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ABSTRACT

The aim of this study is to demonstrate that popular measurement techniques — visual inspection, mechanical tools
(digital calliper and steel linear ruler) and modern photogrammetry — can be used to detect shrinkage in 3D prints
produced using fused deposition modeling (FDM) technology. The choice of the appropriate technique can be made
objectively. Measurement techniques and their interrelationships have been the subject of much discussion and
numerous scientific articles. They can be described using various criteria, which are often competitive and mutually
exclusive. To avoid bias when selecting the measurement method, a multi-criteria decision-making tool — the ana-
lytic hierarchy process (AHP) was used. The results obtained in this study provide a quantitative decision-making
framework for researchers selecting measurement methods in FDM quality control. The AHP analysis showed that
decision-makers with the profile of a university researcher and lecturer tend to disregard visual inspection tech-
niques and choose mechanical tools or photogrammetry, despite differences in the assessment of the importance of
individual criteria characterising a given method. The key criteria for this profile of decision-makers were: measure-
ment system precision (C2) and the overall ability of the technique to detect shrinkage (C8). The least important
criteria were: the time-consumption of the measurement and the potential for automation of the measurement tech-
nique (C9). The analysis of weight aggregation (using a linear rule) and sensitivity analysis showed that decision-
makers with the profile of a research and teaching staff can rely on the results presented in this study.

Keywords: management, quality, shrinkage, photogrammetry, additive manufacturing, analytic hierarchy process.

INTRODUCTION seven additive manufacturing technologies, the
most widespread technology is fused deposition
modelling (FDM), which is based on extruding
material (filament) through a nozzle heated to its
melting point [3]. FDM offers low equipment and
material costs, a wide selection of thermoplastic
filaments (both filled and unfilled), the option

to recycle post-production waste, relatively low

Additive manufacturing

Additive manufacturing (AM) comprises the
technologies that build components by adding
material layer-by-layer, in contrast to subtrac-
tive methods that remove material to form the
final shape. The key drivers of AM development

include increasing confidence in the technology,
the ability to produce personalised components
with complex geometries, low material waste, effi-
cient low-volume manufacturing, and advances in
materials along with 3D and 4D printing process-
es [1]. The use of the AM technology offers many
benefits for both the customer and the company
providing services to the customer [2]. Among the

health risks, and high production flexibility. It
also supports multi-material printing, serial pro-
duction on printer ‘farms’ [4], and post-process-
ing of printed parts [5].

Despite significant advances in the FDM
3D printing technology, decision-makers and
3D printing technologists still face various print
defects. Print defects have been widely examined
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in scientific studies [6, 7] and in online guides for
3D printer users [8]. A major defect in FDM print-
ing is shrinkage, which occurs as thermoplastics
soften during heating and contract during cooling
[6, 9]. The products manufactured using the FDM
technology may undergo significant shrinkage
under certain print parameter settings [10]. The
problem of shrinkage will continue to occur in the
FDM technology due to the thermal plasticisation
and cooling of the material from which the fila-
ment is made.

Measurement techniques

Visual inspection is the fastest, simplest, and
least expensive non-destructive method, requir-
ing no specialised tools or advanced operator
training. However, it offers the lowest precision
and cannot always clearly determine whether
print shrinkage is present, especially more com-
plex print geometries. The method cannot express
results in SI units and is strongly affected by sub-
jective judgement. Work [11] stated that the visual
inspection method is used to detect defects in 3D
prints, such as warping and delamination between
individual layers. Publication [10] indicated that
visual assessment is applied to detect and identify
defects including overhangs, bridging (defects
in the reproduction ‘bridges’ or unsupported ele-
ments), stringing, and warping. According to [12],
it is possible to detect warping and assess print
quality on a five-point scale. Publication [13] stat-
ed that a preliminary assessment of surface quality
can be made for prints produced using three tech-
nologies: FDM, Selective Laser Sintering (SLS),
and Material Jetting (MJ). As it was noted in [14],
visual inspection supports preliminary identifica-
tion of edge rounding, general deformation, and
deviations from perpendicularity. Another aspect
of visual inspection assessment is examining the
surface quality of chemically treated ABS (in ace-
tone vapour) [15]. A profilometer was also used to
measure the roughness of PLA prints after chemi-
cal smoothing process [16].

Mechanical tools, such as digital callipers
are widely used for quick dimensional checks
of machine components and 3D-printed parts.
They offer measuring ranges typically between
150 mm and 1000 mm, which allows assessment
of features of various sizes. The choice of a spe-
cific calliper depends on the required accuracy
and on the dimensions of the measured element.
Another mechanical tool — a linear ruler, a simple
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stainless-steel tool without moving parts — can
also be used for preliminary detection of print
shrinkage. Key advantages include short mea-
surement time, results expressed in SI units, and
low tool cost. The disadvantage is the high mea-
surement uncertainty when measuring rounded
external surfaces of the model. Measurements of
print geometry elements, such as diameters [17]
and distances between parallel print walls [18,
19], were successfully performed using a digital
calliper with an accuracy of 0.01 mm. In publica-
tion [19], shrinkage was measured using a ver-
nier calliper. Using vernier calliper, deviation in
dimensional accuracy was measured [20].

Shrinkage was understood as a reduction in
the volume of the printed element. Using a digital
calliper, warping was also detected and measured
[11, 21]. It is worth noting a study in which char-
acteristic points were measured on a human bone,
specially prepared and printed using the FDM
technology [22]. However, the measurement was
a subject to a large random error.

A rapidly developing and noteworthy tech-
nology, photogrammetry belongs to non-contact
measurement techniques. It reconstructs geome-
try by matching features between the photographs
taken from different camera positions and gener-
ating a dense point cloud describing the object
surface. Photogrammetry operates in two mea-
surement modes: Structure from motion (SfM)
and multi-view stereo (MVS) [23]. This method
makes it possible to recreate the three-dimen-
sional structure of the measured object without
physical contact with its surface. The advantages
of this technique include relatively high accuracy
for non-parallel surfaces and the ability to quick-
ly compare results with a CAD reference model.
The disadvantages are strong dependence on
photo quality and environmental conditions, long
acquisition time, and the need of computer-based
photo processing.

Photogrammetry has been successfully
applied to assess the dimensional accuracy of the
objects manufactured using the FDM additive
technology [24]. A study published in Metrology
and Measurement Systems [23] showed that, with
an appropriate depth of field and a sufficient num-
ber of images, an accuracy of 0.03 mm can be
achieved on reference surfaces of a metrological-
sized slot gauge reconstructed using the SfM and
MVS methods [23]. According to [25, 26], pho-
togrammetry is classified as a medium-accuracy
technique, achieving typical accuracy in the range
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of 0.10-0.50 mm for the objects sized 5-10 cm.
It is widely used to obtain a complete representa-
tion of a model’s surface geometry. It is the pre-
ferred method for evaluating geometric features
(cylindricity, flatness, surface parallelism), ana-
lysing spatial deformations (warping, shrinkage),
or comparing the printed part with its digital CAD
model. Studies [24, 27] confirm the effectiveness
of photogrammetry in the geometric analysis of
the models produced using the FDM technology
and show that, with a well-prepared photo set, an
accuracy of 0.15-0.40 mm can be achieved. The
measurement accuracy achieved with photogram-
metric method should therefore be sufficient for
quality and metrological inspection of most util-
ity models, including FDM 3D prints.

