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Abstract. Additive Manufacturing (AM) using Fused Deposition Modelling (FDM) is a 3D printing technique
that can produce parts with complex shapes. Multiple types of 3D printers are available in the market, so it is
essential to understand their potential to manufacture parts that meet industry standards. This study aims to
evaluate the industrial potential of the Markforged X7 printer by assessing its performance based on the QS9000
quality standard. The quality indices, including the Cp index and the Cpk index, were determined for different
dimensions, and admissible tolerances were identified for geometrical defects. The study shows that the quality
indices, especially the Cp index, are within an acceptable range of 1.6 to 2 for the class 12 tolerance interval
(IT12). The geometrical defects are predominantly categorized as fine according to the ISO 2768 standard, with
deviations in geometrical features ranging from 0.06 to 0.08 mm. Additionally, the study investigated the impact
of moisture and glass fiber reinforcement on the geometrical features. The analysis indicated that moisture
increases deviations in the features. However, adding reinforcing fibers does not improve deviations but
stabilizes them under the effect of moisture.
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1 Introduction

The FDM process has undergone significant advancements
in recent years, transforming from a method for prototyp-
ing into a means for producing functional parts in a variety
of industries, including medical, aerospace, rail, and
automotive. One of its major advantages is the ability to
manufacture geometrically complex parts of acceptable
quality [1]. For instance, a reduced-size Eiffel Tower with
intricate details was successfully printed using the FDM
process by Surya Teja et al. [2]. During the COVID-19
pandemic, FDM was utilized to print medical devices [3].
To be suitable for the production of small or medium series
in industrial applications, FDM must meet certain stand-
ards and functional dimensioning plans. Kandananond
et al. [4] employed artificial intelligence to predict the
surface roughness of FDM printed parts based on input
data including bed temperature, printing speed, and layer
thickness. Lieneke et al. [5] experimentally determined
dimensional tolerances for FDM, finding them to be
comparable in performance to other manufacturing
processes such as sintering, drilling, cutting, and milling.
In another study, Maurya et al. [6] investigated optimal
process parameters and IT classes by varying layer
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daoudanikiema94@gmail.com.

thickness, orientation, and raster angle. Minetola et al.
[7] compared the dimensional accuracy of three FDM
printers according to ISO IT classes, concluding that a
smaller layer thickness yields better accuracy. Galantucci
et al. [8] similarly compared the dimensional accuracy of a
cubic part printed with an industrial 3D printer and an
open-source printer, finding the former to be more
accurate. Maurya et al. [9] examined the influence of
infill pattern and density on the dimensional accuracy
and printing time of a cube part printed with an Ultimaker
2+ FDM machine. Nidagundi et al. [10] explored the
impact of layer thickness, orientation, and raster angle on
dimensional accuracy and surface roughness, finding that
layer thickness had the greatest influence on both, followed
by orientation and raster angle.

Understanding the quality of a manufacturing process
is crucial before using it to produce parts. According to
Wu et al. [11], capability indices (Cp, Cpk, Cpm, and
Cpmk) are an effective and standard tools for assessing
quality. However, Anis et al. [12] found that these indices
are not always consistent. Mahshid et al. [13] have mainly
considered the intrinsic process capability Cp, along with
measuring uncertainty and tolerance limits, to determine
conformity and non-conformity to quality requirements for
part characteristics. Giinay et al. [14] combined process
capability indices and design of experiment (DOE) to find
optimal parameters for achieving high accuracy in
dimensions. They concluded that FDM can be comparable
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Fig. 1. Materials used in this study: (a) Onyx and (b) Glass fibers.

to certain traditional manufacturing processes. Ranjan [15]
also used capability indices to evaluate the performance of
twin-screw extruder processes in producing feedstock
filament for 3D printers. Wooluru et al. [16] demonstrated
the importance of capability indices in controlling and
ensuring product quality to meet customer requirements,
through a case study in the automotive industry.

