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Abstract: Thermoset materials offer a multitude of advantageous properties in terms of shrinkage
and warpage as well as mechanical, thermal and chemical stability compared to thermoplastic
materials. Thanks to these properties, thermosets are commonly used to encapsulate electronic
components on a 2nd-level packaging prior to assembly by reflow soldering on printed circuits
boards or other substrates. Based on the characteristics of thermosets to develop a distinct skin
effect due to segregation during the molding process, the surface properties of injection molded
thermoset components resemble optical characteristics. Within this study, molding parameters for
thermoset components are analyzed in order to optimize the surface quality of injection molded
thermoset components. Perspectively, in combination with a reflective coating by e.g., physical
vapor deposition, such elements with micro-integrated reflective optical features can be used as
optoelectronic components, which can be processed at medium-ranged temperatures up to 230 ◦C.
The obtained results indicate the general feasibility since Ra values of 60 nm and below can be
achieved. The main influencing parameters on surface quality were identified as the composition of
filler materials and tool temperature.
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1. Introduction

Micro-optical systems are essential in everyday life and industrial applications. This includes
applications such as mobile phone cameras, driving assistance systems, light barriers, endoscopes,
optical data storage, motion controllers, inspection systems, illumination units and many more [1–6].
Optical components are omnipresent, however very unobtrusive due to rapid advances in
miniaturization and micro integration, making them non-observable for the user in most cases.
However, behind these applications is a very versatile market for optical technologies, which is
currently developing at an impressive speed of 6–8% p.a. [1,7]. Additionally, being a key-enabling
technology for the European Union, the funding for developments of innovative, highly integrated
optics is a priority [1,8].

Current developments are more and more based on polymer technologies as the performance of
these materials is improving continuously. Tailoring the properties of the materials by the suppliers
opens new doors and offers the possibility to unlock untapped potentials for a multitude of innovative
applications [9]. At the same time, costs can be reduced compared to glass components due to the
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methods of mass production for polymers such as injection molding [10–13]. Furthermore, more
degrees of freedom in terms of three-dimensional processing are possible.

Many applications already employ injection molding of optical components. In particular,
injection molded lenses, microlenses and micro-structured lenslets or arrays made of thermoplastic
materials dominate the market due to their wide range of applicability and the availability of well
know material [14–22]. Newer applications with more challenging requirements employ silicones,
which require more sophisticated molding processes and have strong limitations in complex hybrid
assemblies [22]. Injection molding of thermoset materials is comparable to silicone processing in terms
of tool requirements and process flow. However, thermosets offer the advantage of being provided as
granulate making storage and molding significantly easier in comparison to silicones, and they are the
established standard in electronic packaging and higher-level assemblies for the last decades.

Thermoset materials are not very common in the field of optics since non-filled materials with the
required transparency have very high shrinkage rates, large coefficients of thermal expansions and the
tendency of yellowing at UV light exposure. However, the surfaces of standard package electronic
components using thermosets with tailored filler materials are mirror-like. Smallest defects in the mold
tool or deviations of the designed mold flow appear as unacceptable defects in the view of a customer,
even though these defects do not present any functional limitations and are, in most cases, less severe
as non-visible scratches from demolding or joint lines in thermoplastic components. The ability to
form such surfaces during the molding process leads to the idea of using thermosets as reflective
optical elements, or moreover of integrating micro-optical features in thermoset components, either as
stand-alone components or as additional features in electronic packaging.

The injection molding process of thermoset materials can be outlined as follows: the molding
tool is closed and the injection process starts. The melt is pressed through an opened nozzle into
the gate system. A laminar flow with Re ≤ 2300 is to be derived to avoid turbulences without voids
being trapped in the melt [23]. The process differs at two distinct characteristics from processing
of thermoplastics. The higher difference in temperature of the melt to the tool in thermoplastic
injection molding leads to a surface zone, causing solidification effects of the melt at the wall between
melt and tool. Thermosets in contrast, have no significant temperature difference between melt and
tool preventing the solidification effect. The second characteristic is the flow rate of the melt front.
Thermosets contain significantly more additives, not only consisting of filler materials such as fibers or
spheres, which are deployed to optimize flow properties. Amongst those are, beside fillers, resin and
hardener, flame suppressants, anti-adhesives for improved ejection as well as adhesives for improved
adhesion to inserts to be encapsulated, ion binders, dyes, low-stress additives for reduced internal
stresses, and catalysts for accelerated polymerization [24,25]. These additives lead to a higher sliding
rate between the wall of the tool and the melt, causing a more linear profile of the flow front as in the
case of thermoplastics. Due to the changed flow profile and the larger size of the fillers, the fillers
cannot segregate at the wall, leading to a low viscosity lubricating film at the interface [26]. The skin
layer consists mostly of pure epoxy resin, which typically has very low roughness values. Fillers and
additives are located within the bulk material (Figure 1) [27,28].