Measurement techniques comparison

Scientific literature compares multiple mea-
surement methods, including visual inspection,
vernier callipers, and 3D scanners [11]. Each
method evaluates a different aspect of the printed
part. The presence of warping, cracks and edge
deformation was identified visually. A calliper
was used to determine the extent of warping,
and a scanner was used to measure the volume
of the printed product. Paper [28] presented the
results of measurements performed using visual
inspection, a calliper, and a 3D scanner. Visual
assessment examined how well the print matched
the STL model, the deformation of external sur-
faces, overall surface quality, and any layer dis-
placement. A vernier calliper was used to verify
the conformity of individual print dimensions. A
scanner was used to assess print deviations rela-
tive to the digital model in GOM Inspect software.

Publication [10] presents the results of com-
parative analyses of non-destructive methods,
such as visual inspection, measurement using a
hole fitting, vernier calliper, and 3D laser scan-
ners. Visual inspection was used to identify print
defects such as overhangs, warping, and stringing
between print elements. Hole fittings were used
to determine the tolerance of print features, e.g. a
hole and a solid of matching shape. A vernier cal-
lipers was used to measure defects such as string-
ing and bridging. A 3D scanner was used to assess
deviations in flat print surfaces.

The photogrammetric technique has been
compared with other measurement methods.
Study [29] presents a comparison between pho-
togrammetry and a vernier calliper in measuring

human facial features. The research indicates
that 7 out of 10 photogrammetric measurements
provide results comparable to those obtained
with the vernier calliper (difference of less than
1 mm). The authors also noted that photogram-
metry should be complemented by an additional
measurement method. Reference [30] presents
comparative analyses of techniques, including a
laser line scanner (LLS) with a calibrated rotary
stage, a structured light scanner (SLS), a photo-
grammetric scanning system with a rotary table
(PSSRT), and a portable measuring arm with
laser line scanner (LSA). The results show that
photogrammetry achieves accuracy comparable
to SLS, with reported differences of £0.01 mm.

Analytic hierarchy process method

The decision-making process consists of iden-
tifying the problem, analysing available options,
and choosing the best alternative for the defined
goal. Decision-makers, such as team or depart-
ment managers, often face important choices that
influence future development. These may include
improving product quality, adopting new manu-
facturing technologies, or selecting appropriate
research methods. Simple problems can be solved
through experience or intuition, whereas complex
ones, involving multiple or conflicting criteria,
require structured decision tools. Selecting an
appropriate measurement technique for detecting
shrinkage requires a structured analytical method,
such as AHP.

The field of knowledge that addresses the
search for optimal solutions to the problems with
multiple alternatives and criteria is known as
multi-criteria decision analysis (MDCA) or multi-
criteria decision making (MCDM). MCDM meth-
ods include [31]: AHP, TOPSIS, VIKOR, WAS-
PAS, GTMA, PROMETHEE 2, GRA, MULTI-
MOORA, ARAS, COPRAS, developed between
1977 (AHP) and 2012 (WASPAS) and still being
expanded today. The AHP method, developed by
T.L. Saaty [32], belongs to a group of approaches
based on classical and multi-attribute utility theo-
ry. To determine the decision-maker’s preference,
a utility function is defined, in which numerical
values are assigned to decision variants, resulting
in a ranking of the alternatives.

AHP represents the decision problem as a
hierarchy that includes the goal, the criteria, and
the alternatives. The criteria are then compared in
pairs to assess which of the two criteria is more
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important. The final stage produces a matrix of
global and local preferences. AHP supports dis-
crete decision problems with a limited number of
criteria and alternatives, which do not need to be
measurable. The advantages of AHP include the
speed and simplicity of the decision-making pro-
cess compared to other MCDM methods, easy-
to-understand logic, a wide range of applications,
and equal consideration of each criterion [31].

Background summary

On the basis of the information above, it was
concluded that:

e the most popular and easily accessible test-
ing techniques include: visual inspection,
mechanical tools (calliper and linear ruler),
scanners, and photogrammetry,

e shrinkage of the products obtained using FDM
additive manufacturing technology from the
ABS material can be easily detected using
the following techniques: visual inspection,
mechanical tools, and photogrammetry,

e the MCDM AHP method is a simple and effec-
tive tool for decision-making when there are
several options/solutions that can be described
using a list of criteria,

e there are no scientific studies comparing pop-
ular and easily accessible measurement tech-
niques such as visual inspection, mechanical
tools, and photogrammetry,

e the problem of selecting the best of the
above-mentioned measurement techniques in
terms of selected criteria is still insufficiently
described in the literature.

The paper attempted to answer the following
questions:

a) can the measurement techniques presented in
this paper be used to detect shrinkage in prod-
ucts manufactured using the FDM technology?

b) can the presented measurement techniques be
compared with each other in terms of selected
criteria?

c) which of the presented measurement tech-
niques will be chosen first by the decision-
maker responsible for the profile of research
and teaching staff?

d) which criteria for evaluating alternative mea-
surement techniques should be considered
most important for making the final decision?

Additive manufacturing still underutilises
its potential, mainly due to the lack of unified
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standards, process understanding, and metrologi-
cal consistency. As highlighted by Vora and San-
yal [33], AM parts often exhibit high geometric
complexity but insufficient dimensional accuracy
and repeatability. To address this metrological
gap, the present study introduced an innovative
AHP-based framework supporting the selection
of measurement techniques, linking dimensional
evaluation with structured decision-making to
enhance the reliability and comparability of FDM
inspection results.

The research aimed at reducing the level of
shrinkage in FDM prints is beyond the scope of
this publication and will not be considered.

MATERIALS AND METHODS

This study used a controlled setup with one
FDM printer, one ABS material, three small-scale
models, and three academic experts. The follow-
ing assumptions were adopted for the research
and analysis:

a) the prints were produced on a single FDM print-
er to avoid introducing random variability inher-
ently associated with different printer models,

b) the prints were made from one material — ABS
copolymer — using fixed technological param-
eters. Additional materials or process parame-
ters were excluded, because they would greatly
expand the scope of the study,

¢) the printed parts were small (45 x 45 x 45 mm)
but differed in geometry. This was intentional,
allowing the assessment of how model com-
plexity affects the capability of each measure-
ment technique to detect shrinkage,

d) three experts were selected to balance the rep-
resentativeness of AHP results with a reason-
able duration of the evaluation process.