One of the main drawbacks of 3D printed materials is
their tendency to absorb humidity, causing dimensional
and geometric instability. Aclan et al. [17] confirmed this in
their study. Claveria et al. [18] explored the impact of
environmental conditions on dimensional stability for
injected parts in Polyamide 6 (PA6) and Polyamide 66
(PAG66), finding an average dimension variation of 12% for
PA6 and 3% for PAGG.

Although many studies have been conducted on research
and office printers, few have been performed on industrial
printers. Therefore, the aim of this study is to assess the
potential of Markforged X7 industrial printer using standard
indices (Cp and Cpk) and investigate the effects of moisture
and the addition of fibers. These investigations are important
to help users understand the capabilities of this printer. The
study was conducted in several stages, starting with an
introduction of the materials and methods, followed by the
presentation of the results and discussion, and concluding
with proposed perspectives.

2 Material and method
2.1 Printer, material and studied part

The 3D printer used in this study is the Markforged X7
industrial series, a commercial printer with a printable
volume of 330 mm x 270 mm x 200 mm, which is relatively

large compared to other printers. The printer can produce
industrial parts of various sizes based on the quality
requirements of the part and can print using only plastics
material or plastics reinforced with long fibers [19]. The
printer has several print variables that can be accessed
through its cloud slicing software, Eiger, such as layer
thickness (ranging from 0.05mm to 0.25mm), type of
patterns (triangular, rectangular, hexagonal, gyroid, and
solid), number of walls, type of fibers (glass, carbon, and
Kevlar), orientation angle of the fibers, and fibers
placement mode (concentric, isotropic) [20].

For this study, the Onyx material was used to print the
parts. Onyx is a black filament with a diameter of 1.75 mm
produced by Markforged. It is made of nylon (Polyamide 6)
filled with approximately 10 to 20% of micro carbon fibers
(Fig. 1a), which provides satisfactory precision and surface
finishes. According to the manufacturer, it also has good
mechanical properties and chemical resistance. Hetrick
et al. [21] found that the length of carbon fibers in Onyx
varies from 7.035 to 44.58 pm, and the fibers are mainly
oriented in the deposition direction of the material. In the
present work, continuous glass fibers consisting of a
mixture of nylon and glass fibers (approximately 33% of
continuous glass fibers, 59% of nylon, and 8% of void in
volume) were also used to reinforce Onyx parts. (Fig. 1b)
shows a scanning electron microscopic image of the glass
fiber filament.

To conduct the study, a part model was designed in
SolidWorks software and printed in Onyx material alone
and Onyx with glass fiber. The part model included a set of
geometric and dimensional characteristics typically found
on industrial parts, such as a hole, an inclined plane,
parallel planes, and perpendicular planes. A batch of
30 pieces was printed simultaneously in order to have a
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Fig. 2. Views of the workpiece, surfaces and features nomenclature.

Table 1. Printing parameters.

Specifications

Pattern and density Triangular - 37%
Layer thickness — wall width 0.1 mm - 0.4 mm
Walls (contours) count 2

Roof and floor layers 4

Printing time for one part 56 min

Parameters

number of data representative enough to perform a
consistent statistical analysis. Figure 2 displays the part
model and all the measured features, dimensions, and
nomenclatures used in this study. The printing parameters
are summarized in Table 1 and represent the default
parameters provided by the slicer of the printer.

2.2 Moisture and fibers reinforcing influence

In order to study the impact of moisture absorption on the
geometrical features, the printed parts were exposed to an
ambient environment with a relative humidity of 32% at
20°C. After a period of three months, the geometrical
features of the parts were measured and analyzed. It is
important to note that Onyx material, which was used to
print the parts, is sensitive to humidity due to its
composition of Polyamide 6 (PA6) material. This sensitiv-
ity to humidity has been previously confirmed in literature.
In a previous study, it was shown that Onyx can absorb up
to 1.8% humidity in three months of exposure [22]. The
impact of humidity on the Onyx filament has not been
studied or taken into account. However, the filament is
protected in a ‘dry box’ to prevent aging under the
influence of humidity. The study only focused on the
impact of humidity on the final printed parts.

