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Abstract
Metal Binder Jetting (MBJ) has a great potential for producing complex products in medium to large batches. However,
challenges remain in achieving high dimensional and geometrical accuracy. This study investigates the influence of printing
parameters and sample geometry on the accuracy of 316L stainless steel green products produced via MBJ. A Design of
Experiments (DoE) approachwas employed to study four factors at three levels.ATaguchi L9 orthogonal arraywas designed to
evaluate the effects of printhead speed, binder saturation grade, blade speed, and shell thickness ondimensional andgeometrical
accuracy. Four different geometries were printed and then measured using a coordinate measuring machine (CMM) to assess
the accuracy of external and internal dimensions, flatness, and parallelism. The results showed that dimensional accuracy
was influenced by printing direction, feature size, and the feature type. External dimensions showed highest accuracy along
the powder spreading direction (Y: 0.12% ± 0.21%), followed by building direction (Z: 0.25% ± 0.3%) and binder injection
direction (X: 0.40% ± 0.2%). Significantly lower accuracy was found in internal features, showing a negative deviation (X:
− 0.66% ± 0.32%; Y: − 0.41% ± 0.23%).
Flatness and parallelism errors were found almost constant across experiments, with average values of 0.014 ± 0.008 and
0.024 ± 0.014, respectively. Parallelism appeared to be affected by geometry, specifically, increasing height-to-thickness
ratios led to larger errors. Grey relational analysis identified printhead speed as the most critical parameter, followed by
binder saturation grade, shell thickness, and blade speed in optimizing the accuracy of the printed parts. ANOVA analysis
reveals that printhead has a statistical relevance showing a P-value of 0.029. This work provides novel insights into the printing
factors affecting the quality of green parts produced by MBJ. This article helps in identifying the optimal printing parameters
for binder jetting of SS 316L.
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1 Introduction

The interest in Additive Manufacturing technologies is con-
tinuously growing, thanks to the possibility of producing
complex geometries with negligible waste of material, and
consequent cost reduction [1]. However, the peculiarities of
such technologies determine specific part properties, and
potentially specific defects, to be carefully considered [2].
Among the different Additive Manufacturing technologies
classified by ISO/ASTM52900:2021, different maturity lev-
els can be recognized; while Fused Deposition Modeling
(FDM) and Laser Powder Bed Fusion (LPBF) technologies
are well established, other processes as Metal Binder Jet-
ting (MBJ) need for further investigation to fully exploit the
strong potential for manufacturing small-medium batches in
different fields—consumer goods, medical, automotive, avi-
ation, and aerospace.

Two main steps determine the characteristics of MBJ
parts: printing (also comprehending drying, curing, and de-
powdering) and sintering (also comprehending de-binding).
Both of these steps concur to determine the difficulties in
controlling product accuracy, in turn currently limiting the
widespread adoption of MBJ. Product quality is negatively
affected by the anisotropic shrinkage and shape distortion

occurring on sintering, but the geometrical inaccuracy also
derives from printing, and cannot be amended on sintering.

The strong effect of printing parameters on micro and
macro geometrical accuracy has been recognized by liter-
ature studies. Surface quality is affected by layer thickness,
as expected, and lower roughness is related to thinner layer
thickness, as observed by Chen and Zhao on 420 stainless
steel parts [3]. Similarly, low roughness can be obtained
using powders with small particle size [4]. Binder satura-
tion grade, related to the amount of binder interacting with
powder surface, also strongly affects surface quality. Lores
et al. [5] reported that poor surface quality can be related to
low saturation level, meaning that the amount of deposited
binder was not enough to properly bind the powder parti-
cles, thus determining particles separation or detachment.
On the other hand, high binder saturation grade, meaning
excessive amount of deposited binder, and consequently of
powder particles bonded to the surface, might also negatively
affect surface quality.

Geometrical accuracy is generally ascribed to the dimen-
sional and geometrical variations occurring on sintering,
meaning sintering temperature, time, and atmosphere [6–8].
However, shrinkage and its anisotropy are strongly influ-
enced by printing parameters. The staircase effect related to
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layer thickness originates geometrical form errors, as analyt-
ically quantified in [9] and [10] for flatness and cylindricity,
respectively. Indeed, the staircase effect is not the only reason
for geometrical inaccuracy, as demonstrated by Zago et al.
after measuring flatness [11] and cylindricity [12] of binder
jetting products at green and sintered state. As observed for
surface quality, binder saturation grade and printing speed
[13] have to be carefully tuned to avoid geometrical defects,
such as bleeding [14], and layer shifting [11, 15]. Binder
drying and curing may also determine a dimensional devi-
ation. Layer shifting may occur when heating temperature
is too high and/or drying time is too long, due to the over-
cure of binder, resulting in weak bonding between layers.
Conversely, sticking to the roller may occur when temper-
ature is too low and/or time too short, and poorly cured
binderwould also result in insufficiently bonded layers [5]. In
both cases, detrimentally affecting the accuracy of parts, also
implying anisotropic shrinkage [3]. Moreover, depending on
the type of binder, drying is often not sufficient to complete
water/solvent evaporation and polymer curing, and specific
curing in oven at low temperature is generally needed after
de-powdering. Effective powder spreading, in turn affected
by powder characteristics [16, 17], can be controlled by pow-
der applicator speed to avoid inhomogeneous distribution,
and consequently not uniform shrinkage. Finally, inhomo-
geneities and geometrical inaccuracies may also derive from
the position in building chamber [18].