Such a focused scenario eliminates variabil-
ity caused by process and material differences,
enabling a clear comparison of measurement
techniques (visual inspection, mechanical tools,
and photogrammetry) under reproducible labora-
tory conditions.

3D printing - materials and 3D printer setup

The Pro3D acrylonitrile-butadiene-styrene
(ABS) filament with a diameter of 1.75 mm was
used for 3D printing. It offers good mechanical
properties, high impact strength, and resistance to
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temperatures up to 100 °C. The disadvantage of
ABS is its high shrinkage [11]. ABS was selected
due to its pronounced shrinkage, which high-
lights detection limits, and its widespread use as
an engineering polymer. ABS is commonly used
in: medicine (human organ models), space engi-
neering (electromagnetic interference shielding),
metrology (stress-strain sensors), energy (energy
storing devices) [34], automotive (car parts), gen-
eral and consumer applications (consumer goods
and prototypes) [3]. Using standard ABS filament
reduces variability and reflects typical research-
lab practice while supporting quality control
improvements in the FDM-based manufacturing.
The authors intentionally selected the ABS fila-
ment to facilitate reliable detection of shrinkage
in 3D-printed components.

The prints were produced using a MakerBot
Replicator 2X 3D printer with default settings for
standard-quality ABS filament prints (layer height
0.20 mm, build table temperature 100 °C, nozzle
temperature 255 °C, infill printing speed 120 mm/s,
outline printing speed 50 mm/s, infill density 30%).

3D models

For the purposes of this publication, three
models were printed and tested using visual

Table 1. Features of the geometry of the 3D prints
examined in this study

Geometry
Characteristic features i
Simple | Complex Highly
complex

Flat surfaces Yes Yes No
Holes/grooves No Yes Yes
Complex

(non-regular/flat) surfaces No Yes Yes

inspection, digital calliper, a linear ruler and pho-
togrammetry. The models were classified into
three geometric groups: simple, complex and
highly complex geometry (Table 1, Figure 1).

For each print geometry, the largest linear
dimension did not exceed 45 mm; in other words,
each print could be placed in a cube of dimen-
sions: 45 x 45 x 45 mm. The choice of print
dimensions was dictated by the desire to obtain
prints with visible shrinkage at a relatively short
printing time (the maximum printing time is 1.5
hours). The models were designed using Free-
CAD version 1.0 software.

Measurement techniques

The table below (Table 2) presents the mea-
surement time results. For each technique, the
measurement was carried out once any shrinkage
was detected. Shrinkage was assessed visually
using a two-state scale. Three separate observa-
tions were made for each model geometry.

The digital calliper time represents the aver-
age of three measurements taken at three heights
of each model. However, for the model with high-
ly complex geometry, the error was too large to be
considered reliable, and the result was therefore
marked as N/A (not available).

For the steel linear ruler, the tool was placed
against the model wall to check whether shrink-
age was visible.

For photogrammetry (Table 2, Table 4), the
measurement time refers to the duration from
placing the printed part on the turntable to obtain-
ing the digital 3D model, including the deviation
map generated against the reference CAD model
(STL format). The measurement time was record-
ed once per each geometry.

Figure 1. CAD models used as reference geometries for FDM printing and subsequent dimensional and
shrinkage analysis: from left, simple geometry, complex geometry, and highly complex geometry, all designed
for fabrication in ABS
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Table 2. Measurement time results. The mean value and standard deviation are given for each measurement

technique
Print geometry (AL1) Visual inspection (AL2) Digital calliper and linear ruler (AL3) Photogrammetry
. 5.89+1.31 s (linear ruler) .
Simple 5.16+0.77 s 31.74+1.15 s (calliper) 81.30+8.51 min
5.60+0.63 s (linear ruler) .
Complex 5.51+1.33 s 39.57+3.00 s (calliper) 81.30+8.51 min
Highly complex N/A N/A 81.304+8.51 min

For wvisual inspection, the uncertainty of
straightness assessment was estimated at approxi-
mately 0.5 mm for 100 mm, according to ISO
16610-21:2011, reflecting human perception lim-
its for small FDM features. Measurement with the
digital calliper ensured an accuracy of £0.02 mm,
consistent with ISO 13385-1 and ASME B89.1.14.
For photogrammetry, repeated extraction of identi-
cal dimensions from the reconstructed 3D model
provided deviations below £0.05 mm, depending
on geometry and point selection, in accordance
with the VDI/VDE 2634 guidelines.

It was assumed that the shrinkage detection
threshold corresponds to the curvature of external
surfaces: 0.5 mm for visual inspection, 0.04 mm
for digital calliper, and 0.1 mm for photogramme-
try (twice the precision of the technique).

Visual inspection was used as the first mea-
surement technique to detect shrinkage in the
printed parts. The inspection was carried out by a
metrologist with normal vision, not requiring cor-
rective glasses. No magnifying devices or micro-
scopes were used during the evaluation. The mea-
surement time reported in Table 2 represents the
average duration required to examine each model
and determine the presence or absence of shrink-
age. The measurement time varied depending on
the geometry of the printed part.

The photographs in Figure 2 show the
inspected prints. A white background was used to
improve visibility and facilitate the detection of
shrinkage on the surfaces of the samples.

HOREX digital calliper with a measuring
range of up to 150 mm and an accuracy of 0.01
mm were used for the measurements. In addition
to the digital calliper, a steel linear ruler was also
applied for mechanical assessment. Figure 3 illus-
trates how shrinkage was identified on the printed
parts of simple and complex geometries using both
the digital calliper and the linear ruler (Table 1).

Close-range photogrammetry was used in
the study to obtain a three-dimensional represen-
tation of the geometry of a small object printed
using the FDM technology.

The photogrammetric acquisition was per-
formed using a Nikon Z5 camera placed on a tri-
pod with a Nikkor Z 24-50 mm f/4-6.3 lens and a
Meike 11 mm extension ring. The imaging param-
eters were: focal length 50 mm, aperture /8, ISO
100, and a fixed distance of approximately 0.22 m
from the object. The measurement photogramme-
try system is shown in the figure below (Figure 4).

The object was placed on a turntable against
a black background. Lighting was provided by
a lamp with constant, natural, cool white light,
without the use of flash, which ensured evenly lit

Figure 2. Visual inspection of printed ABS parts: (a) simple geometry, (b) complex geometry, (c) highly complex
geometry. Surface shrinkage and deformation effects are visible under uniform white background illumination
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Figure 3. Example of dimensional measurements performed using digital calliper and a linear ruler on FDM-
printed ABS parts for shrinkage and dimensional accuracy assessment

Figure 4. Photogrammetry setup used for 3D
reconstruction of FDM-printed ABS models, showing
camera position on a tripod and turntable arrangement
against a black background for capturing overlapping

images from multiple angles

shots without overexposure or reflections. Each
model was photographed from three height levels
at 30°, 45°, and 55-60°, with images taken every
15° around the object, providing approximately
96% overlap between consecutive photos. The
total number of images was 74, 100, and 82 for
the three models, respectively.