The study also analyzed the effect of reinforcement
fibers on stabilizing the deviations of the geometric
features. To achieve this, the parts were reinforced with
glass fibers at different angles (0°, 90°, and +/— 45°), as
shown in Figure 3.

2.3 Measurement instruments

A Mitutoyo coordinate measuring machine (CMM) was
used for the measurements, as shown in Figure 4, similar to
previous studies in the literature like [23]. The manufac-
turer’s indicated resolution of the CMM is (1.9 + 0.3L,/100)
pm, where L is the maximum length of the measured part,
and in our case, L =30 mm, resulting in a resolution of
1.99 pm. The measurement dispersion was evaluated in a
previous study and is summarized in Table 2. Other
measurements, such as direct dimensions, were taken using
a digital caliper with a resolution of 0.01 mm, which has
also been used in previous studies [14]. The results obtained
from the measurements were analyzed using a statistical
analysis method and the ELLISTAT statistical software
developed at the SYMME laboratory of the University of
Savoie Mont Blanc [24]. This method of statistical analysis,
combined with the use of statistical software, was
previously utilized by Khodygan et al. [25] and by Rathor
et al. [23] in their respective works.

2.4 Method of analysis

When evaluating the quality of a machine, the production
process is evaluated on the basis of their capability indices.
The most frequently utilized indices are Cp and Cpk, which
are calculated using equations (1) and (2), respectively.

USL — LSL
Cp= T (1)

or Cp =%
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Table 2. Measurement dispersion of the Mitutoyo CMM according to X, Y and Z directions; D is a hole’s diameter

dispersion.
Parameters X Y Z D
Measurement dispersion (mm) 0.002 0.002 0.004 0.005

Table 3. IT classes and summary of calculated indices for Onyx parts. Units of dimensions are mm.

1T Dimension C25 Dimension C30 Diameter D10

IT (mm) Cp Cpk %NC IT (mm) Cp Cpk %NC IT (mm) Cp Cpk %NC
1T7 0.027 0.21 —2.51  94.67 0.027 0.25 -1.31  99.99 0.015 0.21 —2.46 100
ITS8 0.033 0.25 -0.50 93.02 0.033 0.31 -1.65 99.99 0.022 0.31 —2.36 100
1T9 0.052 0.40 -0.35 85.20 0.052 0.48 -1.07 99.94 0.036 0.5 -2.17 100
1T10 0.084 0.64 -0.11 62.48 0.084 0.78 -0.78  99.02 0.058 0.81 -1.86 100
IT11 0.130 0.99 0.24 23.35 0.130 1.20 -0.35  85.44 0.090 1.25 -1.42 99.99
1T12 0.210 1.60 0.85 0.54 0.210 1.95 0.39 12.17 0.150 2.08 -0.58 95.99
Average value (X) 25.049 30.084 9.904
Average deviation +0.049 +0.084 —0.096
Dispersion (60) 0.132 0.108 0.072
Maximum value 25.09 30.11 9.924
Minimum value 25.01 30.05 9.878
Target 25 30 10

%NC: represents the percentage of non-conforming parts. For example, for dimension C25 with IT12, 0.54% of non-conformity parts

is observed if this tolerance interval.

Cp is an inherent measure of a process’s capability.
USL, LSL, 1T, and o represent the upper specification limit
(maximum permissible value), lower specification limit
(minimum permissible value), tolerance interval, and
standard deviation, respectively. Cp indicates that the
production variability is consistent with the tolerance
interval. Typically, for a process to be considered capable,
the ratio between the tolerance interval and the variability
must be greater than 1.33, [16,26].