The many issues shortly presented above highlight the
difficult task of controlling dimensional and geometrical
accuracy in Metal Binder Jetting, due to many different pro-
cess variables.

This work aims at studying the influence of process
parameters on dimensional and geometrical accuracy in
squared parts with a through hole made by SS 316L. Taguchi
model was adopted to investigate the contribution of four
parameters: printhead speed, binder saturation grade, pow-
der applicator speed and shell thickness.

2 Materials andmethods

A cubic geometry with a square through-hole was designed
for this study. To examine the influence of cube dimensions,
four configurations were developed, as illustrated in Fig. 1.
The dimensions in the green state are presented in Table 1,
they were derived by scaling the expected sintered dimen-
sions to account for anisotropic dimensional changes during
sintering.

The build boxwas organized to includemultiple replicates
of the four geometries. Samples were positioned at various
locations along X, Y, and Z axes, which correspond to:

• X-axis: the direction of printhead injection.

Fig. 1 (a) Axonometric view of the four geometries (from left to right:
Le10Li6,Le10Li8,Le20Li16,Le20Li18) and (b) annotation convention
for dimension and parallelism control

• Y-axis: the blade’s movement direction (powder spread-
ing).

• Z-axis: the building direction.

A total of 36 replicates each of the Le10Li6 and Le10Li8
geometries were distributed across three build heights, repre-
senting different distances from the build plate. Additionally,
9 replicates each of the Le20Li16 and Le20Li18 geometries
were distributed at the same three build heights. All samples
were aligned with the reference system shown in Fig. 1, and
markers were added to facilitate sample identification after
printing operations.

The printing process was performed using a Digital Met-
al® DMP 2000 binder jetting industrial machine with AISI
316L stainless steel powder supplied byDigitalMetals (Swe-
den), now Markforged (USA).

A design of experiments (DoE) approach was imple-
mented to evaluate the effects of printing parameters on the
quality of green products. Taguchi’s method was applied
using an L9 orthogonal array to investigate four factors
at three levels. This reduced the number of experiments
required from 81 (full factorial design) to 9. A full factorial
design offers exhaustive insight into parameter interactions;
however, it would demand several weeks of continuous print-
ing and measurement. While Taguchi’s L9 orthogonal array
provided first order interaction results of the four factors at
three levels in just nine runs. For this reason, L9 Taguchi’s
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Table 1 Nominal dimensions in
the green state of the four
geometries. For dimension
annotations see Fig. 1

Geometry LX-EXT [mm] LY-EXT [mm] LZ [mm] LX-INT [mm] LY-INT [mm]

Le10Li6 11.997 12.071 12.177 7.199 7.243

Le10Li8 11.997 12.071 12.177 9.597 9.657

L20Li16 23.994 24.142 20.700 19.196 19.314

Le20Li18 23.994 24.142 20.700 21.594 21.728

method is chosen as an optimal compromise to achieve sig-
nificant results with a reasonable time. The four printing
parameters studied were:

• Printhead speed: The velocity at which the printhead
injects binder.

• Blade speed: The speed at which the blade spreads and
levels the powder.

• Shell thickness: The thickness of the shell boundary that
separates the core and shell areas of the printed part. Binder
saturation in the shell was constant (dark body set to 8),
while binder saturation in the core was varied based on the
dark body factor levels. See [19] for a visual explanation.

• Binder saturationgrade:Thebinder saturation is controlled
by a technological parameter named “dark body” in the
used machine. A dark body value of 8 corresponds to fully
saturated pixels, whereas a value of 3 results in 69% pixel
saturation, which means a lower binder saturation [20].
For a better understanding, following the term “binder sat-
uration grade” will be used to refer to the technological
parameters (dark body).

Table 2 provides the parameter configurations for the nine
experiments. Other printing parameters were kept constant,
including a layer thickness of 42 µm, an image resolution of
1200 DPI, and a bed temperature of 80 °C.

After printing the build box was heated to 200 °C for
8 h to dry the binder’s aqueous component and crosslink
its polymer component. Green samples were then carefully
extracted during de-powdering for quality assessment.