Parameters, which are assumed to influence the surface quality, are the choice of filler material,
the direction of injection in regard to the functional area, injection velocity, tool temperature and
injection pressure as well as holding pressure.

Fibers are commonly used filler materials in both thermoplastics and thermoset materials. The main
advantage of the fibers is the availability of different materials, the achievable mechanical strength
and the developing coefficient of thermal expansion (CTE) in regard to matching the components
with printed circuit board (PCB) technology and, hence, to reduce induced stresses in the solder joints.
However, anisotropic effects and possible needle sticking into the skin layer may occur. Glass spheres
in return have better properties in terms of isotropy, but show adverse effects regarding shrinkage
and CTE-mismatch.
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The direction of injection plays a vital role as the melt front resembles a non-pressurized volume,
which pushes ahead inhomogeneous large amounts of fillers and experiences other temperature
gradients due to compressed air, which needs to be pushed out of the mold cavity. Constituent
parts such as water, styrene or formaldehyde show phase transformations. Volume expansion in
combination with the large ratio of filler material causes porosity. Thus, the plug must not come to rest
in the functional area, neither must the plug hit an optical surface of the mold tool in a perpendicular
angle causing potential damages of the surface.

Comparing thermoset molding with thermoplastic molding, direct process parameters need to
be considered. The particularly reduced pressure of 50–250 bar in thermoset molding compared to
800–1200 bar in thermoplastic molding leads to the fact, that deviations from ideal set points are more
sensitive due to their total percentage in thermoset molding, making process control more challenging.
The aim of this study is to study these effects and their influence on resulting surface properties.Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 13 
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Figure 1. (a) Comparison of flow profiles of thermoset and thermoplastic injection molding. (b)Detail 
of flow profile of thermoset injection molding according to the model of block-shear flow. Highly 
viscous melt remains at the flow front and within the core while a low viscous sliding zone without 
fillers is formed at the surface. The surface texture is reproduced very detailed by the low viscous 
resin. Within the mass block, fillers and additives are contained. The undefined precured plug needs 
to be removed prior to entering the mold. 
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integrated reflective optical elements, mold inserts for a universal molding tool with optical 
properties were designed and manufactured. X135CrMoV12 tooling steel was chosen because of its 
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preliminary studies have shown a low adhesion of thermosets to this steel due to its high chromium 
content. However, since steel is not suitable for machining optical surfaces as mill bits made of 

Figure 1. (a) Comparison of flow profiles of thermoset and thermoplastic injection molding. (b)Detail
of flow profile of thermoset injection molding according to the model of block-shear flow. Highly
viscous melt remains at the flow front and within the core while a low viscous sliding zone without
fillers is formed at the surface. The surface texture is reproduced very detailed by the low viscous resin.
Within the mass block, fillers and additives are contained. The undefined precured plug needs to be
removed prior to entering the mold.

2. Materials and Methods

2.1. Materials

On the course of studying the surface optimization of thermoset injection molding for
micro-integrated reflective optical elements, mold inserts for a universal molding tool with optical
properties were designed and manufactured. X135CrMoV12 tooling steel was chosen because of its
high resistance to abrasion, its low CTE as well as its high Young’s modulus. Furthermore, preliminary
studies have shown a low adhesion of thermosets to this steel due to its high chromium content.
However, since steel is not suitable for machining optical surfaces as mill bits made of diamond
required for optical surfaces get blunt on ferritic materials due carbon diffusion [29], the nozzle sided
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inserts were hardened and coated with NiP (SuNiCoat, CZL Tilburg BV Surface Technology, Tilburg,
The Netherlands). The NiP coating was machined using a 3 mm diameter diamond radius cutter
(Horn GmbH, Tübingen, Germany).