(2)

L-X X -LSL
Cpk:min{US S },

3¢ ' 30

X: being the average value of the measurements. The
Cpk index indicates whether the process is centered or not
in the band 60 (dispersion) on the target value.

Interpretations of the quality indices:

— Cp>1.33 indicates that the process is inherently
capable.

— 1< Cp<1.33 indicates that the process requires moni-
toring [23].

— Cp < 1.33 indicates that the process cannot produce a
large number of parts within the specified tolerances [14].

— Cpk < Cp indicates that the process is off-centered.

The calculation of capability indices involves deter-
mining the upper specification limit (USL) and lower
specification limit (LSL) based on the allowed tolerance
interval (IT) for the dimensions. The ISO 286-1 standard

[27], which deals with geometric product specifications,
provides tolerance classes for linear dimensions based on
their sizes. In this study, IT classes ranging from 7 to 12
were used based on the capability study conducted by
Giinay et al. [14]. For geometric features such as flatness,
perpendicularity, parallelism, and cylindricity deviations,
the maximum tolerance allowed by the printer is deter-
mined, and the value of Cp is fixed at 1.33, with the
tolerance obtained using relation 3.

IT = Cp * 60. (3)

3 Results and discussion
3.1 Results for linear dimensions

The ISO 286-1 standard defines a direct or linear dimension
as the distance between two opposing parallel surfaces.
Based on this definition and the CAD for this study, the
dimensions selected were C25 and C30, which were
measured using a digital caliper, as was done in the study
by Gradl et al. [28]. The diameter of the hole (D10) was
also considered as a linear dimension, as assumed by
Rathor et al. [23]. This assumption is justified because holes
made using FDM typically receive inserts, usually metallic
ones. The diameter of the hole was measured using
the CMM. The IT class used for each dimension studied
is summarized in Table 3, and it was taken from the ISO
286-1 standard.
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Fig. 5. Distribution of values around the mean as a histogram, the target and positioning with respect to the specified limits: the case

of IT 12 for diameter D10 (Onyx parts).

All the statistical analyses of the dimensions demon-
strated a normal distribution (as shown in Fig. 5). The
value of Cp was found to be 1.60 for the IT12 class for the
C25 dimension, which indicates that the process is
intrinsically capable and has good repeatability of the
dimensions. A significant portion of the manufactured
dimensions is within the specified limits, meaning that the
produced parts’ dimensions are within the specified
tolerance. However, it should be noted that the dimensions
are off-centered toward the upper boundary, resulting in a
low value of Cpk (0.85). Previous studies by Giinay et al.
[14] reported a Cp>2 in the IT12 class, which is higher
than the Cp value obtained in this study. Meanwhile, other
studies by Maurya et al. [6] and Maurya et al. [29] found
that printed dimensions were smaller than the CAD
dimensions due to material shrinkage. In contrast, the
present study shows that the printed dimensions (C25 and
C30) are larger than the CAD dimensions due to material
expansion during cooling. For the D10 diameter case with
IT12 class, the Cp value was found to be approximately
2.08, indicating that the process is capable of producing
repeatable hole dimensions. However, the Cpk value was
less than zero, indicating a strongly off-center process. This
could be attributed to material shrinkage and the servo
system that drives the print heads, which generates this
defect. The printed diameter was found to be smaller than
the design diameter, which is consistent with the findings of
previous studies by Mora et al. [30] and Rathor et al. [23].

3.2 Results for geometric features

The present study investigated the geometric features of
parallelism, perpendicularity, cylindricity, and flatness.
We examined the perpendicularity between surfaces B and
C, the parallelism between surfaces 10 and C, the flatness
of surfaces A, B, and C, and the cylindricity of hole D10
based on the design part. To determine the general
tolerance of each feature according to the standard, we
calculated the IT and set a value of Cp=1.33 in a
bandwidth of 60 based on the QS9000 standard [31].
Table 4 summarizes the mean deviations and tolerance
intervals for the geometric features.