A Hexagon DEA Global S 07-10-07 coordinate mea-
suring machine (CMM) was used to measure the samples.
The CMM, equipped with an HP-S-X1 probe, had a maxi-
mum permissible error (MPE) of 2.2 + L/300 µm, following
ISO 10360–4 standards. A stylus with a 1 mm spherical tip
was used for smaller geometries (Le10Li6, Le10Li8), while
a 3 mm spherical tip was employed for larger geometries
(Le20Li16, Le20Li18).

Sampleswere clamped to theCMM’sworking plane using
a centering clamping system. The datum reference system,
shown in Fig. 1, was defined in the following order:

• X–Z plane: was used to orient the first datum.
• Y–Z plane: was used to locate the second datum.

• X–Y plane: was used to block the third datum.

On each surface nine points were acquired, and planes
were reconstructed using the least squares method. Since the
bottomplanewas inaccessible by probe tip, some pointswere
acquired from the support to calculate the sample’s height.

Sample dimensionswere calculated based on the distances
between planes, and dimensional accuracy was determined
using Eq. (1), which compares measured dimensions (LMeas)
with nominal ones (LNom).

Accuracy Index � LMeas − LNom

LNom
(1)

Geometrical accuracy was assessed by measuring flatness
and parallelism errors. The flatness of all vertical planes
was measured. While, as shown in Fig. 1, the parallelism
of two external and four internal planes was evaluated with
respect to the datum reference system. A naming conven-
tion was adopted for clarity, where “P,” “E,” and “I” indicate
Plane, External, and Internal, respectively. XYZ indicates the
printing reference system, with plus and minus subscripts
representing plane orientations relative to the reference sys-
tem.

In preliminary work, a statistical analysis was performed
to identify the set of parameters that minimize dimen-
sional deviation in each direction. The results showed that
the optimal printing parameters vary depending on printing
directions [21]. For this reason, a multi-objective optimiza-
tion approach was adopted to find the process conditions that
globally minimize dimensional deviation across all dimen-
sions and across all four geometries. To simultaneously opti-
mize dimensional and geometrical accuracy across all four
geometries, a grey relational analysis (GRA) was performed,
following the procedure in [22, 23]. A "smaller-the-better"
approachwas used tominimize response variables. Accuracy
index (yi j ) was normalized using Eq. (2).

xi j � max
(
yi j

) − yi j
max

(
yi j

) − min
(
yi j

) (2)

where:

• xi j represents the normalized value of response parameter
yi j ,
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Table 2 Matrix of the experiment
and factor’s levels according to
Taguchi model

Experiment n° Printhead Speed
[mm/s]

Binder Saturation
grade [-]

Blade Speed
[mm/s]

Shell Thickness
[pixel]

1 150 0 25 1

2 150 3 30 2

3 150 6 38 5

4 200 0 30 5

5 200 3 38 1

6 200 6 25 2

7 250 0 38 2

8 250 3 25 5

9 250 6 30 1

• The subscript i represents the experiment number, which
ranges from 1 to 9.

• The subscript j corresponds to the response variable,
which ranges from 1 to 20. This includes five accuracy
indices (LX-EXT, LY-EXT, LZ, LX-INT, LY-INT) for
each of the four geometries (Le10Li6, Le10Li8, Le20Li16,
Le20Li18).

• min and max refer to the minimum and maximum values
of the response parameter across the nine experiments,
considering each geometry separately.

The deviation sequence (�i j )was calculated usingEq. (3),
representing the absolute difference between the reference
(x0 j � 1) and the normalized response parameter (xi j ).

�i j � ‖x0 j − xi j‖ (3)

Grey relational coefficient (ξi j ) was computed using
Eq. (4), where �min and �max correspond to the minimum
and maximum values of the deviation sequences. The distin-
guishing coefficient (ζ ) was set to 0.5.

ξi j � �min + ζ�max

�i j + ζ�max
(4)

Grey relational grades (γi ) were then computed by using
Eq. (5).

γi �
n∑

j�1

ω jξi j (5)

where ω j is the weight factor associated with the different
response variables. In this study noweight factorwas adopted
since all response variables were considered equally impor-
tant.

Finally, the mean grey relational grade (Mean GRG) was
computed using Eq. (6), averaging grey relational grades (γi )

values for each factor level to identify the most influential
factors and optimal printing configuration.

Mean GRG ji � 1

n

n∑

i

(
γ j i

)
(6)

3 Results and discussion

3.1 Dimensional accuracy

Figure 2 illustrates the accuracy of external linear dimensions
(LX-EXT, LY-EXT, LZ) across the experiments. The results
are presented using boxplots, which display the range from
the 25th to the 75th percentile of the sampled data. Within the
rectangular box, the bold line represents the median value,
while the whiskers extend to the maximum and minimum
values. Dots outside the whiskers indicate outliers, which
are values exceeding 1.5 times the interquartile range.

