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ABSTRACT

This study presents a systematic evaluation of the dimensional accuracy and process capability of fused deposition modeling
(FDM) additive manufacturing, with emphasis on the influence of process-induced thermal and kinematic effects on dimen-
sional performance. Two geometries made of polylactic acid (PLA) were considered: a staircase specimen to assess process
capability and directional effects, and a geometric benchmark test artifact (GBTA) to evaluate dimensional reliability across
representative features. Measurements were performed using a digital caliper for the staircase model and a coordinate meas-
uring machine (CMM) for the GBTA. Under manufacturer-recommended, unoptimized printing conditions, staircase analysis
showed that the investigated FDM system achieved process performance indices (P,, and P,,;) >1.33 at a 95% confidence level.
Dimensional stability varied across the build chamber due to spatially nonuniform cooling conditions, with statistically signif-
icant position-dependent deviations observed particularly along the build direction. Larger features exhibited higher relative
precision. Achievable ISO 286-1 International Tolerance grades ranged from IT9 to IT14. GBTA results confirmed systematic un-
dersizing of cylindrical and curved features. Absolute dimensional deviations remained approximately constant across nominal
sizes, whereas percentage errors increased for smaller features due to scale effects. Despite these variations, the geometric form
was preserved, demonstrating high repeatability. The proposed capability-based evaluation framework provides a structured
approach to quantifying dimensional reliability in polymer-based material extrusion processes for functional components.

1| Introduction

Additive manufacturing (AM) technologies have evolved from
rapid prototyping tools into viable solutions for the batch pro-
duction of complex functional components. By bypassing the
lengthy, multistep sequences inherent to traditional manufac-
turing routes, AM enables a significant reduction in lead time
from initial design to final part delivery, supporting rapid manu-
facturing strategies across multiple sectors [1-5]. In its broadest
definition, AM builds objects layer by layer from three-dimen-
sional CAD models through successive material deposition. Over
the past decades, this paradigm has transformed component

design and production in a wide range of applications, offering
enhanced geometric freedom, reduced tooling requirements,
and increased material efficiency.

Compared with conventional manufacturing processes, AM
provides substantial advantages in terms of design flexibility,
cost-effectiveness for low- to medium-volume production, and
the ability to fabricate highly complex geometries with limited
postprocessing. Moreover, AM systems are capable of producing
multiple assemblies within a single build cycle and can process
a broad spectrum of materials, including thermoplastics, com-
posites, metals, and ceramics [6-10]. As a result, AM has found
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increasing adoption not only in traditional engineering fields
but also in emerging application domains, such as interior de-
sign and consumer products [11].

In parallel with industrial adoption, the increasing availability
of high-performance desktop FDM systems has enabled distrib-
uted manufacturing scenarios, where functional components
can be locally produced, replaced, or customized by end users.
This transition supports circular economy strategies by facil-
itating repair, personalization, and life-extension of consumer
products through on-demand fabrication [12, 13]. In these dis-
tributed contexts, dimensional reliability remains essential
to ensure functional compatibility and esthetic quality, even
when components are produced under nonoptimized, user-level
conditions.

Dimensional tolerances (DTs) therefore play a critical role in
ensuring functional compatibility, assembly accuracy, and
overall product quality [14]. Similar to other manufacturing
technologies, DT defines the permissible limits of variation in
a part's physical dimensions and is essential for meeting func-
tional, mechanical, and assembly requirements. However,
the intrinsic characteristics of AM processes, including lay-
er-by-layer material deposition, thermal gradients, material
shrinkage, surface roughness, and process-induced anisot-
ropies, introduce sources of dimensional variability that are
often more pronounced than in conventional manufacturing
[15, 16].

Among the various AM technologies, fused deposition modeling
(FDM) is one of the most widely adopted material extrusion pro-
cesses. In FDM, a semimolten thermoplastic filament is extruded
through a heated nozzle and deposited layer by layer, where it
cools and solidifies to form a consolidated structure. Interlayer
bonding is governed primarily by thermal energy and material
diffusion at the interface between adjacent filaments. Owing to
its relatively low cost, operational simplicity, and compatibility
with widely available materials such as polylactic acid (PLA),
acrylonitrile butadiene styrene (ABS), and elastomers, FDM is
extensively used for both prototyping and functional part pro-
duction [17, 18]. Nevertheless, FDM typically exhibits lower
dimensional accuracy and surface quality compared with con-
ventional manufacturing processes, largely due to the staircase
effect, thermally induced deformations, and the need for auxil-
iary support structures [19, 20]. To mitigate these limitations,
alternative support strategies and postprocessing approaches
have been proposed, including adaptive build platforms and sur-
face finishing techniques aimed at reducing distortion and im-
proving dimensional stability [4, 21]. In parallel, several studies
have shown that key printing parameters such as layer strategy
and deposition orientation strongly influence mechanical per-
formance and structural response, particularly in high-perfor-
mance polymers [2]. Early experimental studies in dimensional
precision and accuracy analysis showed deviations along the X,
Y, and Z directions, demonstrating that dimensional accuracy
is direction- and size-dependent and nonuniform across the
build volume [22]. Subsequent investigations confirmed the sig-
nificant, geometry-dependent influence of process parameters
such as layer thickness, orientation, building temperature, part
geometry, and build direction [15, 23]. More recent contribu-
tions attempted to benchmark FDM dimensional performance

against conventional manufacturing by referencing ISO toler-
ance grades, reporting the achievable tolerance range [24].

Although shrinkage and spatial nonuniformity in FDM are well
documented, most existing studies are conducted under opti-
mized or laboratory-controlled parameter settings and focus on
isolated geometric features or specific components. Systematic
statistical validation of process capability across spatial build re-
gions remains limited, and dimensional performance is rarely
framed within standardized tolerance systems or linked to
representative functional geometries. Consequently, the assess-
ment of FDM accuracy using process capability concepts and in-
ternational tolerance standards is still insufficiently developed
[25, 26].

