491 x 6687 pixels or 7 x 10.5 mm?

The measurements have been classified in 2 different cate-
gories, namely: dimensional and volumetric measurements. Fig. 4
shows examples for profilometric and volumetric measurements
that were extracted from 3D data for XCT and LSCM. The data pro-
cessing and extraction were carried out in Avizo 3D 2021.2
(Thermo Fischer Scientific, USA) and Matlab R2020b (Mathworks,
USA) software environments for XCT. As for LSCM data, OLS4100
software (3.1.15, Olympus - EVIDENT Europe GmbH, Germany)
was used. The profiles in Fig. 4a show typical noise effects for LSCM
when steep features are considered, particularly for the dome mea-
surements. XCT’s limitations in resolving capability of features in
the z-axis can also be seen in the ridge acquisition where steps

a)
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in the data are observed, which is a product of the voxelised nature
of XCT data.

Height measurements included the height of the dome feature
(Hp) and the lowest height point of the ridge features (Lg) as shown
in Fig. 4a. The calculation of volumetric features for the dome and
ridge given in Fig. 4b had to be performed in separate software due
to data compatibility. Similar to the height measurements, volu-
metric measurements for the total volume of dome and ridge fea-
tures (Vp and VR) were calculated. One of the biggest advantages of
using XCT in this study is the capability to calculate the total vol-
ume (Vr) of each of the micromoulded objects. LSCM had limited
capability for calculating a total volume of the acquired point
cloud, with a much smaller acquisition area (7 x 10.5 mm?), that
results in a much less representative measurement for part quality.
Nevertheless, a total volume calculation was also performed for the
LSCM data, where an upper plane above the top point of the micro-
features was selected.

It can be observed from Fig. 4a that XCT data captured the over-
all shape of both features with approximately 10 pm voxel size, yet
some pixelations were seen while capturing flatter areas of the
ridge feature that could bring shortcomings in terms of accuracy
(see sub graph in Fig. 4a). Unfiltered LSCM data with blue curves

PP object

Fig. 3. 3D visualisation of the test objects: a) XCT data showing the 2D and 3D rendered images after reconstruction; b) LSCM data showing 2D and 3D representation of

microfeatures on the test object.
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Fig. 4. Measurement examples from XCT and LSCM: a) data showing profiles for dome and ridge features including XCT and LSCM acquisitions; b) isolated dome and ridge

features taken from XCT data.

also indicate that the steep features are challenging to capture,
with inconsistent data peaks due to noise. From this perspective,
although with limited feature detection capability, XCT can be a
powerful tool for capturing micro-features with steep angles, with-
out any optical restriction. Examples are presented in Fig. 4b from
XCT data on how the final volume calculations were carried out for
dome and ridge features based on the method given in the
Appendix.

A repeatability test was carried out to quantify the variations
that could occur due to the measurement algorithm or user judg-
ment during post processing for both techniques. The first micro-
moulded object was selected and each of the selected
measurands were calculated 10 times to provide information
regarding the repeatability of the measurement. Table 5 sum-
marises the measurands and their statistical features, namely,
mean and coefficient of variation (CoV) acquired from both tech-
niques using XCT and LSCM (letters used in the abbreviations in
Table 5). The results show that the measurement strategy for all
measurands and both techniques provided satisfactory repeatabil-
ity, where the highest CoV was found to be 3.9 % for volumetric
ridge measurements with LSCM, Vg_rscm.

The CoV data for height measurements (Hp and L) demonstrate
LSCM'’s superior resolving capability vs XCT. Relatively higher CoV
values for Lg and Vg values are seen due to the 3D aspect and plane
selection procedures for both techniques. XCT presented better
repeatability in all aspects for volumetric measurements, espe-
cially in the total volume with a CoV of only 0.5 % for Vy_xcr. This
shows the significance of the 3D data acquisition of the object’s
volume as a whole, and the measurement variability mostly comes
from the de-gating and cutting of the sample from the whole
moulding volume.