Despite variations due to printing conditions, external fea-
tures generally exhibit positive deviations from the nominal
dimensions. This finding aligns with literature summarized
in Table 3. As listed in the table, many literature works have
investigated dimensional deviation by using simple cubic
shapes of 10 mm square. Generally, the deviation is positive
or close to zero. The results of this work showed a maxi-
mum average deviation of 0.46%, which is significantly less
in comparison to other studies. The reason is attributed to the
higher performance of industrial printers in comparison to
the laboratory systems.

Figure 3 depicted the accuracy of internal dimensions that
generally show negative deviations. Such results, according
to the best of the authors’ knowledge, have not been reported
in literature.

The observed positive deviations of external features and
negative deviations of internal features are attributed to the
interaction between the powder and binder. Essentially, when
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Fig. 2 Accuracy index of external
linear dimensions as function of
experiments. (a) LX-Ext
dimension. (b) LY-Ext
dimension. (c) LZ dimension

binder is deposited, it penetrates vertically and laterally into
the voids between particles [25, 30]. This vertical and lat-
eral permeation can result in the bonding of extra powder,
leading to larger external dimensions and smaller internal
dimensions. Jiang et al. studied dimensional accuracy by
varying binder saturation from 50 to 140%. Their analysis
showed a slight increase in dimensional deviation as binder
saturation increased, which became more significant when
bleeding defects occurred [28]. Similar results were found
by Du et al. in [32]. Additionally, Cheny et al. observed that
increasing drying time reduced dimensional deviation along
both powder spreading and building directions [26].

In this study, the accuracy of LY-EXT is slightly positive
and occasionally centered around zero. It is likely that binder
penetration is more effective or extensive in the binder injec-
tion direction compared to the opposite direction, resulting
in differential accuracy.

Further analysis of Figs. 2 and 3 reveals higher accuracy
and precision along powder spreading direction (Y). Accu-
racy is slightly higher alongbuilding direction (Z) than binder
spreading direction (X), but higher precision is observed in
the X than in the Z direction. This is attributed to higher
in-plane resolution (1200 DPI) compared to the layer resolu-
tion of 42µm. Similar findings of the highest accuracy along
powder spreading direction have been reported in other stud-
ies of 316L [25, 26]. However, as reported in Table 3, these
results are not consistent across studies. Some works found
the highest accuracy along building direction [24, 27, 29–31].
This is likely due to the complex behavior of powder-binder
interaction. Future studies should investigate how this inter-
action is affected by particle size, powder material, binder
properties, and printing conditions to develop a solid model
for predicting and controlling dimensional accuracy.

As demonstrated in Figs. 2 and 3, accuracy appears to
be influenced by geometry. For instance, the accuracy index
for LX-EXT and LX-INT decreases as linear dimensions
increase. This trend seems to be due to a virtually con-
stant error in manufacturing. The powder-binder interaction
is likely the primary factor affecting accuracy; however,

other aspects may also contribute to dimensional deviation.
It is worth mentioning the printing resolution. Essentially,
the printer performs a geometry conversion based on image
resolution (DPI) and layer thickness. Blunk et Seibel exper-
imentally verified a building limit for length and diameter
smaller than 0.1 mm using a DMP2500, the updated ver-
sion of the DMP2000 printer. Below this limit, features were
either not printed or deviated significantly from nominal size.
They explained that larger measured dimensions result from
geometry conversion, where the nominal dimension is con-
verted to an equivalent number of pixels. If the conversion
provides a fractional number of pixels, Blunk et Seibel stated
that machine tends to round to the nearest larger integer [33].

In conclusion, this analysis highlights the role of printing
directions, sample geometry, and printer resolution in deter-
mining dimensional accuracy. Further studies should explore
the physical and technological causes of dimensional devia-
tion loss in more detail.

3.2 Geometrical accuracy

Figure 4 shows the flatness form error for the external vertical
planes as a function of the nine experiments. The data is
presented using a box plot, following the same scheme as
reported in Fig. 2.