The photographs were processed in Mesh-
room 2025.1.0 using algorithms default SfM/
MVS parameters [35, 36]. The meshing step gen-
erated dense point clouds (~3.0 M points) and
final meshes containing between 0.35 M and 0.74
M faces (average ~ 0.49 M).

The meshes were edited and scaled in Mesh-
Lab [35, 36], using a reference line of 7.82 mm
visible on the turntable. The resulting model

in.STL format was then imported into GOM
Inspect, where a best-fit alignment to the CAD
reference was applied, and a Compare Mesh anal-
ysis was performed.

Colour-deviation maps were created with
tolerance thresholds of + 0.75 mm. Deviations
within this range were classified as no shrinkage
(light green), values below — 0.10 mm as shrink-
age present (blue), and values above + 0.10 mm
as material accumulation (red).

The models prepared for photogrammetric
measurements and the results from the GOM
Inspect software are shown in Figure 5.

Other measurement systems, such as coordi-
nate measuring machines (CMMs) or structured-
light and laser scanners, were not included in this
study due to their limited availability as well as
high acquisition and calibration costs in typical
laboratories or production companies [37].

The focus was intentionally placed on acces-
sible and low-cost techniques, commonly used for
educational and research purposes, aligning with
the scope of the study and decision-maker profile.

Decision-maker profile

In the field of additive manufacturing, three
main decision-maker profiles can be distinguished:
1. Single-person business owner, amateur, or
hobbyist,

2. Medium-sized enterprise (MES) owner with a
fleet of 3D printers,

3. Research and teaching staff.
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Figure 5. Measurement workflow using photogrammetry and GOM Inspect: (a—c) printed ABS parts prepared
for photogrammetric capture; (d—f) corresponding GOM Inspect deviation maps for simple, complex, and highly
complex geometries

Each decision-maker can be characterised by
a combination of attributes, including profession-
al experience, soft and technical skills, competen-
cies, and motivations.

Table 3 presents the profiles of decision-mak-
ers involved in additive manufacturing and their
relevance to the selection of measurement sys-
tems for evaluating printed parts.

The independence of expert judgments, their
profiles, and the selection of specific individuals
are crucial elements in AHP analyses.

All experts in this study were employees of
the same university and faculty, selected inten-
tionally due to their proven experience in addi-
tive manufacturing and measurement technolo-
gies. This ensured that the evaluations were made
by qualified professionals familiar with both 3D
printing processes and metrological assessment
methods. To maintain independence, each expert
worked individually and was unaware of the
identities of the other participants.

Each of the three experts represented a differ-
ent professional background:

e Expert 1 — a practitioner specialising in 3D
printing and measurement techniques,

e Expert 2 — a theoretician and lecturer involved in
production management, additive manufactur-
ing, and familiar with MDCM and metrology,

e Expert 3 — a theoretician and lecturer focused
mainly on optical metrology and modern man-
ufacturing technologies.

40

No prior training or calibration session was
conducted before the pairwise comparison pro-
cess. The academic research and teaching staff
profile is primarily characterised by the need for
high measurement reliability and precision, as
well as the responsibility for delivering accurate
knowledge to students and fellow researchers.
However, academic staff may not always pos-
sess in-depth practical experience with all mea-
surement techniques, such as digital calliper,
photogrammetry, structured light or laser scan-
ning, or CMM systems, which often necessitates
forming interdisciplinary research teams. Unlike
other profiles, academic decision-makers are
typically not constrained by equipment cost, as
research tools are usually funded through insti-
tutional or public sources. In contrast, single-
person businesses, hobbyists, and MES owners
are mainly limited by cost and available time,
and their choice of measurement technique is
often subjective, sometimes requiring the sup-
port of a metrologist or external measurement
service provider.

Analytic hierarchy process method - stages
and detailed description

SuperDecisions software by TL Saaty and his
team, version 2.8.0, was used for calculations and
analyses — judgement matrices for criteria and
alternatives in relation to criteria, global priorities
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Table 3. Profiles of decision-makers in additive manufacturing and their relation to print measurement techniques

Parameter

Single-person business/amateur/
hobbyist

A medium-sized enterprise (MES)
owner with a fleet of 3D printers

Research and teaching staff

Position and role

The individual directly decides
which measurement tools and
systems to use. In most cases, this
profile values ease of use and low
cost of the measurement system.

The owner of a medium-sized
enterprise may not always
personally decide which
measurement systems are used in
quality control.

A university research and
teaching staff member directly
selects the measurement

system for experimental studies.
Although not involved in business
operations, their responsibility

is to provide reliable and
reproducible research results.

Typically based on practical

May come from a background

Combines both practical and

quick, practical solutions.

practical outcomes.

ilixsggi?icze knowledge and problem-solving in 3D printing or management; theoretical understanding of
manufacturin experience in 3D printing. The may or may not have hands- 3D printing processes. This
) 9 main challenge is choosing a on experience but usually profile often involves in-depth

and print . . .

measurement system suited to the |understands the requirements of knowledge of quality control and
metrology . : )

produced parts. production measurement systems. | metrological techniques.

. " ) Decisiveness, problem-solving Logical reasoning, creativity,

Soft skills Creativity and the ability to find under pressure, and a focus on and the ability to solve complex

analytical problems

Technical skills
related to
measurement
systems

Basic or limited knowledge of
additive manufacturing and
measurement systems.

High measurement competence
when the person comes from

a metrology or 3D printing
background.

Very high familiarity with various
measurement systems and
related analytical concepts.

Decision-making
process (criteria)

Preference for the simplest and
lowest-cost measurement systems.

Selection of systems that meet
accuracy standards or customer
requirements.

Priority is given to precision and
measurement reliability. Cost

is of secondary importance, as
equipment is often financed by
institutional budgets.

Motivation to
solve problems

Low for amateurs/hobbyists; high
for single-person business owners
motivated by market survival.

High motivation, as measurement
time directly affects company
profits.

Focused on scientific innovation
and advancement of research.

Limitations

Low accuracy and limited reliability
of measurement results.

The MES owner may not always
have sufficient technical insight
to assess which measurement
technique ensures the expected
performance.

The need to conduct reliable
studies and provide credible
data to practitioners and other
researchers; it may not always
be feasible to master every
measurement method in depth.

for each expert, consistency ratio (CR), aggregat-
ed priorities, sensitivity analysis.

In the AHP method, decisions are made on the
basis of established and transparent criteria, which
do not necessarily have to be measurable. The
decision-making process according to the AHP
method consists of the following stages [32]:

Structuring the decision problem

This stage involves breaking down the deci-
sion problem into its constituent elements, such
as the goal, criteria and alternatives. The hierar-
chy of the decision problem is usually represent-
ed using a value tree (Figure 6).