4.2. Comparison of XCT data with LSCM

Each of the measurands given in Table 5 were calculated for all
19 mouldings. The measurements were analysed collectively
against a real process measurement (Tp,.x). The analysis and com-
parison included the following:

(1) Relative errors in % have been calculated for each measurand
and object and then averaged (Table 6). The calculation was per-
formed according to the formula below:

Table 5
An overview of the measurands used in the work and repeatability data acquired from the 1st sample.
Type Measurand | feature XCT LSCM
Abbreviation Mean (pm) CoV (%) Abbreviation Mean (pm) CoV (%)
Dimensional Dome height (Hp) Hp-xcr 481.6 1.19 Hp-1sem 483.1 0.55
Lowest ridge height (Lp) Lr-xcT 160.9 417 Lr-Lscm 166.0 2.94
Volumetric Dome volume (Vp) Vp_xcr 0.210 2.18 Vp_Lscm 0.194 3.29
Ridge Volume (Vg) VR.xcT 1.027 3.14 VR.1scm 1.068 3.90
Total acquisition volume (Vr) Vrxcr 157.96 0.50 VrLscm 42.19 1.99
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Table 6
Relative errors between XCT and LSCM measurements. The data for total acquisition
volume is n/a due to limited acquisition area of the LSCM measurement.

Type Measurand | feature Relative error (%)
Height Dome height 2.16
Lowest ridge height 20.48
Volumetric Dome volume 3.98
Ridge Volume 2.30
Total acquisition volume n/a
Yo — U,
= |22 —"¢1x100 (1)
Ve

where, ¢ is the relative error, ¥, is the observed value and 9, is the
expected value. LSCM values were taken as the v, for benchmarking
purposes.

(2) Scatter plots comparing XCT and LSCM data were generated.
The trends and correlations between the two indicate the data
extraction reliability for each of the techniques and the reliability
of the selected measurand to be used as a “micro-manufacturing
process fingerprint” [2,3]. Lower correlations between the two
would mean that the chosen measurand is difficult to be quantified
using the methods proposed in this work due to the deformations
occurring in the soft-tool and process dynamics [17].

(3) Measurands were also analysed against the maximum sur-
face temperature of the soft-tool after demoulding (Tyax) Which
is indicative of the moulded object’s degree of replication. There-
fore, the correlations will inform to what degree XCT data can be
used for quality quantification of micro-manufactured compo-
nents, e.g., through process modelling using sensor data on com-
parison with LSCM.

Relative errors presented in Table 6 present XCT’s limited capa-
bility in resolving single-point height measurements in z-axis, with
a significant relative error in lowest ridge height measurements up
to 20.48%. Height and volumetric measurements were grouped and
analysed together based on the r-squared (r?) values between XCT

Materials & Design 227 (2023) 111741

and LSCM measurements. Each technique was also benchmarked
based on its correlation with respect to the process measurement
(Tmax) for comparison.

Scatter plots in Fig. 5 show the data for height measurements,
namely Hp_xcr and Hp.is. The data in Fig. 5a indicate that the XCT
measurements for dome height can represent LSCM measurements
with excellent correlation with up to 97.7 % accuracy. However, the
data points accumulating near 380 and 460 pm depict the same
values for the x-axis which shows that XCT was not able to resolve
the differences between these samples with its approximately
10 pm resolving capability in the z-axis. The strong correlations
shown in Fig. 5b, and ¢ show that the dome feature at the end of
the cavity can be a good process or product quality indicator where
the filling can be predicted up to circa 90% accuracy. The LSCM
shows slightly better correlation than the XCT data because of its
superior resolving capability in the z-direction for the dome fea-
ture. Similar comments can be made for the ridge feature measure-
ments (Lg.xcr and Lr.iscm) where XCT data’s inferior capability in
resolving height resulted in multiple datapoints showing exactly
the same values for XCT measurements. The lowest ridge height
feature was found not to be relevant for prediction of the product
quality over cycles, as the scattered behaviour of the data suggests
in Fig. 5e and f indicates.