Flatness form error is virtually constant across the nine
experiments. The value ranges from 0.01 to 0.03, which is
much lower compared to the results reported in [11, 34]. No
significant differences are observed as a function of printing
direction or sample geometry. The error is of the same order
ofmagnitude as the particle distribution,which isD108.1µm
D50 15.3µm, D90 27µm, according to the powder supplier.
The D50 size is comparable to the median flatness form error
in the different batches. Therefore, the flatness form error
seems to be attributed to surface irregularities, which can be
induced during printing and de-powdering. Slight variations
in the binder saturation, and dry conditions can result inmore
or fewer particle attached to the surface, as suggested by [3].
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Table 3 Literature review of dimensional accuracy of linear dimensions in the green state categorized by printer, material, nominal geometry, and
building directions (binder injection, powder spreading, and building direction)

Reference Printer Material Nominal
geometry [mm]

binder injection
direction [%]

powder spreading
direction [%]

building direction
[%]

Present
study

DMP2000 316L Le10Li6 0.42 ± 0.20 0.03 ± 0.14 0.28 ± 0.26

Le10Li8 0.46 ± 0.19 0.03 ± 0.21 0.24 ± 0.28

Le20Li16 0.23 ± 0.14 − 0.01 ± 0.10 0.32 ± 0.26

Le20Li18 0.29 ± 0.08 − 0.01 ± 0.10 0.14 ± 0.46

[24] self-developed
printer

316L Cuboids 10 ×
10x10

0.71 ± 0.20 2.33 ± 0.28 − 0.06 ± 0.85

[25] ExOne Innovent + 316L – coarse
powder

Prismatic
samples 15 ×
8x6 and 35 ×
5x5

8.1 ± 0.3 3.3 ± 0.5 14.1 ± 0.5

316L –
coarse–fine
powder ratio
9:1

3.3 ± 0.2 1.9 ± 0.2 4.2 ± 0.3

316L –
coarse–fine
powder ratio
9:1

3.2 ± 0.1 1.9 ± 0.4 3.8 ± 0.4

[26] ExOne Innovent +
Equipped with
Triple ACT

316L Cuboids 10 ×
10x10

/ 0.90 ± 0.39 1.41 ± 0.55

[27] ExOne Innovent CoCrMo
powder

Cuboids 10 ×
10x10

1.1 ± 1.2 1.2 ± 0.05 0.44 ± 0.54

ExOne Innovent + 0.29 ± 0.07 0.96 ± 0.07 0.40 ± 0.45

[28] ExOne Innovent Inconel 625
–water
atomized

Cuboids 10 ×
10x10

/ 1.5 /

Inconel 625 –
argon
atomized

/ 1.3 /

[29] ExOne Innovent + Inconel 625 Cuboids 17.25
×
17.25x17.39

3.37 0.95 0.83

[30] ExOne M-lab
system

Ti6Al4V Cuboids 8 ×
8x8

0.75 0.5 0.0

[31]1 ExOne Innovent Copper Cuboids 11 ×
11x11

2.3 1.5 0.6

Shell Cuboids
11 × 11x11

2.5 1.5 0.6

Cylinder 10 ×
10

1.3 1.3 0.8

1Data derived from the figure, not numerically reported in the paper

Additionally, some powders may not be completely removed
during the de-powdering, causing geometrical error.

Figures 5 and 6 show the parallelism error for planes X
and Y, respectively, obtained from the nine experiments.

Similarly to flatness, no significant differenceswere found
when comparing the two-printing directions, X (binder injec-
tion) and Y (powder spreading), or when comparing external
and internal planes. Despite slight variability across the
experiments, the geometrical error can be attributed to the

surface irregularities caused by the powder-binder interac-
tion and de-powdering, as discussed in the flatness section.

There is a lack of experimental data in the literature
for comparison. In another study, Zago et al. measured a
parallelism error of 0.106 mm between planes parallel to
the printing plane [11]. The significant difference can be
attributed to variations in sample geometry, printer, and plane
orientation. Generally, flatness and parallelism errors seem
negligible when compared to defects caused by improper
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Fig. 3 Accuracy index of internal
linear dimensions as function of
experiments. (a) LX-INT
dimension. (b) LY-INT
dimension

Fig. 4 Flatness form error as a
function of experiments and
sample geometries. (a) Plane
X-Ext-minus – datum A plane,
(b) Plane Y-Ext-minus – datum B
plane, (c) Plane X-Ext-plus,
(d) plane Y-Ext-plus

Fig. 5 Parallelism error of planes
X (binder injection direction) as
a function of experiments.
(a) Plane Ext X-plus, (b) plane
Int X-plus, (c) plane Int X-minus

printing conditions, as reported by Miyanaji et al. in [35].
The results of this work appear to be related to the limita-
tions of this technology.