With the growing adoption of AM across sectors such as fur-
niture, aerospace, biomedical, and automotive applications, a
systematic and transferable evaluation of dimensional accuracy
and precision has become increasingly important. This need
is particularly relevant in distributed manufacturing contexts,
where consumer-level systems are used to fabricate replacement
or customized components without extensive parameter opti-
mization. In such scenarios, quantifying achievable tolerance
grades under manufacturer-recommended, unoptimized set-
tings becomes critical to assess functional interchangeability.

In this context, the present study addresses this gap by evaluat-
ing the dimensional performance of FDM as a manufacturing
process rather than as a collection of isolated part measure-
ments, focusing specifically on machine-related dimensional
reliability under manufacturer-recommended, unoptimized
conditions representative of consumer-level operation. An ex-
perimental framework is proposed that combines geometry-de-
pendent benchmarking with process capability analysis and
standardized tolerance classification. Two complementary test
geometries are employed. First, a staircase specimen is designed
to systematically cover ISO 286-1 dimensional size ranges along
the printer's X, Y, and Z axes, enabling an objective assessment
of machine accuracy and precision independent of the final
component geometry. Second, a geometric benchmark test ar-
tifact (GBTA) is used to evaluate dimensional reliability in the
context of a real-world application. As a case study, the GBTA
is specifically designed to capture the geometric complexity
characteristic of the door-handle component developed and pre-
sented in [11]. The artifact and its feature groups are described
in detail in Section 2.2.2.

The contribution of this work, therefore, lies in the integration of
capability-based statistical validation, ISO 286-1 tolerance clas-
sification, and geometry-representative benchmarking under
realistic consumer-level FDM operating conditions. The paper
is organized as follows: Section 2 describes the experimental
framework and methodologies. Section 3 presents and discusses
the results, and Section 4 summarizes the main findings.

2 | Materials and Methods

Figure 1 illustrates the workflow for evaluating DT in the FDM
process. Using a Bambu Lab X1-Carbon FDM printer and PLA
filament, two distinct geometries were produced: staircase parts
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FIGURE1 | Dimensional tolerance (DT) measurement workflow integrating test model design, dimensional measurement, and data analysis.

TABLE1 | Mechanical and physical properties of the commercial PLA filament [29, 30].

Material E(GPa) y

Yield strength (MPa)

UTS (MPa) Density (g/cm?) Elongation (%)

PLA 3.5 0.36 70

73 1.25 7

for systematic measurements across the build platform and
a GBTA part to assess multifeature door-handle dimensions.
Following fabrication, samples were measured using a digital
caliper and a coordinate measuring machine (CMM). The re-
sulting data were analyzed according to ISO and ASTM stan-
dards to assess printer accuracy and precision.

2.1 | Materials

PLA filament was used to fabricate test specimens. PLA was
selected due to its widespread availability, ease of processing,
relatively low warping tendency, and common use in consum-
er-level FDM applications, particularly for nonstructural inte-
rior components. PLA has the following thermal properties:
glass transition temperature (55°C-65°C), melting temperature
(150°C-155°C), and degradation temperature (300°C-370°C)
[27, 28]. Table 1 summarizes the mechanical and physical
properties provided by the supplier (Bambu Lab Co.).

The specimens were fabricated using a Bambu Lab X1-Carbon
FDM printer equipped with a 0.4mm nozzle and a 1.75mm

filament diameter. The selected printer represents a commer-
cially available high-performance desktop system. Printing pa-
rameters correspond to manufacturer-recommended settings
and were intentionally not optimized, in order to evaluate di-
mensional performance under baseline consumer-level operat-
ing conditions. Printing parameters included a layer height of
0.16 mm; 100% infill with a £45 linear pattern for staircase spec-
imens (Figure 2); and 15% infill with a gyroid pattern for GBTA
specimens (see Section 2.2.2). Full infill was adopted for stair-
case samples to minimize internal structural variability and
isolate machine-related dimensional effects. In contrast, a 15%
infill was selected for the GBTA to reflect realistic production
conditions for the component taken as an example [11], where
reduced material usage and printing time are typical. Although
infill percentage can influence global thermal mass and shrink-
age behavior, dimensional deviations in FDM are primarily
governed by contour deposition and external boundary cooling,
which remain comparable between configurations.

The chamber and build plate temperatures were set to 37°C and
55°C, respectively, with a constant nozzle temperature of 220°C.
The build volume of the printer is 256 X 256 X 256 mm.
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FIGURE 2 | Benchmark staircase geometries used for dimensional tolerance measurements: (a) single staircase part, (b) Geometry 1 featuring

a distribution of 4 x 4 benchmark staircase with L = W = H = 18 mm, and (c) Geometry 2 featuring a 3 X 3 benchmark staircase distribution with

L =W = H =36mm. All dimensions are in mm. Detailed dimensions of the staircase part are provided in Appendix A.

2.2 | Dimensional Tolerances (DT)
2.2.1| DT Sample

The COMPAQT (component for machine performance assess-
ment in quick time) reference geometry [24] was modified to fit
the build volume of the Bambu Lab X1-Carbon printer and to ac-
commodate multiple DT measurement ranges. The CAD models
were created using Autodesk Inventor Professional 2025, and
STL files were exported for slicing.

Figures 2 and 3 illustrate the modified staircase geometries
and their layout on the build platform (CAD models and real
samples, respectively). The staircase parts have nominal dimen-
sions of 18 X 18 x 18 and 36 X 36 x 18 mm. Figure 2a shows a
single staircase geometry used for DT measurements, whereas
Figure 2b,c depict the distribution of staircase parts across the
build platform.