Goal — selection of the best measurement
technique for detecting print shrinkage, assum-
ing that the decision-maker is a research and
teaching staff member at a technical university.
The selection criteria (C1-C9) for measurement
techniques (AL1-AL3) are presented in the table

below (Table 4). The selection criteria (C1-C9)
for the research methods and their number were
chosen top-down and based on preliminary tests
and analyses by the authors. By the name of the
criterion the direction of evaluation of a given
variant is presented, e.g. lower better means that
a lower value in the row corresponds to a more
favourable option.

Redundancy refers to strong overlap between
criteria. To avoid it, the study applied the MECE
principle (Mutually Exclusive and Collectively
Exhaustive). The criteria compared in pairs were
designed so that none could be directly inter-
changed — each belongs to a separate category and
represents a distinct physical concept (mutually
exclusive). For example, the criterion describing
the measurement accuracy of a technique (C2) is
fundamentally different from the cost of the mea-
surement system (C6).

The selected criteria adequately and com-
prehensively describe the problem of choosing a
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Figure 6. Value tree representing the hierarchical structure of the AHP decision model, showing the main goal,
criteria (C1-C9), and evaluated measurement alternatives

measurement technique for shrinkage detection
(collectively exhaustive). Ultimately, nine uncor-
related criteria were selected to identify the advan-
tages, limitations, and applicability of the pro-
posed AHP-based approach. Table 4 summarises
the nine criteria used to evaluate and compare
the measurement techniques for detecting shrink-
age in FDM prints, along with the corresponding
method alternatives analysed in the study.

Conducting pairwise comparisons of decision
alternatives and criteria.

Not all elements (criteria or alternatives) are
equally important, so pairs of elements should
be assigned appropriate weights according to
the nine-point scale proposed by TL Saaty [32].
When comparing two criteria, the question is: “Is
element 1 (column) more important than element

Table 4. Selection criteria and testing method alternatives

Criterion (AL1) Visual inspection

(AL2) Digital calliper and
linear ruler

(AL3) Photogrammetry

(C1) Measurement time-
consumption (lower better)

Low (for detailed
information see Table 2)

Low (linear ruler), medium
(digital calliper) (for detailed
information see Table 2)

High
(for detailed information
see Table 2)

(C2) Measurement system

(lower better)

— a b c
precision (lower better) 0.3-0.5 mm Up to 0.02 mm Up to 0.05 mm
(C3) Human factor (lower . . .
better) High Medium High
(C4) Measurement difficulty Low Medium High
(lower better)

Low (at the stage of image

(C5) Required experience and processing and analysis in the
knowledge of a metrologist Low Medium GOM Inspect software)

Medium (for close range
photogrammetry measurement)

(C6) Measurement system

Medium-grade digital calliper:

Camera, peripheral devices and

(higher better)

0 EUR 40 EUR .
cost (lower better) Steel linear ruler: 55 EUR software cost: 1000 EUR
(Q?) Geometry complexity Simple Simple and complex Simple, complex and highly
(higher better) complex
(C8) Overall ability of
the technique to detect a Low Medium High
shrinkage (higher better)
(C9) Potential for
measurement automation Low Medium High

Note: * see ISO 16610-21:2011 standard, ® see ISO 13385-1 standard, ¢ see VDI/VDE 2634 guidelines.
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2 (row), and how important is it for achieving the
goal?”. A scale from 1 (equal importance) to 9
(extreme importance) was used for the evaluation.

The following relationships apply to the
assessment of the importance of elements: a, =1
/aji and for i =/, a, = 1.

The judgement matrix for the decision maker
- a research and teaching staff member involved
in 3D printing research, is presented in Tables 5,
6 and 7. Three experts in additive manufacturing
technologies employed at the University partici-
pated in the study. The judgement matrix for cri-
teria C1-C9 was prepared separately for each of
the three decision-makers (experts) based on the
information provided.

In order to avoid repeating the time-consum-
ing process of evaluating criteria in pairs — for
such a large number of criteria — it was decided to
use the following methodology:

a) The first step in the paired criteria assessment
was to establish a hierarchy of criteria impor-
tance, assuming that no criteria could have the
same rating (ex aequo); each criterion was as-
signed a rating from 1 to 9,

b) Secondly, individual criteria were compared in
pairs and the score was calculated using Equa-
tion 1 and Equation 2:

Criteria pairwise comparison score =
=|CX-CY |+ 1, for CX>CY (1)

Criteria pairwise comparison score =
=1/(|ICX-CY |+ 1), for CX<CY (2)

where: CX — first (column) criterion hierarchy
importance, CY — second (row) criterion
hierarchy importance.

For example. Using Equation 1, for 1st cri-
terion hierarchy importance equal 7 and 2nd cri-
terion hierarchy importance equal 3 (CX > CY),
we obtain:

Criteria pairwise comparison score =
=|7-3+1=4+1=5 3)

In the case where CX < CY, for example CX
equals 3 and CY equals 7, we use Equation 2 and
calculate the pairwise comparison score as:

Criteria pairwise comparison score =
=1/(|3-71+1) =1/5=0.20 4)

Therefore, the values 5 and 0.20 will be placed
in Tables 5, 6 and 7, of the judgement matrices in
the appropriate place.

The number of pairwise comparisons for a
matrix of order n is given by the binomial coef-
ficient: (72‘) = (2) = 36. Publication [38] stated
that each element of the judgement matrix of cri-
teria was calculated based on the ratio of scores
obtained from the established hierarchy of criteria
importance, for example, criterion C1 ranked 7%
and C2 ranked 2" yield a matrix element value of
3.5. A limitation of this approach can occur when
determining elements of the judgement matrix
for alternatives. In some cases, it is not possible
to establish a strict ranking order for the alterna-
tives. For example, for criterion C3 in this study,
where AL1 and AL3 were equally rated but less
important than AL2.

According to T.L. Saaty, two criteria (or alter-
natives) are compared pairwise, and a subjective
judgment is made indicating which of the two is
more important. When the consistency ratio (CR)
> (.10 the pairwise judgments should be revised.
However, in high-order matrices, it is not always
clear whether to increase or decrease a given
value or by how much, which can increase sub-
jectivity in the evaluation.

The approach proposed in this study allows
for a flexible construction of the pairwise com-
parison matrix for alternatives. It eliminates the
drawback of time-consuming repetitions required
when inconsistencies occur in traditional pairwise
assessments (CR > 0.10). The authors’ approach
enables the determination of matrix element val-
ues in such a way that the consistency ratio (CR)
for a 9 x 9 matrix remains constant at 0.035.

This approach also introduces a rule that, in
comparisons of criterion C1 against criteria C1—
C9, no two ratings are equal (ex aequo); each
appears only once.

The strengths of the proposed approach are
as follows:

e high repeatability,

e resistance to generating inconsistent compari-
son matrices,

e clarity and simplicity of the evaluation process,

e requires specifying only one ranking of crite-
ria at the beginning of the analysis.