The epoxy molding compounds chosen were types filled with glass spheres and glass fibers.
Both compounds are available as granulate for injection molding. Their dimensional stability, and thus
the replication constancy, is stated by the manufacturer to be “very good”.

2.2. Mold Design

The mold design was based on platelet design, but inherited two major features: an optical surface
with a 15◦ angle was implemented on one side (Figure 2b), while the other side-accommodated features
for dimensional measurements (Figure 2a). The 15◦ angle was chosen to have both, a possible tilted
mirror area and an angle that is still small enough to remain within the acceptance angle of white light
interferometric measurement (typically max. 30◦).
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Figure 2. (a) one side of the platelet design was used to implement measurement features for shrinkage
and warpage. (b) on the other side a tilted area for surface optimization was implemented.

The determination of the influence of the direction of injection requires a mold tool design, which
allows for injection orthogonal and longitudinal to the mirror surface. A selective point of injection was
designed, which has been realized by a sliding feed. The general sprue had an intercepting structure for
catching the plug which formed between nozzle and gate. Subsequent plug formation was addressed
by an overflow structure in the cavity, causing the melt front to be positioned outside of the functional
part (Figure 3).

The molding tool was machined using a 3-axis milling center (CMX 600V, DMG-Mori AG, Bielefeld,
Germany). The measurement side of the cavity was further processed by precision milling employing
a 3-axis high-speed cutting center (PFM 24cc, Primacon GmbH, Peissenberg, Germany). The mirror
side of the cavity was machined into the NiP coated insert using a 5-axis ultraprecison machining
(Micromaster5x, Kugler GmbH, Salem, Germany). A diamond cutter with a 3 mm radius was chosen
to ensure a smooth surface of the mirror surface. Standard features were cut using CBN thoric mill bits.
The edges were radiused and the wall was tapered to ensure problem-free ejection (Figure 4)

2.3. Injection Molding

The injection molding was performed using a molding machine with vertical arrangement and a
thermoset molding unit (375V, Arburg). A full factorial design of experiment (DoE) with five factors
and two levels each was defined employing factorial design software (Minitab V19, Minitab Inc, State
College, PA, USA). Thus, 32 design points with 8 samples each lead to a set of 256 components to be
investigated. The parameters for the design of experiment and their corresponding levels are shown in
Table 1. The DoE was adapted regarding the sequence to ensure a reasonable workflow for injection
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molding. The varying factor of tool temperature and direction of injection molding was changed to
minimize machine set-up time.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 13 

 

 

Figure 3. (a) sprue with plug interceptor. (b) sliding feed for selection of the direction of injection 
with point of injection from the left (longitudinal to the mirror surface) and from the center 
(orthogonal to the mirror surface). 

The molding tool was machined using a 3-axis milling center (CMX 600V, DMG-Mori AG, Bielefeld, 

). The measurement side of the cavity was further processed by precision milling employing a 3-axis high-speed cutting center 
(PFM 24cc, Primacon GmbH, Peissenberg, Germany). The mirror side of the cavity was machined into 
the NiP coated insert using a 5-axis ultraprecison machining (Micromaster5x, Kugler GmbH, Salem, 
Germany). A diamond cutter with a 3 mm radius was chosen to ensure a smooth surface of the mirror 
surface. Standard features were cut using CBN thoric mill bits. The edges were radiused and the wall 
was tapered to ensure problem-free ejection (Figure 4) 

 

 

 

Figure 4. (a) measurement side of the cavity. Bumps for dimensional analysis were milled using 
precision machining. (b): mirror side of the cavity. The reflective surface was milled in NiP coating 
using ultra-precision machining employing diamond mill bits. 