To extend the measurable size range beyond a single part, mul-
tipart builds were conducted using 16 and 9 staircase specimens
distributed across the build platform. This configuration extended
the measurable range to 186 mm along the X and Y axes, whereas
the Z-axis measurements remained limited by the part height. In
total, more than 2076 measurements were collected for the X and
Y axes and 900 measurements for the Z axis.

2.2.2 | Geometric Benchmark Test Artifact (GBTA)

Figure 4 presents the GBTA developed to assess dimensional ac-
curacy and geometric fidelity for door-handle manufacturing (see
[11]). Door-handles exhibit a wide range of shapes and sizes gov-
erned by both functional and ergonomic requirements. The idea
behind the geometry is to cover different shapes and complex fea-
tures required for such components. Therefore, the GBTA shows
and gives priority to curved surfaces, diameter changes, and shape
transitions. Some geometrical features are therefore excluded (e.g.,
unsupported overhangs, holes). Nevertheless, the methodological
framework can be extended to those features and/or other GBTA.

(a) b

FIGURE 3 | FDM-printed modified COMPAQT staircase parts on
the build plate: (a) 18 x 18 X 18 mm?arranged in a 4 x 4 grid layout, and
(b) 36 x 36 x 36 mm?arranged in a 3 x 3 grid layout.

2.2.3 | DT Measurement

Dimensional measurements were performed using a digital cal-
iper (Mitutoyo Corporation, Japan) for staircase samples and a
CMM (Hexagon, Sweden) for GBTA specimens (equipped with
a 1mm sphere tip working in point acquisition mode), due to
the different complexity of the different features. Measurements
were conducted at room temperature directly on the build plat-
form, as shown in Figure 5.

The digital caliper has a resolution of 0.0lmm and a manu-
facturer-declared accuracy of +0.02mm. This measurement
uncertainty is at least one order of magnitude smaller than the
evaluated tolerance intervals (typically >0.1 mm for the inves-
tigated nominal ranges) and is therefore adequate for assessing
process capability of the staircase geometries. The CMM was
adopted for the GBTA due to the presence of curved and ori-
entation-dependent features requiring higher geometric fidelity.
The maximum permissible error (MPE) of the CMM system is
(2.2 + L /300) um, in accordance with ISO 10360-4. This ensures
measurement uncertainty significantly lower than the observed
dimensional deviations.

2.2.3.1| Staircase Sample (Modified COMPAQT). The eval-
uation of attainable precision and accuracy in FDM involves two
main steps: collection of dimensional measurements and post-
processing of the data according to international standards and
relevant literature [24, 31-37].
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FIGURE4 | Geometric benchmark test artifact (GBTA) designed for door-handle manufacturing applications. The artifact incorporates four fea-

ture groups: vertical cylinders (1), horizontal cylinders (2), 3-curved profiles (3), and 3-curved 90° features (4).

(a)

mark test artifact (GBTA) using a coordinate measuring machine (CMM).

1. Data grouping: Measurements were grouped according to
build direction (X, Y, and Z), nominal dimension (3mm,
6mm, etc.), and spatial location on the build plate. The se-
lected nominal dimensions are reported in Appendix B,
which reports the standard ISO 286-1 tolerance grades for
nominal sizes up to 250 mm. In addition to that, the build
platform was subdivided into two regions based on relative
position with respect to the cooling fan (fan-side vs. oppo-
site-side), enabling quantitative comparison of location-de-
pendent deviations using a t-test analysis as reported in
Appendix C.

2. Deviation calculation: The deviation D; between the nom-
inal size N; and the measured value M; was calculated as:

D;=M;-N; @

3. Distribution fitting: Measurement distributions were an-
alyzed following ISO 22514 recommendations. The mea-
surement data were first fitted using normal, log-normal,
folded-normal, gamma, Rayleigh, and Weibull distribu-
tions. Subsequently, the best-fitting distribution was se-
lected using the Kolmogorov-Smirnov goodness-of-fit test
at a 95% confidence level, based on the highest p value asso-
ciated with the distribution fit. Percentile-based descriptors
were adopted to avoid strict normality assumptions and to
ensure robustness of capability estimation.

4. Performance indices calculation: Machine performance
was quantified using the potential (P,) and actual (P,,;)

()

FIGURE 5 | Measurement setup for dimensional tolerance evaluation of (a) the staircase parts using a digital caliper and (b) the geometric bench-

performance indices. Lower (LL) and upper (UL) specifica-
tion limits were derived from ISO 286-1 tolerance grades.

The index P,, reflects the potential precision of the process under
ideal centering, whereas P, represents the actual manufactur-
ing capability and is directly related to the expected proportion
of out-of-specification parts. From a manufacturing perspective,
P, is the most relevant indicator, as it directly relates to the pro-
portion of parts expected to fall outside specification limits.

Percentiles extracted from the fitted distributions and used to
compute:

p__ UL-LL
' X99.865% _X0.135% (2)
[ Xeu—LL  UL—Xey
Pae =min (X Xy 1355 Xogsean —X ®)
50% 0.135% 99.865% 50%

5. Specification limits for target capability: A target capabil-
ity threshold of P,,, = 1.33 was selected, corresponding to a
widely adopted minimum industrial benchmark for stable
manufacturing processes. Under this criterion, the toler-
ance interval is defined according to the selected distribu-
tion curve:

UL —LL=1.33X (Xo9 g5 = Xo.135% ) “@

LL = X500, — 1.33X (X505 — Xp 1357 )» UL =X500, + 1.33X (Xog 657 — X501 ) (5)
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This threshold corresponds to approximately 66 parts per
million outside specification under normal distribu-
tion assumptions (Table 2). Higher capability levels (e.g.,
P, > 1.67), typically associated with highly optimized in-
dustrial processes and applications such as aerospace and
electrical components, were considered outside the scope
of the present baseline study. Table 2 summarizes the es-
timated proportion of out-of-specification parts under the
assumption of normally distributed data, expressed as a
function of the process capability index P, [38].