Volumetric data for dome and ridge features are given in Fig. 6.
The comparison between the two techniques (Fig. 6a and d) does
not show a significant correlation with up to only 79% accuracy.
This is likely to be caused by the post processing of the data and
limited flexibility in the LSCM data manipulation environment.
The method for extracting the dome feature for XCT data proved
to be marginally better as compared to the LSCM data (Fig. 6b
and c). The inferior r? values depicted in Fig. 6e and f for micro-
replication prediction of the parts are expected and justified where
the bottom plane selection for the ridge feature has been particu-
larly difficult for both techniques. Overall, XCT showed that it
can definitely be used as a quality monitoring technique device
for capturing micro-features in miniature products made out of
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soft materials, up to with 89 % accuracy when collective measure-
ments in a low or medium volume manufacture process are
concerned.

The total volume acquisition from XCT and LSCM data is pre-
sented Fig. 7. The accuracy in predicting the filling quality of the
test objects through collective XCT has been the particular high-
light of this research with correlations reaching 92.1 % (Fig. 7b).
This outperformed every other analysis made through XCT and
LSCM data in this paper with its highest correlation with Tp,ax.
The result is significant since the volumetric XCT acquisition read-
ily provides valuable information regarding the micro-
manufacturing process quality without predefined quality indica-
tors. It also implies that the reconstruction and voxelating steps
can be automated and combined with XCT scanning for high-
throughput applications. The total acquisition volume from LSCM
(Vr.iscm) on the other hand presented a scattered and random
behaviour which was expected (Fig. 7c), due to the noise contribu-
tions around the scan of interest which could not be removed.

4.3. Indirect quantification of mould deformation using XCT data

Due to the thermal cycling during the moulding process, the
soft-tools become deformed due to high temperatures, and adhe-
sion forces occurring during ejection of the part from the mould
[36]. In order to know to what extent the soft-tool deforms, it
was essential to characterise the soft-tool before and after mould-
ing of 100 test objects. Initially, LSCM was used to determine the
final dimensions of the soft-tool and total volume of the cavity in
which the objects were made by using the less accurate, however
with faster 5x objective setting (scan time). Table 7 shows the
LSCM volume measurement results for the pristine cavity and cav-
ity volume after 100 cycles. The results show an overall 13 + 0.2 %
decrease in the volume due to soft-tool deformation after the
moulding process.

Quantification of the mould deformation was performed using
an indirect approach, where the XCT scans of the moulded objects
were converted to standard triangle language (STL) files with mesh
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Table 7
Parameters and conditions used in the LSCM acquisitions for test objects.

Pristine cavity volume (LSCM
data)

177 £ 1 mm®

Cavity volume after 100 cycles (LSCM
data)

154 £ 1 mm®

cleaning and then 3D overlays were carried out. The overlay proce-
dure was performed using PolyWorks Metrology Suite: Inspector
2021 (InnovMetric Software Inc., Canada) using their built-in stan-
dard best-fit method. The software iteratively moves the floating
dataset until a best-fit match between the two is achieved. A col-
ourmap then can be output highlighting regions of deviation
between the two samples. The overlays were done in a way that
they were compared relative to each other, where each 10th sam-
ple was overlaid with the 1st sample (from the pristine cavity),
which is considered as the “golden sample” with no or minimal
deformation. Mappings were created in a 250 pm fixed scale show-
ing the deviations above and below the ideal geometry.

Fig. 8 shows a comparison between two extreme overlay cases,
namely 1st —10th and 1st — 100th for visualising the deviations.
Both overlays show that moulded features deform below the nom-
inal dimensions (smaller than nominal), predominantly on the
areas closer to the gate and the centre of the objects. This is due
to the higher temperatures of the melt and adhesion forces mainly
accumulating near the centre of the parts. This results in a soft-tool
deformation “above” the nominal, which results in the cavity vol-
ume decrease as indicated with dark blue regions in the 1st vs
100th comparison. The scales show a deformation in the range of
120 - 150 um in the whole gate region for 100th part, which con-
tributes to the main decrease in the cavity volume. Another high-
light of the data given in Fig. 8 is that the XCT and overlay
technique captured 3D visualisation of deviations at the micron
scales as can be seen from the dome feature at the upper end of
the cavity.