In turn, the weaknesses of the proposed

approach are the following:

e by design, the method is limited to analyses
involving nine criteria,

e the need to provide a single ranking of criteria
may lead to conflicts or inaccuracies when two
criteria have nearly equal importance,

43



Advances in Science and Technology Research Journal 2026, 20(5), 33-53

e results may be inconsistent compared to refer-
ence methods in the literature.

Calculation of local weights and verification
of the consistency of the comparison matrix

This stage was based on the calculations and
results from the Super Decisions software. Local
weights for individual criteria and alternatives are
then determined. In addition, each time a compari-
son matrix is created, the consistency of the assess-
ments presented in it must be checked. The consis-
tency of the comparison matrix is determined using
the consistency ratio (CR). If the CR for the com-
parison matrix is greater than 0.10, return to stage
two and re-evaluate the criteria. CR < 0.10 means
that the decision-maker’s assessments between
individual elements are consistent [32], and there-
fore the analysis can be continued without the need
to re-evaluate the importance of the criteria.

Criterion weight aggregation and sensitivity
analysis

At this stage of the AHP analysis, the criteria
weights are aggregated, i.e. ranked from most to
least important. This is done based on an appropri-
ate utility function. In this publication, an additive
(linear) rule was selected for this purpose, which
allows correct results to be obtained quickly [39].
It should be noted that this rule assumes linear
relationships and full independence between cri-
teria. In practice, small changes in weights or
partial correlations between criteria may slightly
affect the final ranking, although the overall hier-
archy of alternatives remained stable in this study.

In this study, other aggregation rules were
also considered, including multiplicative and out-
ranking approaches. The choice of the additive
rule was supported by several arguments:

e transparent methodology and simplicity of
calculations,

e susceptibility of the calculation process to
automation,

e compatibility with the 1-9 scale proposed by
Saaty et al., which also made it possible to test
the authors’ proposed method for calculating
values in the experts’ judgment matrices,

e high popularity and ease of interpretation
among decision-makers.

However, certain limitations were also
recognised:
e possibility of obtaining unrealistic or overly

compensatory results,
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e a linear model that ignores interactions and
synergies between criteria,

e sensitivity of results to small weight changes,
which may cause so-called rank reversal.

The simplicity and transparency of the addi-
tive rule, its controllability at each stage of the
AHP analysis, low resource intensity, high level of
automation, and compatibility with the Saaty scale
make it a strong starting point for further compara-
tive studies of multi-criteria analysis methods.

On the basis of these considerations, the mul-
tiplicative and outranking rules were excluded
due to their more complex interpretation, low
transparency, and incompatibility with the Saaty
scale. During the methodological design phase,
the authors reviewed alternative aggregation
rules, yet they did not conduct numerical experi-
ments with them; therefore, the study applies only
the additive rule and describes it in detail.

The purpose of sensitivity analysis is to
answer the question: ‘How will the solution
change if the decision-maker’s preferences or
assessments change?’ As a result, the outcome
of the analysis may change, and consequently,
the decision to choose a particular measurement
method. It was decided to examine the impact of
a change in the weight (global priorities) of the
decisive criteria (ranked 1st, 2nd and 3rd) in the
event of a 25% increase in the global weight of a
given criterion [40].

Figure 7 presents a schematic flow of the AHP
used in this study, outlining the main stages from
defining the goal and criteria to deriving final pri-
orities of alternatives.

RESULTS AND DISCUSSION

Visual inspection, calliper and
photogrammetry

In this study, the visual inspection technique
was used to detect shrinkage in the parts pro-
duced by the FDM process. The analysis focused
on shrinkage on the side and top surfaces of the
prints. Warping of the base was also observed in
the simple and complex geometry models [10—
12]. Similar to the findings reported in [14], the
visual inspection method also revealed additional
phenomena, such as edge rounding of printed
models and overall geometric deformation.

For simple and complex geometries, visual
inspection allows a preliminary assessment of
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AHP workflow for selecting a measurement technique for FDM parts

EXPERIMENTAL SCOPE
One FDM printer, ABS, three small models; Meshroom/MeshlLab; CAD-to-mesh comparison in
GOM Inspect.

DECISION GOAL
Select the best technique to detect shrinkage / verify dimensions of FDM prints in an academic
setting.

CRITERIA (C1-C9)
Measurement time (C1), Accuracy (C2), Repeatability (C3), Simplicity (C4), Experience (C5),
Cost (C6), Geometry complexity (C7), Shrinkage detection (C8), Automation (C9).

EXPERT PANEL & INPUTS
Three independent academic experts; pairwise comparisons on Saaty scale; SuperDecisions
v2.8.0.

PAIRWISE + CONSISTENCY
Judgement matrices for criteria & alternatives; CR < 0.10 for all matrices (Table 5).

WEIGHT DERIVATION
Global priorities of criteria per expert: C2 & C8 highest, C9 & C1 lowest (Table 12).

ALTERNATIVES
AL1: Visual inspection, AL2: Mechanical tools (digital caliper / ruler), AL3: Photogrammetry.

AHP SYNTHESIS (per expert)

Local->global weights computed; sensitivity->checked.

FINAL RANKING (per expert)
Expert 1: AL3 > AL2 > AL1 (photogrammetry preferred).
Experts 2 & 3: AL2 > AL3 > AL1 (mechanical tools preferred).
Visual inspection least preferred for all.

Figure 7. Schematic flow of the analytic hierarchy process (AHP) used in this study

shrinkage. However, this method cannot quantify
shrinkage in SI units such as % or mm. It is not
possible to measure the shrinkage of a print with
very complex geometry, where there are mainly
surfaces with high curvature, without the use of a
specialised fittings (Table 1). The digital calliper

played a significant role in assessing shrinkage,
which was indirectly observed by measuring the
distances between opposite walls of the printed
models [18, 19]. The use of a steel linear ruler
enabled a quick identification of deviations from
flatness on specific surfaces of the prints.
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Mechanical tools, such as a digital calliper
and a linear ruler can assess the presence and
degree of shrinkage in simple and complex
geometries (Table 1). In these cases, shrink-
age can be expressed as a percentage or a lin-
ear dimension. Assessment of shrinkage in the
models with highly complex geometry using
mechanical tools is practically impossible due to
the error caused by applying the jaws to ‘round-
ed’ surfaces. If it is possible, it is subject to very
large measurement error and very low measure-
ment repeatability.

Photogrammetry — consistent with studies
[23, 24] — was used to evaluate the geometric
accuracy of the printed models relative to their
CAD references. References [24, 27] indicate that
photogrammetry is highly effective for the geo-
metric assessment of 3D-printed parts, which is
confirmed by the results of this study. With the
chosen setup and software, dimensional fidelity
could be determined within approximately 90
minutes, regardless of geometry complexity.