6. Uncertainty evaluation: Because P,and P, are estimated

from finite samples, 95% confidence intervals were com-
puted using the y2 distribution:

X i—l,n /2
Py min = V =1 Im 6)
Prgemin= V %Pmk ®
Prkames= | %Pmk ©

TABLE 2 | Estimated proportion of out-of-specification parts (ppm)
as a function of the process capability index P,,, including the distance
between the upper (UL) and lower (LL) specification limits, and the
typical application areas [36, 38].

Out-of-
specification UL-LL

P.x parts (ppm) distance Note

1.00 2600 60 Standard/
commodity
components

1.33 66 8o General
engineering
components

1.67 0.54 100 Safety-critical
components

2.00 0.002 120 Electrical/

highly critical

components

In addition to capability evaluation, spatial deviations between
two build regions, that is, the fan-side and the opposite-side,
were studied. To this aim, a two-sample ¢-test (Appendix C)
at a 95% confidence level (a = 0.05) was conducted to deter-
mine whether the proximity to the cooling fan introduces
statistically significant differences in the dimensional accu-
racy of the printed staircase parts.

2.2.3.2 | GBTA Sample. A hierarchical datum reference system
was defined for each feature group. The plane containing all fea-
tures was used as the primary datum (Datum A), followed by
secondary (Datum B) and tertiary (Datum C) datums selected
according to the geometry under inspection. For vertical
and horizontal cylinders, Datum B was defined by a reference
plane parallel to the build plate and Datum C by the cylinder
axis. For the 3-curves 90° feature, Datum B and Datum C were
defined by planes parallel to the XZ and YZ planes, respectively.
Figure 6 illustrates the measurement setup and datum definition.

3 | Results and Discussion

The following discussion interprets the experimental results in
terms of the underlying FDM process mechanisms, with par-
ticular emphasis on the role of thermal gradients, deposition
kinematics, and geometric scale in determining dimensional
accuracy and process capability.

3.1 | Staircase Samples

Measurements of the staircase parts were conducted at 16 spa-
tial locations for Geometry 1 and 9 locations for Geometry 2
(see Figure 2), yielding over 240-dimensional distributions.
Representative process control charts and dimensional distri-
butions for the X, Y, and Z directions are shown in Figure 7.
Histograms (left) show measured-dimension distributions over-
laid with fitted normal distributions, whereas control charts
(right) display measurement sequences with 3o limits and ISO
tolerance limits.

The results indicate that the dimensional data closely follow
normal distributions, with most measurements centered near
the nominal values. The overall mean deviations (measured
minus nominal) were —0.02+0.04mm in the X direction,
—0.03 £ 0.04 mm in the Y direction, and — 0.03 £ 0.05mm in
the Z direction. The 3¢ limits fall well within the IT13 toler-
ance limits for the representative cases shown, confirming
stable process behavior. Slight negative mean deviations were
observed for most single-part measurements, whereas multipart

FIGURE 6 | CMM measurement setup and hierarchical datum reference system for the GBTA feature groups. The picture shows the datum plane

and the feature being measured (white curved lines).
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FIGURE 7 | Process control charts and dimensional distributions for representative X (3mm), Y (3 mm), and Z (18 mm) measurements. Left: histo-
grams with fitted normal distributions. Right: control charts showing 3o limits and ISO tolerance limits. Note: The equations to calculate the mean,
standard deviation, LL (lower limit), and UL (upper limit) are reported in Section 2.2.3.

measurements occasionally exhibited small positive shifts due
to cumulative thermal effects during printing.

Figures 8 and 9 show, as an example, a few selected heat maps
of average deviations for Geometry 1 and Geometry 2 staircase
parts, respectively. The complete heat map dataset is available in
Appendix D instead. The color maps reveal spatially dependent de-
viations across the build plate. For Geometry 1, negative deviations
dominate along the Z direction on the side of the build plate adja-
cent to the cooling fan, whereas positive deviations are observed
on the opposite side, indicating nonuniform cooling. The reduced
dimensional precision observed along the Z direction can be at-
tributed to the layer-wise nature of material extrusion, where dis-
cretization effects and cumulative thermal contraction act normal

to the build plane. Similar spatial cooling gradients and direc-
tion-dependent shrinkage behavior have been reported in previ-
ous FDM dimensional investigations [39-42]. In contrast, in-plane
dimensions (X and Y) benefit from continuous filament deposition
and stronger geometric constraints during solidification.