2.3. Injection Molding 

The injection molding was performed using a molding machine with vertical arrangement and 
a thermoset molding unit (375V, Arburg). A full factorial design of experiment (DoE) with five factors 
and two levels each was defined employing factorial design software (Minitab V19, Minitab Inc, State 
College, PA, USA). Thus, 32 design points with 8 samples each lead to a set of 256 components to be 
investigated. The parameters for the design of experiment and their corresponding levels are shown 
in Table 1. The DoE was adapted regarding the sequence to ensure a reasonable workflow for 

Figure 3. (a) sprue with plug interceptor. (b) sliding feed for selection of the direction of injection with
point of injection from the left (longitudinal to the mirror surface) and from the center (orthogonal to
the mirror surface).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 13 

 

 

Figure 3. (a) sprue with plug interceptor. (b) sliding feed for selection of the direction of injection 
with point of injection from the left (longitudinal to the mirror surface) and from the center 
(orthogonal to the mirror surface). 

The molding tool was machined using a 3-axis milling center (CMX 600V, DMG-Mori AG, Bielefeld, 

). The measurement side of the cavity was further processed by precision milling employing a 3-axis high-speed cutting center 
(PFM 24cc, Primacon GmbH, Peissenberg, Germany). The mirror side of the cavity was machined into 
the NiP coated insert using a 5-axis ultraprecison machining (Micromaster5x, Kugler GmbH, Salem, 
Germany). A diamond cutter with a 3 mm radius was chosen to ensure a smooth surface of the mirror 
surface. Standard features were cut using CBN thoric mill bits. The edges were radiused and the wall 
was tapered to ensure problem-free ejection (Figure 4) 

 

 
 

Figure 4. (a) measurement side of the cavity. Bumps for dimensional analysis were milled using 
precision machining. (b): mirror side of the cavity. The reflective surface was milled in NiP coating 
using ultra-precision machining employing diamond mill bits. 

2.3. Injection Molding 

The injection molding was performed using a molding machine with vertical arrangement and 
a thermoset molding unit (375V, Arburg). A full factorial design of experiment (DoE) with five factors 
and two levels each was defined employing factorial design software (Minitab V19, Minitab Inc, State 
College, PA, USA). Thus, 32 design points with 8 samples each lead to a set of 256 components to be 
investigated. The parameters for the design of experiment and their corresponding levels are shown 
in Table 1. The DoE was adapted regarding the sequence to ensure a reasonable workflow for 
injection molding. The varying factor of tool temperature and direction of injection molding was 
changed to minimize machine set-up time. 

Figure 4. (a) measurement side of the cavity. Bumps for dimensional analysis were milled using
precision machining. (b) mirror side of the cavity. The reflective surface was milled in NiP coating
using ultra-precision machining employing diamond mill bits.

Table 1. Parameters for the design of experiment.

DoE nr. Material Factor Corresponding Levels

1 Glass sphere filled

Holding pressure [bar] 300 700
Direction of injection Longitudinal Orthogonal

Holding time [s] 40 70
Tool temperature [◦C] 180 200

2 Fiber filled

Holding pressure [bar] 330 770
Direction of injection Longitudinal Orthogonal

Holding time [s] 5 20
Tool temperature [◦C] 150 190
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3. Results

Three output variables were recorded: surface roughness Ra [nm], warpage [µm] and shrinkage
[%]. The applying design points refer to the standard order given by the DoE, which is shown in
Appendix A, Table A1. Design point 11 could not be molded due to incomplete curing and, thus,
impossible ejection of the parts.

3.1. Measurements

The surface roughness Ra was measured on the reflective section of the component using white
light interferometry (WLI). A 50× objective was used, leading to a field of view with 0.75 mm width
(Figure 5). Ra Values between 55 and 100 nm were achieved with the glass sphere filled material.
The glass fibers filled material showed values which are a factor of approximately 2.5× higher.
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Figure 5. (a) measurement field for surface roughness Ra using WLI. (b) Ra values of glass sphere filled
material with a standard deviation of 13.1 nm. (c) Ra values of fiber filled material with a standard
deviation of 36.0 nm.