Overlays shown in Fig. 9 depicts the deformation on the soft-
tool progressively from the 10th to the 100th cycles with mean

m
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40
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20 |
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deviation values for each overlay. It can be seen that between some
cycle intervals, e.g. 20th - 30th and 40th - 50th, severe deforma-
tions mapped with dark blue and purple colours particularly near
the gates somewhat tend to recover. The reasons for this are likely
due to the complex thermomechanical behaviour and critical tem-
peratures of the soft-tool used and it is not the focus of the current
work. From the 10th to 100th moulding object, the deviations
become significantly pronounced near the gate and middle sec-
tions of the cavity. The overall accumulation of deformations
shown in blue, occurring in the central section of the part is once
again due to higher temperatures experienced due to the fountain
flow effect, which results in higher temperatures in the centre dur-
ing the flow of the polymer [29,37,38]. Likewise, the green & yel-
low mappings on the sides show that the parts are above the
ideal value, meaning that the tool is deforming towards the ejec-
tion direction in the centre, and in the opposite direction on the
sides. It is depicted in the images that deviations as low
as ~ 10 um can be detected easily using the XCT overlay method.
This could be a significant aspect of the analysis since the micro
products made from soft materials can be scanned under XCT
and overlays can be done relatively quickly for providing a reliable
quality assurance method through design of experiments.

Scatter plots generated in Fig. 10 demonstrate the trends in fill-
ing of the moulding objects and deviations calculated from the
overlay method. The y-axis in Fig. 10a represents the total volume
calculated using XCT (Vr_xct), however it has been normalised with
the pristine cavity volume (172 mm?®) to show the % of the
intended volume. The data show progressive deformation, which
is in correspondence with the overlays provided in Fig. 10. The
quantitative mean deviation acquired from the overlay method
also compared against the XCT scan volume in Fig. 10b and shows
excellent correlation. This validates both volumetric and overlay
methods against each other and depending on the application,
qualitative or quantitative analysis can easily be made for minia-
ture components.

The volume data provided for the pristine mould and after 100
moulding cycles in Table 7 shows a 13 £ 0.2 % change in the cav-

1st vs 100th

Fig. 8. Overlays and deviation mappings of XCT data of 10th and 100th sample in comparison to 1st.
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ity/part volume. Calculation was carried out for determining to
what extent this value can be quantified indirectly, through XCT
data. Calculation was made based on the 1st and 100th moulding’s
XCT volumetric data as following.

(160.2 — 145.7)
160.2 @)

There is a significant difference in the cavity volume according
to the above calculation and the data in Table 7. The reason for this
is that the calculation using LSCM data given in Table 7 is not
affected by shrinkage whereas the indirect measurement is. The
shrinkage of PP as a semi-crystalline polymer is approximately
2% and is significant. Additionally, the short shot aspect of the
experiment demonstrated in this work may have left some parts

=9.05%
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of the cavity unfilled. However, the dosing unit of the p-IM
machine is very accurate which was not expected to have an
impact on this calculation [17,39]. It can be said that indirect
soft-tool deformation through XCT data can be a good approxima-
tion. To summarise, provided that a full replication and industrial
standard mould tool is used, the calculation also proved that volu-
metric changes in the moulding cavity can be approximated indi-
rectly using XCT data.

4.4. Global comparison

This section compares XCT and LSCM in terms of key features
such as acquisition time, height resolution and their potential
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Table 8
XCT and LSCM global comparison based on key measurement features.
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Feature XCT

LSCM

Full volume & area acquisition of the
micromoulded product

Possible with full volume acquisition
capability

18 mins

Acquisition area/volume
Internal volumetric inspection capability

Total scan time
The best correlating measurement for
quality prediction

Height resolution in z-axis 10 pm

Total acquisition volume (Vr.xcr), 92.1%

Topographical data from 7 x 10.5 mm? area corresponds to 64 mm?
(only ~ 40 % of the total volume)
Only surface topographical data collected, internal inspection not possible

20 mins
Dome height (Hp_1scm), 91.7%

0.1 um

usage in quality predictive models for micro-manufacturing appli-
cations. These key features are summarised in Table 8.