Geometry 2 exhibits scale-dependent behavior, with larger
nominal dimensions showing increased shrinkage and smaller
dimensions exhibiting slight expansion. This size-dependent be-
havior reflects differences in thermal mass and cooling kinetics:
larger features experience more uniform cooling and stress re-
distribution, whereas smaller features are more sensitive to lo-
calized heat dissipation, resulting in higher relative dimensional
deviations [43-45].
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FIGURE 8 | Selected heat maps of average relative deviations (mm) for Geometry 1 staircase parts at nominal dimensions of 3 and 6mm. Each
square represents a measurement location within the build chamber. Blue indicates negative deviations (shrinkage), whereas red indicates positive
deviations (expansion). The complete dataset is provided in Appendix D.
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FIGURE 9 | Selected heatmaps of average relative deviations (mm) for Geometry 1 staircase parts at nominal dimensions of 6 and 24 mm. Each
square represents a measurement location within the build chamber. Blue indicates negative deviations (shrinkage), whereas red indicates positive
deviations (expansion). The complete dataset is provided in Appendix D.
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To quantitatively assess the spatial deviation patterns observed
in Figures 8 and 9, mean deviations for each measurement lo-
cation were compared between fan-side and opposite-side re-
gions using a two-sample ¢-test (a = 0.05) for both Geometry
1 and Geometry 2. Details of the statistical procedure are re-
ported in Appendix C. For Geometry 1, the Z direction exhib-
ited a statistically significant difference (p < 0.001), whereas
comparisons for the X and Y directions resulted in nonsig-
nificant p values of 0.984 and 0.132, respectively. These re-
sults indicate that no statistically significant difference was
observed between fan-side and opposite-side regions in the
X and Y directions, suggesting that in-plane dimensional
accuracy is not strongly affected by build plate position. In
contrast, the Z direction shows higher negative deviations on
the fan-side. This behavior is consistent with localized cooling
effects or thermal gradients influencing layer height consis-
tency, indicating that the observed Z-axis deviations are gov-
erned by systematic process phenomena rather than random
variability. In the case of Geometry 2, the Z direction yielded
a nonsignificant p value of 0.77. Corresponding comparisons
for the X and Y directions yielded p values of 0.405 and 0.822,
respectively. Unlike Geometry 1, these results indicate no
statistically significant difference in dimensional accuracy
between fan-side and opposite-side regions for Geometry 2.
This suggests that the spatial deviation patterns are less pro-
nounced for larger geometries. A possible explanation is that
larger parts require longer layer deposition times, allowing
more uniform thermal dissipation and reducing the influence
of localized cooling gradients. This interpretation is consis-
tent with the more homogeneous deviation patterns observed
in the heat maps (Figures 8, 9, A4 and A5). For clarity, global
mean deviations refer to aggregated measurements across all
locations, whereas the ¢-test analysis is performed using mean
deviations computed for each measurement location.

Figure 10 summarizes the achievable tolerance interval capabili-
ties as a function of nominal size according to ISO 286-1, computed
using Equations (4) and (5). A process capability of P, >1.33
was achieved for all evaluated sizes with 95% confidence, indi-
cating stable and consistent dimensional performance across the
investigated build configurations. Expressing FDM dimensional
performance in terms of ISO 286-1 tolerance grades provides a
manufacturing-oriented interpretation of process capability, en-
abling direct comparison with conventional production processes
[45-47] and facilitating the integration of additively manufactured
components into tolerance-driven design workflows.

Table 3 summarizes the achievable ISO 286-1 IT grades for stair-
case parts fabricated using the Bambu Lab X1-Carbon FDM
printer. The results are reported at a 95% confidence level with
P, and P,,; >1.33 and include the lower limit (LL), midpoint
(M), and upper limit (UL) of each tolerance interval.

Table 4 summarizes the achievable ISO 286-1 IT grades for stair-
case parts considered in the present work, compared with conven-
tional manufacturing processes. The results indicate that FDM
parts in this study achieved IT grades primarily between IT9 and
IT14, depending on the measurement axis. In comparison, tradi-
tional processes such as CNC turning and milling reach higher
precision (lower IT grades, IT7-IT10), whereas injection molding
typically achieves IT8-IT12. Other processes, such as casting and
sintering, show wider tolerance ranges (IT10-IT16), highlighting
the advantage of FDM over some conventional methods but also
its limitations compared with high-precision machining. This
finding is particularly relevant for applications such as nonstruc-
tural components or functional prototypes, where FDM may offer
sufficient dimensional performance for functional compatibility
and acceptable esthetic quality, without necessarily requiring the
ultratight tolerances of high-end machining.

Tolerance Interval Capabilities with P_ > 1.33

0.6

0.5 -

0.4

0.3 -

0.2

Tolerance interval capabilities, mm

0.1

36 9 12 15 18 24 30 36 38 39 75 94 114 150 186

Nominal Value, mm

N <>

FIGURE 10 | Achievable tolerance interval capabilities as a function of nominal size for the staircase samples, evaluated along the X, Y, and Z

axes with a minimum process capability threshold of P, > 1.33 as defined by ISO 286-1. Error bars represent the associated uncertainty of each

tolerance interval estimate.
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TABLE 4 | Comparison of the ISO 286-1 IT grade for various manufacturing processes [48] with the selected FDM machine.

It classes
Process 7 8 9 10 11 12 13 14 15 16
Casting X X X X X X
Sintering X X X X
Milling X X X
Cutting X X X
Turning X X X X
Drilling X X X
Injection molding machine X X X X X
FDM (this Study)
b X X X X X
y X X X X X
Z X X X X
Cil-v-5 Meas-Nom [mm] Meas-Nom [mm]
) @\\ Vertical Cylinders - View 1 0.05 Vertical Cylinders - View 2 0.05
Cil-v-4 N 0 0
Cil'v-3 N 005 10 005
H4
Cil-v-2 o o1 N 50 ol
H3
Cil-v-1 v\ -0.15 —58 - -0.15
H2 -02 W-so -0.2
;11 -0.25 0 -0.25
X

Horizontal Cylinders - View 1

Meas-Nom [mm] Meas-Nom [mm|]

Horizontal Cylinders - View 3

FIGURE 11 | Geometry and dimensional deviation of the vertical (top) and horizontal (bottom) cylinder feature groups. Color maps represent

measured-to-nominal deviations in millimeters.

3.2 | GBTA Models
3.2.1| Vertical and Horizontal Cylinder Profiles

Figure 11 and Table 5 summarize the dimensional and cylin-
dricity deviations for the vertical and horizontal cylinder feature
groups. All cylinders exhibit negative diameter deviations, in-
dicating systematic undersizing driven by thermal shrinkage

during FDM processing. This contour-driven shrinkage appears
approximately constant in magnitude across nominal sizes, so
its relative impact becomes more pronounced for smaller fea-
tures, explaining the apparent increase in percentage error ob-
served at reduced nominal dimensions.

For the horizontal cylinders, the deviations from nominal size
were generally larger and exhibited a wider range compared with
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TABLE 5 | Dimensional and form errors for vertical and horizontal cylinder features. See also Figures 11 and 12.