Differently by flatness analysis, parallelism error seems to
be affected by sample geometry. In most cases, parallelism
error increases as the height-to-thickness ratio increases.
This error is likely related to layer-shifting caused by the
compaction force applied by the blade. Some studies have
examined the effect of compaction force applied by blade
or roller. Maximenko et al. numerically modelled shape

distortion induced by blade on part printed in the previ-
ously deposited layer [36]. Cao et al. modelled the stress
field induced during powder leveling and correlated it with
experimental layer-shifting and geometrical errors caused by
changes in the printing process and powder leveling method
[34]. Further analysis is needed to clarify the origin of the
geometrical error to address possible solutions.
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Fig. 6 Parallelism error of planes
Y (powder spreading direction)
as a function of experiments.
(a) Plane Ext Y-plus, (b) plane
Int Y-plus, (c) plane Int Y-minus

Table 4 Grey relational coefficients (GRC) distinguished for four
geometry and the all sampling

Experiment n° Grey relational coefficient [-] Rank

1 0.532 7

2 0.552 5

3 0.586 3

4 0.495 9

5 0.507 8

6 0.550 6

7 0.598 2

8 0.566 4

9 0.618 1

3.3 Grey relational analysis

The average values of the accuracy index for the five dimen-
sions investigated (LX-EXT, LY-EXT, LZ, LX-INT, LY-INT)
across the four geometries in the nine experiments are
reported in the appendix. This data was used to determine
the optimal printing parameters thatminimize deviation from
nominal geometry. Flatness and parallelism errors were not
considered, since they showed no significant variations as a
function of printing parameters.

Grey relational analysis was employed to determine opti-
mal printing parameters that minimize accuracy index across
all samples. Grey relational coefficients were computed fol-
lowing the procedure outlined in the methodology section.
The results are presented in Table 4, which includes all
four geometries (all-sampling). Experiment 9 provided the
highest grey relational coefficient, and the lowest rank was
assigned to it. Thismeans that experiment 9provided theopti-
mal printing parameters to minimize dimensional deviation
among the nine experiments. The parameters combination is
A3, B3, C2, D1, which means the higher level of printhead
speed (A3) and binder saturation grade (B3), the intermedi-
ate level of blade speed (D2), and the lowest level of shell
thickness (D1).

Table 5 reports the mean grey relational grade for each
factor level. The difference between the maximum and min-
imum values shows that printhead speed is the most relevant
printing parameter, followed by binder saturation grade, shell
thickness and blade speed.

Figure 7 presents the means of grey relational grades. As
observed in Table 5, greater variation in mean GRG indicates
that the factor is more sensitive to the dimensional accuracy.
Additionally, higher means of GRG correspond to the better
responses. Consequently, according to Fig. 7, the optimal
printing parameters are A3, B3, C3, D2, which correspond
to level 3 of printhead speed, level 3 of binder saturation
grade, level 3 of blade speed, and level 2 of shell thickness.
This parameter combination slightly changes in comparison
to the rank analysis reported in Table 4, meaning that the
optimal process set-up, based on the means of grey relational
grades analysis, was not included in the nine experiments.

Table 6 presents the analysis of variance (ANOVA) for
grey relational grades. Since blade speed has the least signif-
icant effect, it was pooled out and considered as a residual
error. The data reveals that printhead speed is a statistically
significant factor affecting dimensional accuracy, with a P-
value less than 0.05. Binder saturation grade has a P-value
slightly greater than 0.05, suggesting it is not statistically
significant at the 5% significant threshold. It is worth men-
tioning that an interaction between powder spreading and
binder saturation grade may not be captured by fractional
factorial analysis. This can be observed by analyzing the
parameter levels of the three experiments with the highest
rankings in Table 4. Experiments 9 and 7, ranked first and
second respectively, have the most significant parameter at
level 3, while experiment 3, ranked third, combines the low-
est printhead speedwith level 3 of the binder saturation grade.
Given that the Taguchi L9 model consists of only nine exper-
imental runs, the resulting low statistical power increases the
risk of Type II errors—meaning that some real factor effects
may go undetected. Therefore, further studies with larger
sample sizes are needed to confirm the findings of this work.
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Table 5 Response table based on
grey relational grades Level Factor

Printhead speed (A) Binder Saturation
Grade (B)

Blade Speed (C) Shell Thickness
(D)

1 0.557 0.542 0.550 0.552

2 0.517 0.542 0.555 0.567

3 0.594 0.585 0.564 0.549

Max – Min 0.077 0.043 0.014 0.018

Rank 1 2 4 3

Fig. 7 Effect of process levels on means of grey relational grades.
(a) Printhead speed, (b) binder saturation grade, (c) blade speed,
(d) shell thickness

The optimal printing levels for parameters B, C, and D
may be selected differently from those values indicated by
the analysis of the mean of the grey relational grades, as their
variations are not significant according to ANOVA. Based
to the literature [19], the density and bending strength in
the green state are statistically affected by the binder satu-
ration grade, with higher levels increasing these properties.
Consequently, similarly to theGRGanalysis results, the high-
est binder saturation grade can be selected to maximize the
mechanical properties of the intermediate product for safe
handling between printing and sintering operation.