The tolerances obtained in this study were smaller than
those obtained by Mora et al. [30], where the features
deviated from 0.05 to 1.4 millimeters. This shows that the
X7 printer used in this study is more efficient than the non-
industrial printer used by Mora. The calculated tolerance
intervals allow a classification according to the ISO 2768
standard. This classification shows class H (fine class) for
the majority of geometric features.

3.3 Influence of humidity and fiber reinforcement

When polyamide material is exposed to long-term aging, it
can absorb humidity from the surrounding environment.
For injected plastic parts, this can cause changes in their
dimensions and geometric features. The effect of moisture
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Table 4. Deviations and tolerance of geometric features (Onyx parts).

Features Mean deviation (mm) Dispersion 60 (mm) Calculated IT (mm) Class
Flatness A 0.038 0.048 0.064 H
Flatness B 0.022 0.024 0.032 H
Flatness C 0.031 0.048 0.064 H
Cylindricity D10 0.07 0.072 0.096 H
Parallelism 10/C 0.082 0.21 0.279 K
Perpendicularity B/C 0.026 0.066 0.089 H

Table 5. Moisture’s Influence on calculated IT (Onyx Parts).

Non-aged IT Aged IT Degradation (%) Effect of moisture
Flatness A 0.064 0.155 +142.18 +++
Flatness B 0.036 0.058 +61.11 ++
Flatness C 0.067 0.112 +67.16 ++
Perpendicularity B/C 0.089 0.121 +35.95 +
Parallelism 10/C 0.282 0.387 +37.23 +
Cylindricity 0.096 0.116 +20.83 +

Table 6. Influence of reinforcing and moisture on calculated IT (reinforced parts).

Non-aged IT Aged IT Degradation (%) Effect of fibers
Flatness A 0.067 0.056 —16.41 —
Flatness B 0.321 0.23 —28.34 —
Flatness C 0.783 0.45 —42.52 —
Perpendicularity B/C 0.384 0.289 —24.73 —
Parallelism 10/C 0.742 0.45 —39.35 —
Cylindricity 0.318 0.36 +13.20 +

absorption is presented in Table 5, where we compared the
calculated IT (ensuring a Cp of 1.33) between aged and
unaged parts. Analysis of the shape deviation, specifically
flatness deviation, showed a widening of the tolerance
intervals and degradation of the part’s shape (with an
increase in IT of about 142%, 61%, and 67% respectively for
the flatness deviation of surfaces A, B, and C). The IT of
the hole cylindricity also degraded by about 21%. The
deviations of parallelism and perpendicularity also experi-
enced degradation, which is likely due to the swelling of the
part when it absorbs moisture.

We also evaluated the impact of glass fiber reinforce-
ment and aging simultaneously and summarized the results
in Table 6. The findings showed a reduction in the flatness,
perpendicularity, and parallelism tolerance of the rein-
forced parts as they aged. This improvement was likely due
to the stabilization of the surfaces resulting from the glass
fibers, which reduced the absorption of moisture.

A comparison of parts without and with fibers showed
that the addition of fibers caused a degradation of the
parts’ geometric and dimensional features. This is
undoubtedly due to the high rigidity of glass fibers, which

means that during printing, the fibers are not straight. In
fact, at the end of the printing process, the glass fibers are
already not straight, as shown in Figure 6, where waviness
can be observed on the glass fibers. The degradation of
dimensional and geometric defects in glass fiber-reinforced
parts is intrinsically due to the printer process.

For instance, the average flatness of surface C in parts
without fibers increased by about 75% compared to
reinforced parts, while the parallelism of the 10/C surface
degraded by up to 63%.