Nominal Measured Error Cylindricity Nominal Measured Error
Feature (mm) (mm) (%) (mm) Feature (mm) (mm) (%)
Cil-v-1 50 49.870 —0.26 0.079 H1 20 19.975 -0.12
Cil-v-2 40 39.861 -0.35 0.076 H2 20 19.923 —-0.39
Cil-v-3 30 29.855 —0.48 0.089 H3 20 19.942 —-0.29
Cil-v-4 20 19.853 -0.74 0.079 H4 20 19.942 -0.29
Cil-V-5 10 9.892 -1.08 0.052 H5 20 19.953 -0.24
Cil-H-1 50 49.844 —0.31 0.050 H1 20 19.918 -0.41
Cil-H-2 40 39.897 -0.26 0.052 H2 20 19.979 -0.10
Cil-H-3 30 29.894 -0.35 0.054 H3 20 19.974 -0.13
Cil-H-4 20 19.902 -0.49 0.034 H4 20 19.989 -0.05
Cil-H-5 10 9.924 -0.76 0.070 H5 20 19.975 -0.12

the vertical ones. In contrast, the vertical cylinders displayed
smaller deviations and a narrower spread between minimum and
maximum values. This behavior can be attributed to two distinct
mechanisms inherent to the FDM process. As shown by Table 5, di-
ameter deviations for the vertical and horizontal cylinders ranged
from —0.108 to —0.149 mm and —0.076 to —0.156 mm, respectively,
confirming that part orientation plays an important role in final
dimensional accuracy. Two distinct mechanisms govern the ori-
entation-dependent behavior observed. First, the wider deviation
range in horizontal cylinders is attributed to the staircase effect, a
geometric approximation artifact inherent to layer-by-layer fabri-
cation of curved surfaces. The resulting stepped surface geometry
introduces systematic form errors that vary with position along
the nominal diameter, increasing the spread between minimum
and maximum measured values. Second, the higher mean diam-
eter deviation recorded for vertical cylinders (—0.134mm) com-
pared with horizontal ones (—0.108 mm) is linked to differences
in inter-layer thermal conditions. In vertically oriented parts,
the small cross-sectional area per layer reduces the time elapsed
between successive deposits at any given point, limiting heat
dissipation and promoting localized thermal accumulation. The
sustained residual heat induces greater material distortion and
reduces dimensional accuracy. In horizontally oriented parts, the
larger cross-sectional area increases the effective inter-layer cool-
ing time, allowing more uniform heat dissipation and producing
lower mean deviations despite the wider overall range.

These orientation-dependent trends are further reflected in the
cylindricity measurements. Vertical cylinders exhibited a mean
cylindricity deviation of —0.075 + 0.014 mm, compared with
—0.052 + 0.013 mm for horizontal cylinders, indicating reduced
geometric fidelity in the build direction. Overall, the mean de-
viation for vertical cylinders (- 0.134 + 0.015 mm) was slightly
higher than for horizontal ones (— 0.108 + 0.029 mm), with an
absolute mean difference of 0.026 mm. These findings are con-
sistent with the anisotropic cooling and deposition mechanisms
characteristic of material extrusion processes, where layer-wise
thermal contraction and the staircase effect jointly amplify both
dimensional and form inaccuracies in an orientation-dependent
manner [46, 49, 50].

Despite this dimensional bias, the low scatter and well-preserved
cylindricity values across both orientations indicate process re-
peatability under the investigated conditions. It should be noted
that the reported deviations are specific to the PLA material and
printer configuration adopted in this study and may not general-
ize directly to other FDM setups.

3.2.2 | Curved Profiles

Figure 12 presents the deviation maps for the curved fea-
ture groups of the GBTA, with the color scale ranging from
—0.25mm (undersizing) to +0.15mm (oversizing). The re-
sults reveal a systematic negative deviation along the curved
vertical walls, indicating global undersizing attributable to
thermal shrinkage during cooling. Specifically, the mean de-
viation along the curved external surfaces was —0.11 +0.10
and — 0.10 + 0.10 mm for the 90° 3-curve and 3-curve groups,
respectively, with extreme values ranging from -0.28 to
+0.10mm for the former and from —0.26 to +0.15mm for the
latter.

The outer curved surfaces exhibit larger deviations than inner
regions, which is attributed to uneven cooling, residual ther-
mal stresses, and geometry-induced shape defects. In mate-
rial extrusion processes, curved toolpaths promote locally
nonuniform heat accumulation and constrained contraction,
amplifying dimensional bias along external contours [39, 51].
The increased deviations observed along curved vertical walls
therefore highlight the sensitivity of complex geometries
to local cooling conditions and path-dependent deposition
effects.

Nevertheless, the preservation of overall geometric form and
the absence of pronounced distortion indicate that these effects
primarily influence absolute dimensional accuracy rather than
shape fidelity. In contrast, internal corners and top surfaces dis-
play deviations close to the nominal geometry (within approx-
imately 0.15mm), confirming good local geometric stability
under the investigated printing conditions.
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FIGURE 12 | Measured-to-nominal deviation maps for the curved GBTA features: (a) 3-curves 90° feature and (b) 3-curves feature. Color scale

ranges from —0.25 (undersizing) to +0.15mm (oversizing).

Overall, despite the presence of size-dependent shrinkage,
the global geometric form is well preserved. The magnitude
of the reported deviations is specific to the PLA material and
printer configuration adopted in this study, though the qual-
itative trends are consistent with previously reported ther-
mal contraction behavior in FDM systems [52, 53]. It should
also be noted that the adopted GBTA is representative of a
door-handle geometry and captures only features relevant to
that application. Geometrical features such as internal holes
or unsupported overhangs are not explicitly included and
would require dedicated benchmark artifacts. Nevertheless,
based on findings from prior studies [53, 54], undersizing
in internal holes and asymmetric thermal effects in unsup-
ported overhangs would be expected under similar processing
conditions.