Firstly, the measurement approach and selection of key dimen-
sional features worked satisfactorily for both techniques where
sufficient repeatability was achieved. Generally speaking, XCT will
have limited resolving power in the measurement of step-height
features for micro-scaled parts and LSCM performs significantly
better with its 0.1 pm resolution in the z-axis. However, for volu-
metric capture of the 3D data for specific features on the micro-
structured product, XCT performed better in terms of the acquisi-
tion of repeatable measurements, even though challenges were
present in base-plane selections due to the soft-tool deformation.
XCT’s superior performance over LSCM was very obvious when
acquiring the whole 3D volume of the product with CoV approach-

ing 0.5 %. This also required minimal post processing with no geo-
metrical reference or base plane selections, and shows significant
potential for quality inspection or prediction micro-injection
moulded components [22].

XCT’s excellent performance in capturing volumes and their
correlation to the manufacturing process quality was also vali-
dated using process measurements (Tn.x), and the total volume
acquisition correlated up to 92.1 % for prediction of the filling com-
pared to inferior correlations obtained from dimensional measure-
ments. LSCM was marginally superior from this perspective in
height measurements where it reached 91.7% accuracy, compared
to mostly scattered behaviour in volumetric measurements.

Total volumetric acquisition of micromoulded parts also proved
to be very useful for qualitative & quantitative analysis when per-

15t moulding d)

100% moulding

Fig. 11. Rendered images generated from STL data acquired from XCT scans: a-b) Close up of dome feature for the 1st and 100th sample, c-d) Close-up of middle ridge feature

for the 1st and 100th sample.
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forming STL overlays. Using this approach, although it is an indirect
measurement, faults in the moulding cavities and products can be
quantified easily and design of experiments can be carried out. The
overlay mappings enable the visualisation of deviations in critical
features down to 10 pm ranges.

In terms of data acquisition times, XCT is very competitive with
18 min required for capturing the full-3D data of the micro-
moulded component. Similar scanning times are required for LSCM
for an image stitching of only topographical data with a limited
acquisition area, and this has been one of the highlights of this
research for showing XCT’s excellent capability. It should also be
noted that there are multiple steps in reconstruction of the XCT
data which could add to his acquisition time, however, the partic-
ular software and XCT suite combination showed great potential in
customisation and automation especially for the whole 3D volume
of the parts.

XCT also provides significant advantages in term of post-
processing flexibility where the acquired point-clouds can be con-
verted into 3D models and rendered images can be generated for
demonstration purposes (Fig. 11). The close-up rendering of
images was performed in Solidworks Visualise Professional (Das-
sault Systémes, France) for detailed examination of the 1st and
100th mouldings. Fig. 11a and b show the obvious differences in
the dome height feature. Ridge features were also visualised in
close-up images where slightly bent middle section of the ridge
was able to be detected. To summarise, the XCTs ability to capture
3D data can be an extremely powerful method to visually inspect
miniature small polymeric components combined with advanced
rendering solutions.

Following suggestions can be made for exploiting the potential
of XCT in micro-manufacturing applications:

e Resolution can still be taken down towards 5 pm from 10 pm
and this will result in a significant increase in quality correla-
tions with process measurements resulting in more accurate
and precise in-line quality assurance models. However, this will
result in an increase in scan times and the need for XCT resource
in terms of labour and equipment times.

e The quality predictive aspect of XCT can be utilised through
design of experiments, where micro-injection moulding varia-
tions can be determined per process parameter (temperature,
dosing, pressure etc.) and quality assessment of products can
be automated.

In summary, aspect of XCT can become a very powerful method
for quality control steps in micro-manufacturing if the scan param-
eters and post-processing are optimised as shown herein. LSCM
still is, and will be, one of the state-of-the-art techniques for appli-
cations requiring resolutions down to the micro and nanoscale. The
technique also provides minimal material limitations including
reflection, transparency, or opaqueness of the measured sample.
However, XCT’s full 3D data acquisition capability show excellent
potential for its usage in micro-manufacturing applications and
for creation of in-line inspection models in conjunction with addi-
tional process monitoring devices.