Similarly, choosing the highest blade speed (C3) could
represent the optimal production choice, as it reduces printing
time. Alternatively, parameters B and C can be determined
according to environmental considerations and manufactur-
ing costs. Increasing the binder content theoretically raises

both manufacturing costs and CO2 emissions during the
debinding process, due to binder decomposition. Therefore,
the lowest binder saturation grade and shell thickness may
yield significantly lower CO2 emissions and reduced produc-
tion costs.

Further studies will investigate the statistical impact of
the binder saturation grade in a sustainability perspective,
and future work will aim to quantify the trade-offs among
mechanical properties, manufacturing costs, and the sustain-
able production of the intermediate green product.

3.4 Design guideline

This research highlights that dimensional deviation is influ-
enced by both printing parameters and printing directions.
Higher accuracywas found along the powder spreading print-
ing direction, which should be considered when determining
the part’s orientation in the printing box. For the first time, it
has been shown that internal features exhibit greater devia-
tions from the nominal green geometry than external features.
Moreover, deviation appears to be influenced by the nominal
size of the product. Based on these findings, product accu-
racy could be improved by changing the process conditions
and part geometry.

Regarding the process, an optimal combination of print-
ing parameters was proposed to minimize the dimensional
deviation across all the sampled dimensions. In the authors’
opinion, this set of parameters could be reliably applied to
316L products within the same dimensional range investi-
gated in this study. The results are not limited to squared
samples, but also applicable to more complex products that

Table 6 Analysis of Variance for
Signal-to-noise ratios Source Degree of Freedom Seq SS Adj SS Adj. MS F-value P-value

Printhead speed 2 2.1812 2.1812 1.0906 33.18 0.029

Binder Saturation grade 2 0.9064 0.9064 0.4532 13.79 0.068

Blade speed polled \ \ \ \ \

Shell thickness 2 0.1457 0.1457 0.0728 2.22 0.311

Residual Error 2 0.0657 0.0657 0.0329

total 8 3.2991
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combine multiple features. However, some limitations may
arise for products with internal features that are not aligned
with the building direction, as well as for cylindrical and
free-form shapes.Moreover, this study investigated only four
printing parameters; further research should explore other
parameters that may affect part accuracy.

Regarding part geometry, green product geometries are
typically created by scaling the nominal sintered geome-
try according to the expected anisotropic shrinkage during
sintering. However, the results of this study indicate that
scaling factors should also account for dimensional devi-
ations introduced during the printing process. Specifically,
different scaling factors may be needed not only for different
printing directions but also for internal and external features.
Future studies should aim to develop a scaling factor model
as a function of nominal dimensions distinguishing external
and internal dimensions.

In this study, flatness and parallelism were only mini-
mally affected by the printing parameters, likely because
the measured values are close to the technological limits of
the printer. Reducing particle size of powder base material
appears to be the most promising strategy to mitigate these
geometric errors. Furthermore, parallelism error increases
with the height-to-thickness ratio, likely due to the com-
paction force applied by the blade. Further investigation into
powder spreading could help identify optimal procedures to
minimize this error.

4 Conclusions

This study provides novel insights into the accuracy of green
products printed using the binder jetting additive manufac-
turing technology. Specifically, the study aimed to assess
the influence of printing parameters and geometry on prod-
uct accuracy. An L9 Taguchi methodology was employed to
study the influence of four factors (printhead speed, binder
saturation grade, blade speed, and shell thickness) at three
levels. Four geometries were measured in the green state
using a coordinate measuring machine to evaluate dimen-
sional and geometrical accuracy.

The main findings are as follows:

• Dimensional accuracy is significantly affected by the print-
ing direction, feature size, and feature type. Accuracy was
highest in the powder spreading direction (external dimen-
sions: 0.12% ± 0.21%; internal dimensions: − 0.41%
± 0.23%), followed by the building direction (0.25% ±
0.3%) and the binder injection direction (external dimen-
sions: 0.40% ± 0.2%; internal dimensions: − 0.66% ±
0.32%). In general, dimensional accuracy increases with
feature size. Additionally, external features showed higher
accuracy compared to internal features. These findings are

primarily attributed to the powder-binder interaction. The
binder permeates vertically and laterally out of the nominal
contour causing the positive deviation of external features
and the negative deviation of internal features. This effect
is more pronounced along the binder injection and build-
ing directions, leading to differential accuracy across the
3D directions.

• Flatness form error remained relatively constant across the
nine batches, ranging between 0.01 mm and 0.03 mm.
This form error is attributed to extra powder attached to
the nominal surface during printing or residual powder not
completely removed during de-powdering.

• Parallelism error is influenced by printing parameters
and sample geometry. As the height-to-thickness ratio
increases, the error significantly rises, likely due to layer-
shifting caused by the compaction force applied during the
blade movement.