4 | Conclusion

This study presented a structured methodology for evaluating
the dimensional accuracy and process capability of a consum-
er-level FDM system using staircase samples and a GBTA. Under
manufacturer-recommended, nonoptimized printing conditions
representative of baseline user-level operation, the investigated
Bambu Lab X1-Carbon printer achieved process capability indi-
ces P, > 1.33 at a 95% confidence level across a wide range of
nominal dimensions.

The staircase analysis revealed anisotropic dimensional devia-
tion influenced by build direction, nominal size, spatial location
within the build chamber, and fan location. Quantitative spa-
tial comparison confirmed that deviations along the Z direction
were statistically dependent on build plate position, consistent
with nonuniform cooling effects. Larger nominal features ex-
hibited improved relative precision, whereas smaller dimen-
sions were more sensitive to localized thermal contraction and
discretization effects.

GBTA measurements confirmed systematic undersizing of cy-
lindrical and curved geometries. Absolute diameter deviations
remained approximately constant across nominal sizes, whereas
percentage errors increased for smaller features due to scale
effects. Curved vertical walls exhibited larger deviations than
internal features, highlighting the influence of contour-driven
shrinkage and path-dependent thermal behavior. Despite these
dimensional biases, geometric form integrity and repeatability
were preserved.

Overall, the results indicate that the investigated FDM system
is capable of producing functional polymer components within
ISO 286-1 tolerance grades ranging from IT9 to IT14 under
baseline operating conditions. These findings are directly ap-
plicable to nonstructural interior components fabricated using
PLA on similar desktop extrusion systems. Quantitative toler-
ance values remain machine- and material-specific; however,
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the capability-based evaluation framework is transferable to
other material extrusion platforms. Specifically, the reported
ISO tolerance grades and absolute deviation magnitudes are
both material- and system-dependent. The observed trends,
instead, such as anisotropic Z-direction behavior, scale-depen-
dent relative error, and spatial variability induced by cooling
conditions, are mostly intrinsic to the material extrusion pro-
cess, although their magnitude may be affected by material
properties.

The proposed methodology, combining process capability anal-
ysis, standardized tolerance classification, and geometry-rep-
resentative benchmarking, provides a systematic approach to
quantifying dimensional reliability in distributed AM contexts.

Nomenclature

AM additive manufacturing

CMM coordinate measuring machine

CNC computer numerical control

COMPAQT component for machine performance assess-
ment in quick time

DT dimensional tolerances

FDM fused deposition modeling

GBTA geometric benchmark test artifact

1T international tolerance

LL lower limit

M midpoint

M measurement value

N; nominal size

n; number of samples

MP multiple part

MPE maximum permissible error

PLA polylactic acid

ppm parts per million

SP single part

UL upper limit

UST ultimate tensile Strength

X mean

o standard deviation
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Appendix A: Detailed Dimensions of the Single Staircase Parts

Figure A1l presented the detailed dimensions of the two single staircase parts used for dimensional tolerance measurements. Geometry 1 (Figure Al-
left) has an overall dimension of 18 X 18 X 18 mm, with each step incrementing by 3mm in all three directions, yielding six nominal measurement
stepsof 3,6,9,12, 15, and 18 mm. Geometry 2 (Figure Al-right) has an overall dimension of 36 X 36 X 36 mm, with each step incrementing by 6 mm,
yielding six nominal measurement steps of 6, 12, 18, 24, 30, and 36 mm.

FIGURE A1l | Detailed dimensions of benchmark staircase Geometries 1 (left) and 2 (right) used for dimensional tolerance measurements. Note:

All dimensions are in mm.

Appendix B: Standard Tolerance Grades

Nominal size Standard tolerance grades
mm 1T01 | ITO | Im | T2 | IT3 I IT4 | ITS I IT6 | IT7 | IT8 I IT9 |IT10I IT11 |IT12 | IT13 | IT14|IT15 l IT16|IT17|IT18
Up to Standard tolerance values
Above .and
inclu- um mm
ding
— 3 03| 05| 08| 12 2 3 4 6 10 14 25| 40 60 0,1] 0,14| 0,251 04| 0,6 11 14
6( 04 06 1] 15| 25 4 5 8 12 18 30| 48 75| 0,12] 0,18| 03| 048] 0,75 1,2 1,8
6 10( 04| 06 1 151 25 4 6 9 15 22 36 58 90| 0,15] 0,22| 0,36| 0,58| 0,9 1,5 22
10 18| 05| 08| 12 2 3 5 8 i 18 271 43 70 110| 0,18 0,27 043 07| 11| 18] 27
18 30( 06 1] 1.5 25 4 6 9 13 21 33 52 84 130| 0,21 0,33 0,52 0,84| 13| 21| 33
30 50| 06 11 1.5 25 4 7 11 16 25 39 62| 100 160| 0,25 0,39| 0,62 11 1.6 25 39
50 80| 08| 1.2 2 3 5 8| 13| 19| 30| 46 74| 120 190 03| 046] 0,74| 12| 19 3| 46
80 120 11 15| 25 4 6 10 15 22 35 54 87| 140| 220)| 0,35( 0,54| 0,87 14| 22| 35| 54
120 180 1,2 2 35 5 8 12 18 25| 40 63| 100| 160 250| 0,4 0,63 11 16| 25 4] 63
180 250 2 3| 45 7 10 14 20 29 46 72| 115| 185| 290| 0.46| 0,72| 1,15| 1,85| 29| 46| 7.2
250 315| 25 4 6 8 12 16 23 32 52 81| 130| 210 320| 0,52 0,81 13| 21| 32| 52| 81
FIGURE A2 | Standard tolerance grades for nominal sizes up to 250 mm according to ISO 286-1.
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Appendix C: t-Test Analysis

A two-sample ¢-test was conducted to assess the influence of build plate location by comparing dimensional deviations between
regions adjacent to the cooling fan and those on the opposite side, as shown in Figure A3. Each region comprised several measure-
ment locations, and each location included multiple dimensional measurements. To ensure statistical independence, the analysis was
performed using mean deviation values computed for each location. This provided a statistical basis for evaluating whether localized
cooling conditions produced systematic differences in final part dimensions. Main steps and equations are listed from Equation

(C.D-(C.5).