The warpage was measured using WLI. Technically, warpage related to a momentum across any
translatory axis (X,Y,Z). If several momentums apply at the same time, aspheric surfaces may develop,
which are difficult to capture. The integrated features were used to determine these values, consisting
of several squared trenches with 0.1 mm width. The 24 squares were arranged in a cross constellation
with a spacing of 0.6 mm between each square. Since the trenches present a recess structure with an
easily detectable edge, the x and y positions were measurable without any further data processing.
To determine the z position, a point of origin was determined in the center of the cross. Each square
was measured in z and the difference to the point of origin was recorded. The measurement values
were averaged to allow for a comparable value for this study (Figure 6).
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3.2. Evaluation

Before starting with the interpretation of the results, a plausibility check has to be conducted,
e.g., using Minitab, in order to detect any outliers, transposed digits or typos. No irregularities are to
be mentioned. As mentioned before, Minitab is the statistics software used in this work for analyzing
the results. In this kind of studies, it is common to make use of Pareto diagrams of standardized effects
as well as of main effect diagrams in order to identify and evaluate the significance of the impact
factors and their interactions on the response. While the fiber-filled material showed no significant
effects within the chosen factor range and thus has not been investigated further, the glass spheres
filled material revealed a strong relation between surface quality and tool temperature. Higher tool
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temperatures lead to smoother surfaces (Figure 8; higher slopes in the main effect diagram). However,
variations of the direction of injection, holding time and pressure did not lead to any significant
improvements. Warpage was mostly influenced by the direction of injection. Particularly, injection
orthogonally to the reflective area leads to a geometrically balanced mold flow situation. No adverse
effects on surface quality could be observed. Furthermore, an increased tool temperature improved
warpage effects significantly by more than 50% (Figure 9). Evaluation for shrinkage showed barely a
significant impact on the direction of injection. Other correlations for shrinkage could not be detected.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 13 
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Figure 8. Evaluation of surface roughness of spherical glass-filled thermoset. (Top) Pareto diagram
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As seen in prior works [30], regarding filled thermoplastics, the geometry of the fillers as well as
their aspect-ratio play a pivotal role in defining the filler orientation and, hence, the isotropy of the
material and even in creating a filler-free molding skin at the surface. Fibers are subjected to rotational
forces caused by flow velocities and, thus, more susceptible to reach the surface and affect its quality.
Similar effects could emerge during thermoset injection molding, too.
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Figure 9. Evaluation of warpage of spherical glass-filled thermoset. (Top) Pareto diagram with the
threshold for significance. (Bottom) main effect analysis.

4. Discussion

The optimization of the surface quality towards reflective optical elements made by thermoset
injection molding showed promising results. Surface quality with values close to 50 nm were possible.
Technical optics with the purpose of signal reflection may be possible, in particular in combination
with subsequent sputter processes such as Cr/Au, Ag or other reflective coatings. While the achieved
values may appear low, the conducted measurements provide only a first insight into the potential of
using thermosets as optical elements.

Conducting the measurements presented a challenge for itself. On one side, the high reflectivity
caused strong difficulties applying optical measurement tools due to highly reduced angles of
acceptance, on the other side tactile measurements may destroy the polymeric surfaces during
measurement, thus presenting no valid method. Furthermore, the surfaces created using a radius mill
bit are prone to effects such as waviness. More dedicated analysis methods are required, which allow
filtering of those effects from the measurement of the surface roughness. Fast fourier transformations
on surface area roughness (Sa) measurements according to ISO25178 need to be applied. Also,
fly cutting the optical inserts may be implemented into the tool cavity to avoid milling patterns in
future investigations. However, with the requirement of absolute tolerances of features within a mold
cavity, this option would increase the tolerances significantly.

The dimensional analysis showed shrinkage values in the range of 0.5% dependent on the
parameter set chosen. On the course to achieve optical elements, injection molding with a precision
of ±2 µm and better is desired. Iterations in tool making can be applied to achieve the best absolute
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values. Consequently, further analysis should focus on the variations of shrinkage dependent on
environmental parameters and varying material batches. Nonetheless, the best warpage result with an
absolute tolerance of down to +4.5 µm could be achieved with the best parameter set.

A preceding application development employing the technique for functional components
may provide insights into the anticipated functionality: within this development, micromirrors were
machined by ultra precision milling resulting in a mold roughness Ra 25 nm. An orthogonal direction of
injection was chosen, leading to a molded component with a surface roughness of Ra with 66.9 nm with
a standard deviation of 29.2 nm. The thermoset components were sputter-coated with 60 nm chromium
and 300 nm gold after molding and the transmission loss was measured. An average transmission loss
of 1.25 dB could be achieved. The high standard deviations could be attributed to highly differing
values in the center of the mirror structure compared to the outer areas. With the improved processing
parameters in addition to extended measures of mold flow control such as drip catchers and overflow
structures, further improvements on homogeneity and quality of surface properties and, thus, on
transmission can be expected, lowering the transmission loss towards 0.6 dB. However, further studies
towards surface replication by thermoset molding with the focus on inhomogeneities are required.