When comparing the IT of the D10 diameter, we
observed that the addition of fibers did not significantly
improve the cylindricity deviation under the effect of aging.
The increase in cylindricity deviation between aged non-
reinforced and aged reinforced parts was 17% and 11%,
respectively. For parts without aged reinforcements, there
was a 58% increase in the flatness deviation of surface A,
but a 17% decrease was observed for the reinforced parts
(as shown in Fig. 7). The parts without reinforcements
tended to swell under the effect of humidity, which
explained the degradation of the features. However, the
addition of fibers slowed down and stabilized the



8 D. Nikiema et al.: Mechanics & Industry 25, 4 (2024)

SEM HV: 20.00 kV WD: 15.00 mm VEGAW TESCAN
-

View field: 1.51 mm Det: SE 200 pm
SEM MAG: 100 x Date(m/dfy): 10/12/23 Performance in nanospace n

Fig. 6. Waviness of printed glass fibers.

0.25
U-U: Unaged Unreinforced parts FIatness_A _
A-U: Aged Unreinforced parts | Perpendicularity B/C
1 U-R: Unaged Reinforced parts Parallelism 10/C
A-R: Aged Reinforced parts
0.20 —
E0.15 |
E
)
c
] 1
=
8
3 0.10
20.10
0.05 —
0.00 j , | : : . :
u-u A-U U-R AR
Parts

Fig. 7. Flatness deviation of surface A: a comparison of influence of moisture and fibers reinforcement.

degradation of the flatness deviations. The same observa- 3.4 Comparison to other processes

tions are made for perpendicularity and parallelism

(as shown in Fig. 7). It is important to consider that in Previous research on additive manufacturing using FDM,
order to define the tolerance intervals of parts printed with — including the work of Lieneke et al. [5], has demonstrated

the X7 printer, it is necessary to take into account the effect ~ that the FDM process can achieve IT levels ranging from
of aging and fibers. class 9 to 14, as proposed in the ISO 286-1 standard. These
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Table 7. Overview of IT by process [5].

Process IT grade

i 18 |9 |10

11

Casting
Sintering
Drop forging
Milling
Cutting
Turning
Drilling

X7 Printer
FDM [5]

findings were based on comparisons with other manufactur-
ing processes, such assintering, milling, cutting, and drilling.
In a separate study, Giinay et al. [14] determined that the
FDM process is capable of achieving IT11 and can produce
0.19% non-conformity. In comparison, our study suggests
that the FDM process is capable of achieving I'T12 for linear
dimensions (direct dimensions), which is comparable to
forging, casting, cutting, or drilling processes. It should be
noted that the dimensions produced may not precisely match
the fixed IT and may vary slightly around an average,
introducing the concept of process fidelity. Table 7 provides a
summary of I'T classes for various manufacturing processes.

4 Conclusion and perspectives

The primary aim of this study was to assess the potential of
Markfoged X7 printer for industrial use, by exploring
quality indices taken from the QS900 standard, specifically
Cp and Cpk capability indices. The findings can be
summarized as follows:

— The printer shows good performance in terms of the Cp
index for IT12 tolerance intervals, with Cp ranging
from 1.65 to 2 across all dimensions studied, indicating
good dimension repeatability. However, the Cpk index
shows that the process is not centered on the target
dimensions.

— The printer generates geometric feature deviations
ranging from 0.004mm to 0.035mm for parallelism,
perpendicularity, cylindricity, and flatness. The tolerances
calculated based on a Cp of 1.33 for these geometric defects
range from 0.032mm to 0.279 mm.

— The study also revealed that moisture strongly influences
geometric features, resulting in an increase in defects and a
wider tolerance interval. However, adding fibers stabilizes
these defects over time.

— A degradation of geometric and dimensional defects,
which is intrinsic to the X7 printer process, was observed
between reinforced and non-reinforced parts.

— The consideration of humidity and the addition of fibers or
not is then essential in the definition of tolerance intervals.

Overall, this study sheds light on the industrial
potential of this printer by examining its dimensional
and geometric characteristics. Future research will focus on
analyzing the surface roughness of printed parts, optimiz-
ing the printing process, and capability investigation of the
assembly of parts produced by this printer.
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