Photogrammetry allows shrinkage to be mea-
sured and expressed in units of length or percent-
age for each geometry. Holes and grooves with
limited visibility are difficult or impossible to map.
It also offers high accuracy for varied shapes and
complex geometries, but low accuracy for shaded
elements, grooves, openings and light-reflecting
structures. The photogrammetric method is the
most complex of the methods analysed in this
study. Reliability depends on operator experience,
including planning image acquisition and adapt-
ing conditions to the object’s geometry.

Studies [10, 11, 28] show that visual inspec-
tion, callipers, and 3D scanning are used for pre-
liminary quality assessment, dimensional evalu-
ation, and measurement of deviations relative to
the digital reference. The present study provides
results and analyses that do not contradict these
findings. Instead, they offer a new perspective
on measurement techniques — visual inspection,
calliper with a linear ruler, and photogramme-
try — as versatile and complementary tools for
assessing the quality of FDM prints.

Photogrammetry and mechanical tools were
identified as the most balanced alternatives for
dimensional verification of FDM prints under
academic laboratory conditions. This result indi-
cates that both techniques offer a practical com-
promise between accuracy, cost, and ease of use.
Photogrammetry provided sub-0.05 mm repeat-
ability and proved effective in detecting shrinkage
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and geometric deviations, while mechanical tools
maintained acceptable precision for simple geom-
etries at a much lower operational cost.

Vora and Sanyal [33] emphasised that
mechanical and optical instruments remain the
most frequently used in AM laboratories, but
that their selection is typically based on opera-
tor experience rather than a formalised decision
model. Mietlinski et al. [41] further highlighted
that the choice of measurement technique should
depend on part geometry and feature accessibil-
ity—contact tools being preferred for simple
external dimensions, and optical methods for
complex or curved surfaces. Liu et al. [42] dem-
onstrated that CMM and XCT complement each
other depending on part complexity, yet their cost
and calibration effort restrict their application in
everyday research practice.

Analytic hierarchy process results

Table 5 presents the CR values for the judg-
ment matrices included in this study. The Con-
sistency Ratio of the experts’ judgment matrices
(Table 6, 7 and 8), equal to 0.035, indicates that
the experts’ assessments were consistent and that
no re-evaluation of pairwise comparisons was
required. The CR values of the judgment matri-
ces for the alternatives (see: Table 9, 10 and 11)
range from 0.005 to 0.068, which are all below
the commonly accepted threshold of 0.10, con-
firming a high level of consistency and reliability
of the presented pairwise comparison results.

Judgement matrices of decision-makers

The tables below (Table 6, 7 and 8) present
the results of the criteria assessments by individ-
ual experts. Each of the matrices below is unique.

Judgement matrices for alternatives

Tables 9, 10 and 11 show the ratings of alter-
natives for each criterion (C1-C9). The tables
were prepared based on the data from Table 4.
Each table is designed to answer the question of
which measurement technique is the most advan-
tageous in light of a given criterion.

For example, in the case of the time-consump-
tion criterion (C1), the most preferred option is
visual inspection (AL1), followed by assessment
with mechanical tools (AL2) and, in last place,
photogrammetric technique (AL3).
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Table 5. Consistency ratios for judgement and alternatives matrices; CR higher or equal to 0.10 marked in green

Position number Group Description CR
1. Judgement matrix for 1st expert 0.035
2. jul?jg:iniig:t- Tnzlzrei;?as Judgement matrix for 2nd expert 0.035
3. Judgement matrix for 3rd expert 0.035
4. Judgement matrix with respect to criterion C1 0.035
5. Judgement matrix with respect to criterion C2 0.028
6. Judgement matrix with respect to criterion C3 0.005
7. Judgement Judgement matrix with respect to criterion C4 0.005
8. matrices of Judgement matrix with respect to criterion C5 0.068
9. alternatives Judgement matrix with respect to criterion C6 0.068
10. Judgement matrix with respect to criterion C7 0.068
11. Judgement matrix with respect to criterion C8 0.068
12. Judgement matrix with respect to criterion C9 0.068
Table 6. Judgement matrix of Ist expert
C1 c2 C3 C4 C5 cé c7 C8 Cc9
C1 1.00 0.17 0.25 0.50 0.33 2.00 0.20 0.14 3.00
Cc2 6.00 1.00 3.00 5.00 4.00 7.00 2.00 0.50 8.00
C3 4.00 0.33 1.00 3.00 2.00 5.00 0.50 0.25 6.00
c4 2.00 0.20 0.33 1.00 0.50 3.00 0.25 0.17 4.00
C5 3.00 0.25 0.50 2.00 1.00 4.00 0.33 0.20 5.00
C6 0.50 0.14 0.20 0.33 0.25 1.00 0.17 0.13 2.00
Cc7 5.00 0.50 2.00 4.00 3.00 6.00 1.00 0.33 7.00
C8 7.00 2.00 4.00 6.00 5.00 8.00 3.00 1.00 9.00
C9 0.33 0.13 0.17 0.25 0.20 0.50 0.14 0.11 1.00
Table 7. Judgement matrix of 2nd expert
C1 C2 C3 C4 C5 C6 c7 C8 C9
C1 1.00 0.20 0.50 2.00 4.00 3.00 0.33 0.25 5.00
C2 5.00 1.00 4.00 6.00 8.00 7.00 3.00 2.00 9.00
C3 2.00 0.25 1.00 3.00 5.00 4.00 0.50 0.33 6.00
Cc4 0.50 0.17 0.33 1.00 3.00 2.00 0.25 0.20 4.00
C5 0.25 0.13 0.20 0.33 1.00 0.50 0.17 0.14 2.00
C6 0.33 0.14 0.25 0.50 2.00 1.00 0.20 0.17 3.00
c7 3.00 0.33 2.00 4.00 6.00 5.00 1.00 0.50 7.00
c8 4.00 0.50 3.00 5.00 7.00 6.00 2.00 1.00 8.00
Cc9 0.20 0.11 0.17 0.25 0.50 0.33 0.14 0.13 1.00
Global priorities of criteria and synthesised table shows the ranking of criteria. The high-
priorities for alternatives est priority criteria were C2 and C8 for each of

the three experts. This means that the experts

Table 12 summarises the results of the anal- o .
were primarily guided by the accuracy of the

yses obtained in the Super Decisions software. .
Global priorities were assigned to individual ~ measurement system (C2) or the overall abil-

criteria and experts (I1st = most important, ity to detect contraction. For experts 1 and 2,
9th = least important). The bottom part of the  the criterion of the degree of complexity of the
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Table 8. Judgement matrix of 3rd expert