5. Conclusions

The study presents a first test using thermoset materials as polymeric optical elements.
An application centered approach was chosen to identify the impact factors on the surface quality and
dimensional reproduction using thermoset injection molding. The results showed the potential of
thermoset materials as reflective optical elements. Insights into the applicability were gained and the
main impact factors influencing the process could be identified.

The combination of improved surface roughness while allowing to achieve outstanding
dimensional accuracy of <±10 µm tolerance renders the material as an ideal option for micromolding
of small parts as well as highly accurate parts. Besides optical analysis, the mechanical analysis may
show that this technique can replace also other functional thermoplastic parts, which require higher
thermal, mechanical and chemical resistance.

However, relating to the aim of optical application, further determining factors became obvious.
In respect to material choice, glass sphere filled materials are more promising than glass fiber-filled
materials. Respectively, further materials need to be tested, whereas material compositions can be
varied towards optimization of surface properties. Tool temperature was identified as the most
influencing parameter. Since the initial study started as full factorial DoEs, this particular factor allows
for a more selective analysis with a more finely graded and further ranging parameter sweep. To better
understand the surface properties, it is required to study the bulk material in more detail.
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Appendix A

Table A1. Combined experimental data set.

Standard Order Processing Order Tool Temp-Erature [◦C] Direction of Injection Holding Pressure [◦C] Filler Geometry Holding Time [s] Roughness Ra [nm] Shrinkage [%] Warpage [µm]

1 1 180 longitudinal 300 Spheres 40 94.306 0.41 14.5
2 15 200 longitudinal 300 Spheres 40 57.77 0.51 5
3 7 180 orthogonal 300 Spheres 40 84.49 0.49 6
4 12 200 orthogonal 300 Spheres 40 63.64 0.53 5
5 4 180 longitudinal 300 Spheres 40 91.055 0.51 8
6 14 200 longitudinal 700 Spheres 40 67.03 0.48 5
7 8 180 orthogonal 700 Spheres 40 75.66 0.55 5.5
8 9 200 orthogonal 700 Spheres 40 65.045 0.56 6.5
9 32 150 longitudinal 300 Fibers 5 254 0.52 8
10 19 190 longitudinal 300 Fibers 5 237.15 0.49 6
11 28 150 orthogonal 300 Fibers 5 not processable
12 21 190 orthogonal 300 Fibers 5 253.06 0.51 6
13 30 150 longitudinal 700 Fibers 5 206.415 0.47 7.5
14 17 190 longitudinal 700 Fibers 5 220.695 0.63 8.5
15 27 150 orthogonal 700 Fibers 5 141.27 0.54 13
16 22 190 orthogonal 700 Fibers 5 222.405 0.54 5.5
17 3 180 longitudinal 300 Spheres 70 70.385 0.5 14
18 16 200 longitudinal 300 Spheres 70 79.27 0.48 12
19 5 180 orthogonal 300 Spheres 70 82.625 0.56 5.5
20 10 200 orthogonal 300 Spheres 70 58.935 0.49 5
21 2 180 longitudinal 700 Spheres 70 98.92 0.49 14
22 13 200 longitudinal 700 Spheres 70 61.41 0.49 7
23 6 180 orthogonal 700 Spheres 70 92.035 0.5 5.5
24 11 200 orthogonal 700 Spheres 70 67.565 0.53 4.5
25 31 150 longitudinal 300 Fibers 20 241.035 0.59 8
26 18 190 longitudinal 300 Fibers 20 226.9 0.45 6.5
27 25 150 orthogonal 300 Fibers 20 254.78 0.6 6
28 24 190 orthogonal 300 Fibers 20 190.54 0.61 7
29 29 150 longitudinal 700 Fibers 20 233.94 0.56 7
30 20 190 longitudinal 700 Fibers 20 138.775 0.52 6.5
31 26 150 orthogonal 700 Fibers 20 195.505 0.52 5.5
32 23 190 orthogonal 700 Fibers 20 245.025 0.51 12.5
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