Opposite side

1 2 3 4
Q
S
15| 6|78 1|23
= 5]
a S
&9 |1 |nj12| Z2|4]|5]|6
] 55
13 14 | 15 | 16 7 8 9
Geometry 1 Geometry 2
FIGURE A3 | Selection of measurement locations used in the ¢-test

analysis for fan-side and opposite-side regions in Geometry 1 (left) and
Geometry 2 (right). Each location includes multiple dimensional mea-

surements, from which a representative mean deviation is computed.

These location-level mean values are used as independent observations

in the statistical comparison between regions.

1.  Deviation calculation: The deviation D, between the nominal size N; and the measured value M; was calculated for each individual mea-

surement as:

(C.1) D,=M,-N,

The build plate was partitioned into two distinct regions based on lateral grid coordinates: (1) fan-side, corresponding to measurement
locations {4,8,12,16} or {1,4,7}, adjacent to the cooling fan; and (2) opposite-side, corresponding to measurement locations {1,5,9,13} or

{3,6,9}, located furthest from the cooling source.

2. Arithmetic mean (D,,,) and sample standard deviation (s) calculation:

a. Location-level mean deviation: For each measurement location, a representative mean deviation was computed from the corresponding

set of individual measurement deviations:

= 1
(C-Z) Dloc = }’l_

where n,, is the number of individual measurements at a given location.

b.  Region-level statistics: The location-level mean deviations were then grouped into fan-side and opposite-side regions. For each region, the
mean and standard deviation were computed as follows:

(C3) D

region —

S

i

1

I’Llj

D,

ocj

1]
—

(C4) s=

PR

(Bloc,j - Bregion ) ’

n—1

where n; is the number of independent measurement locations in each region.

3. Two-Sample {-test (£): An independent two-sample f-test was employed to determine whether the mean deviations of the fan-side (Bf
) and opposite-side (D,) regions were statistically different. The test was performed using location-level mean deviations as independent

observations.
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The t-statistic is defined as follows:

D;-D,

\/<(s;/nf>+(s§/no)>

(C5) t=

where s; and s, represent the standard deviations of the location-level mean deviations for the fan-side and opposite-side regions,
respectively, and ny and n, denote the number of independent measurement locations in each region.

4.  p Value and Significance: The p value enables quantitative comparison of location dependent deviations. Specifically, if p < 0.05 for the
test axis, the results indicate a statistically significant difference in mean deviations between the fan-side and opposite-side regions, suggesting
that spatial location influences dimensional accuracy.

Appendix D: Heat Map Representation of Average Relative Deviations

For the two staircase geometries (Geometry 1 and Geometry 2), the average relative deviations (mm) are presented as heat maps in Figures A4 and
AS5. For Geometry 1 (Figure A4), the deviations are predominantly negative, indicating that printed parts tend to be slightly undersized. The largest
deviations occur along the Z-axis, particularly on the right side of the build plate, likely due to uneven cooling induced by the fan, which leads to

Nominal value 3 mm measurement deviation plot.

Printer's Printer's Printer's
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FIGURE A4 | Heat maps of average relative deviations (mm) for Geometry 1 staircase parts at nominal dimensions from 3 to 18 mm. Each square
represents a measurement location within the build chamber. Blue indicates negative deviations (shrinkage), whereas red indicates positive devia-
tions (expansion).
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thermal gradients and localized stress. In contrast, positive deviations are observed on the left side and along the x-axis for smaller nominal sizes (6
and 9 mm), suggesting localized expansion associated with build plate adhesion effects.

For Geometry 2 (Figure A5), a clear scale-dependent behavior is observed: larger parts exhibit negative deviations (shrinkage), whereas smaller parts
show positive deviations (expansion). This is reflected in the predominantly blue regions for larger nominal sizes and red regions for smaller ones.
Larger deviations are also noted at the rear of the build plate, where direct contact enhances shrinkage, whereas elevated, smaller features tend to
expand due to different thermal conditions during cooling and solidification.

Nominal value 12 mm measurement deviation plot.
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FIGURE A4 | (CONTINUED)
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FIGURE A5 | Heat maps of average relative deviations (mm) for Geometry 2 staircase parts at nominal dimensions from 6 to 36 mm. Each square
represents a measurement location within the build chamber. Blue indicates negative deviations (shrinkage), whereas red indicates positive devia-

tions (expansion).
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Nominal value 24 mm measurement deviation plot.

Printer's Printer's Printer's
X back Y back Z back

-0.050 -0.055 -0.043 0.022 0.015 0.007

8 3 3
1 -0.062 -0.075 w @ 1.0.013 -0.015
& & &
X X | X |
Printer's Printer's Printer's
z Y front z Y front z Y front
Nominal value 30 mm measurement deviation plot.
Printer's Printer's Printer's
X back Yy back Z back
0.012 -0.012 0.002
3 2 2
b 2 2 -0.017 -0.005
frd Il Il
SO -0.013 -0.023 -0.015 -0.022
X X X
Printer's Printer's Printer's
z Y front z Y front z Y front
Nominal value 36 mm measurement deviation plot.
Printer's Printer's Printer's
X back Y back Z back
0.012 0.008
2 - 2
= -0.050 -0.040 - 2 -0.045 EEKikV4
frid & frd
-0.050 -0.043 -0.042 -0.053 -0.052 0.002 -0.008
X X X
Printer's Printer's Printer's
Z vy front Z vy front Z vy front

FIGURE A5 | (CONTINUED)
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