5. Conclusions

In this research, we demonstrated the capability of XCT for the
3D characterisation of micro-injection moulded components and
soft-tool deformation assessment for the first time in the literature.
Scanning times of 18 min and a voxel size of 10 pum in the current
study were found to be sufficient to demonstrate XCTs capability
for the creation of quality prediction models for micro-injection
moulding [14]. The results were compared and validated against
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a state-of-the-art LSCM. The particular highlight of this research
is the XCT’s capability in acquiring the whole 3D data of the pro-
duct in relatively fast scans and its effectiveness in reaching and
even surpassing a highly-capable microscopy technique in 3D visu-
alisation and quality prediction. Representation of the XCT data
was qualitatively and quantitatively made by comparing it against
real process measurements and overlay methods for defect detec-
tion and quality control. Main highlights of this research can be
summarised as following:

e Demonstration of a state-of-the-art XCT machine using soft-
materials and its potential usage for high-added value, micro-
injection moulded components and tool deformation,

o Exploitation of 3D data acquisition capability of XCT for quality
predictive models in micro-manufacturing applications,

e Presentation of both quantitative and qualitative XCT data for
the characterisations of miniature products through overlays
and predictive analysis,

e Demonstration of XCT that it can perform or even surpass the
performance of a common metrology device for dimensional
characterisation of technological products when the right set-
tings and measurement approaches are implemented.
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Fig. Al. Location of Common Structures used for Global Alignment of Samples.

Appendix A. XCT measurement method

Once the datasets had been imported into VGStudio Max 2.2
following the voxel scaling procedure (see 3.1 sigh-speed XCT), a
surface determination was calculated using a standard ISO 50 algo-
rithm. The samples were then aligned using three common fea-
tures to all samples (see Figure A): 1) A circle defined around the
perimeter of the back plane of the disc; 2) A line defined along
the bottom edge of the first trough; 3) The back plane of the disc
(see Fig. Al).

A 3-2-1 registration was then performed using these features,
resulting in all of the analysed datasets having the same alignment
system for better quality measurement. Once aligned, both the
dome, ridge and total disc areas were extracted as Regions-of-
Interest (ROIs). The base of these was defined by the lowest pixel
of the feature. These datasets were then exported as.tiff stacks to
be analysed in different software according to the needs of the
measurements to be performed as follows:

e Total Volume of Disc (Avizo 3D 2021.2)

e Elevation profile of Ridge (YZ) and Dome (XY; YZ) (Matlab
R2020b)

e Height Map of Ridge and Dome (Avizo 3D 2021.2)

¢ Volume of Ridge and Dome (Avizo 3D 2021.2)

In Avizo 3D 2021.2, an anisotropic diffusion filter was first used
to reduce noise in all three volumes. Then, all three volumes were
thresholded using the Otsu method and subjected to an opening/-
closing operation with a 3px ball structuring element to reduce
noise.

For the Total Volume of Disc, a label analysis was performed
using the Volume3D parameter on the whole disc volume. The
Extracted volume used was the whole disc, bounded by the first
slice where the mount can be clearly defined and the base of Fea-
ture 1. For the Volume of Ridge and Dome, a label analysis was per-
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formed using the Volume3D parameter on the ridge and dome
volume respectively. Images and height maps were produced by
creating a label field defining the lowest slice in the dataset. Using
this, a distance map was generated from this base. This field was
then masked using the Mask function, using the Ridge or Dome
dataset respectively to create a height map. This was then rendered
in colour and images produced for both structures.

In Matlab R2020b, the datasets were loaded in and binarized
using the Otsu method and subjected to an opening/closing opera-
tion using a 3px disc structuring element to reduce noise. The cen-
troid of the feature (disc or ridge) was found using a representative
slice and the central image in the stack extracted from both the
dome and ridge structures. The first occurrence of the binarized
structure from the top of this central image in all columns was
then found, the distance scaled by the voxel size and then exported
as.csv files for further analysis as a profile. This method was used in
both the repeatability study and for the full analysis of all discs.

Appendix B. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2023.111741.
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