• Agrey relational analysis was employed to simultaneously
optimize printing parameters to minimize dimensional
deviations. According to this analysis, printhead speed (A)
was identified as the most critical parameter, followed by
binder saturation grade (B), shell thickness (D), and blade
speed (C). The optimal printing configuration, based on
the means of grey relational grades analysis, is achieved
using level 3 for printhead speed, binder saturation grade,
and blade speed, while using level 2 for shell thickness:
A3, B3, C3, D2.

• ANOVA analysis reveals that printhead speed is statisti-
cally significant on dimensional accuracy having a P-value
lower than 0.05, while P-value is slightly higher (0.068)
for binder saturation grade.

For the first time, this study systematically evaluated
both dimensional and geometrical accuracies in green prod-
ucts printed via binder jetting, revealing that anisotropic
dimensional accuracy does not necessarily correspond to
differential geometrical accuracy across the three printing
directions. Further research is recommended to explore the
relationship between binder-powder interactions and dimen-
sional deviation. In conclusion, some design guidelines were
proposed for optimizing accuracy by acting on both product
design and manufacturing setup.

Appendix

Tables 7, 8, 9 and 10 report the average values of accuracy
index for the five dimensions investigated (LX-EXT, LY-
EXT, LZ, LX-INT, LY-INT) across the four geometries in
the nine experiments.
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Table 7 Average values of
accuracy index for different
experiments – geometry Le10Li6

Le10Li6 Accuracy index

Experiment n° LX-EXT [%] LY-EXT [%] LX-INT [%] LY-INT [%] LZ [%]

1 0.526 0.188 − 0.903 − 0.521 0.308

2 0.470 0.078 − 0.988 − 0.455 0.473

3 0.345 − 0.119 − 0.848 − 0.452 0.305

4 0.391 0.014 − 0.753 − 0.485 0.330

5 0.451 − 0.037 − 0.901 − 0.546 0.306

6 0.493 0.051 − 1.018 − 0.538 0.290

7 0.412 0.022 − 0.811 − 0.319 0.007

8 0.317 0.104 − 0.884 − 0.809 0.262

9 0.391 − 0.038 − 1.007 − 0.728 0.236

Table 8 Average values of
accuracy index for different
experiments – geometry Le10Li8

Le10Li8 Accuracy index

Experiment n° LX-EXT [%] LY-EXT [%] LX-INT [%] LY-INT [%] LZ [%]

1 0.475 0.122 − 0.694 − 0.550 0.287

2 0.445 0.030 − 0.725 − 0.565 0.426

3 0.356 0.035 − 0.649 − 0.229 0.212

4 0.399 0.062 − 0.561 − 0.227 0.300

5 0.509 0.056 − 0.693 − 0.352 0.237

6 0.506 − 0.022 − 0.770 − 0.468 0.266

7 0.569 − 0.046 − 0.545 − 0.294 − 0.134

8 0.418 0.066 − 0.625 − 0.500 0.197

9 0.434 − 0.034 − 0.686 − 0.396 0.350

Table 9 Average values of
accuracy index for different
experiments – geometry
Le20Li16

Le20Li16 Accuracy index

Experiment n° LX-EXT [%] LY-EXT [%] LX-INT [%] LY-INT [%] LZ [%]

1 0.273 0.082 − 0.485 − 0.390 0.510

2 0.385 0.022 − 0.446 − 0.198 0.424

3 0.176 − 0.091 − 0.364 − 0.162 0.347

4 0.206 0.034 − 0.325 − 0.201 0.194

5 0.238 − 0.035 − 0.417 − 0.207 0.395

6 0.231 − 0.023 − 0.431 − 0.209 0.355

7 0.235 − 0.071 − 0.206 − 0.169 0.075

8 0.158 0.032 − 0.326 − 0.264 0.279

9 0.156 − 0.028 − 0.384 − 0.247 0.349
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Table 10 Average values of
accuracy index for different
experiments – geometry
Le20Li18

Le20Li18 Accuracy Index

Experiment n° LX-EXT [%] LY-EXT [%] LX-INT [%] LY-INT [%] LZ [%]

1 0.307 0.189 − 0.167 − 0.131 0.150

2 0.364 0.033 0.046 − 0.328 0.017

3 0.237 − 0.003 0.045 − 0.117 0.265

4 0.260 0.036 0.045 − 0.149 0.060

5 0.261 0.008 − 0.019 − 0.114 0.160

6 0.310 0.034 − 0.028 − 0.176 0.262

7 0.313 − 0.098 0.136 − 0.201 0.039

8 0.272 0.047 0.027 − 0.223 0.298

9 0.306 0.004 − 0.035 − 0.171 0.006
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