C1 C2 C3 C4 C5 Cé6 Cc7 C8 C9
C1 1.00 0.11 0.17 0.50 0.14 0.20 0.25 0.13 0.33
C2 9.00 1.00 4.00 8.00 3.00 5.00 6.00 2.00 7.00
C3 6.00 0.25 1.00 5.00 0.50 2.00 3.00 0.33 4.00
C4 2.00 0.13 0.20 1.00 0.17 0.25 0.33 0.14 0.50
C5 7.00 0.33 2.00 6.00 1.00 3.00 4.00 0.50 5.00
Cé6 5.00 0.20 0.50 4.00 0.33 1.00 2.00 0.25 3.00
C7 4.00 0.17 0.33 3.00 0.25 0.50 1.00 0.20 2.00
C8 8.00 0.50 3.00 7.00 2.00 4.00 5.00 1.00 6.00
C9 3.00 0.14 0.25 2.00 0.20 0.33 0.50 0.17 1.00

Table 9. Judgement matrices for alternatives with respect to criterion C1, C2 and C3

C1 AL1 AL2 AL3 | Weight C2 AL1 AL2 AL3 Weight C3 AL1 AL2 AL3 | Weight
AL1 1.00 | 4.00 | 9.00 0.713 AL1 1.00 | 0.1 0.33 0.071 AL1 1.00 | 0.20 | 1.00 | 0.149
AL2 | 0.25 | 1.00 | 4.00 0.220 AL2 | 9.00 | 1.00 | 5.00 0.748 AL2 | 5.00 | 1.00 | 4.00 | 0.690
AL3 | 0.11 0.25 | 1.00 0.067 AL3 | 3.00 | 0.20 | 1.00 0.180 AL3 | 1.00 | 0.25 | 1.00 | 0.161

Table 10. Judgement matrices for alternatives with respect to criterion C4, C5 and C6

C4 AL1 AL2 AL3 | Weight C5 AL1 AL2 AL3 Weight C6 AL1 AL2 AL3 | Weight
AL1 | 1.00 | 4.00 | 8.00 0.701 AL1 | 1.00 | 5.00 | 9.00 0.735 AL1 | 1.00 | 5.00 | 9.00 | 0.735
AL2 | 0.25 | 1.00 | 4.00 0.227 AL2 | 0.20 | 1.00 | 4.00 0.199 AL2 | 0.20 | 1.00 | 4.00 | 0.199
AL3 | 0.13 | 0.25 | 1.00 0.072 AL3 | 0.11 0.25 | 1.00 0.065 AL3 | 0.11 0.25 | 1.00 | 0.065

Table 11. Judgement matrices for alternatives with respect to criterion C7, C8 and C9

Cc7 AL1 AL2 AL3 | Weight C8 AL1 AL2 AL3 Weight C9 AL1 AL2 AL3 | Weight
AL1 | 1.00 | 0.20 | 0.11 0.062 AL1 | 1.00 | 0.20 | 0.1 0.062 AL1 | 1.00 | 0.20 | 0.11 | 0.062
AL2 | 5.00 | 1.00 | 0.25 0.236 AL2 | 5.00 | 1.00 | 0.25 0.236 AL2 | 5.00 | 1.00 | 0.25 | 0.236
AL3 | 9.00 | 4.00 | 1.00 0.701 AL3 | 9.00 | 4.00 | 1.00 0.701 AL3 | 9.00 | 4.00 | 1.00 | 0.701

measured geometry (C7) was less important
(third place in the ranking). For expert 3, the
criterion of the required knowledge and experi-
ence of the metrologist performing the measure-
ment ranked third.

The criterion of a metrologist’s experience
and knowledge ranks only 8th in the ranking,
which may seem counterintuitive. This ranking
reflects that a decision-maker, such as a manager,
aims to achieve the best possible results from the
metrologist while minimising costs, including
training expenses. Therefore, the low ranking of
CS5 aligns with practical considerations.
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Aggregation of local priorities

The global priorities of alternatives deter-
mined using the linear rule for each expert are
presented in the chart below (Figure 8). The
largest bar in the chart indicates that the expert
will be inclined to choose a given measurement
technique to detect shrinkage in 3D prints. Expert
1 will choose the third measurement technique,
i.e. photogrammetry, while Experts 2 and 3 will
be inclined to use mechanical tools, i.e. a digital
calliper or a linear ruler. It is worth noting that
the decision-maker working at a university as a
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Table 12. Global priorities and ranking of criteria C1—-C9 for each expert

Parameter Criteria

C1 Cc2 C3 C4 C5 Cé c7 C8 C9

Expert 1 0.035 0.222 0.107 0.051 0.074 0.025 0.155 0.018

Expert 2 0.074 0.107 0.051 0.025 0.035 0.155 0.222 0.018

Expert 3 0.018 0.107 0.025 0.155 0.074 0.051 0.222 0.035
Priorities rank for Expert 1 7h “ 4t 6h 5t gh 3 ot
Priorities rank for Expert 2 5t 4t 6t g 7 31 25 ot
Priorities rank for Expert 3 ot 4t 8h 3rd 5t 6t 22 Vel

Note: shading highlights the three highest-priority criteria for each expert to allow a clear visual comparison of
their decision preferences. A lower numerical rank indicates a higher priority.

research and teaching staff member is the least
likely to use visual assessment to detect shrink-
age in 3D prints.

University research and teaching staff are
least likely to choose visual inspection for detect-
ing shrinkage in 3D prints.

Sensitivity analysis

The relative importance assigned to two cri-
teria and/or changes in their ranking hierarchy
directly affect the global priorities of alternatives.
In practice, this means that the decision regard-
ing the selection of a measurement technique may

0,500
0,450
0,400
0,350
0,300
0,250
0,200
0,150
0,100
0,050
0,000

Global priority weight intensity

Expert 1

shift in favour of one option over another. The
data presented in the table below (Table 13) show
whether increasing the weight of one of the three
most significant criteria for a given expert by
25% results in a change of preference from one
alternative to another. This threshold is referred
to as the Rank Reversal Point (RRP) — the point
at which both alternatives become equivalent in
terms of their overall priority.

For Expert 1, the most important criteria are
C8, C2, and C7 (Table 12). When the weight of
criterion C8 increases up to the threshold value
of 25.0%, the decision to select mechanical mea-
surement tools remains unchanged. Raising the

Expert 2 Expert 3

EALl mAL2 mAL3

Figure 8. Global priorities of measurement alternatives for decision-makers. The intensity values represent
normalised global priority weights (0—1 scale) calculated from the AHP model. AL1 — visual inspection,
AL2 — mechanical tools, AL3 — photogrammetry
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importance of criterion C2 to 25.0% does not
alter the choice of measurement technique; at
this level, mechanical tools and photogrammetry
become equivalent. However, when the weight of
criterion C7 increases by 11.0%, a RRP occurs
— below this value, Expert 1 prefers mechanical
tools, while above it, photogrammetry becomes
the favoured technique. For Expert 2, the key cri-
teria are C2, C8, and C7 (Table 12).

An increase in the weight of C2 to 21.0 %
leads to an RRP, shifting the decision from pho-
togrammetry to mechanical tools. For criteria
C8 and C7, increasing their weights does not
affect the final decision — the preferred tech-
nique remains unchanged. For Expert 3, the most
important criteria are C2, C8, and C5 (Table 12).

An increase in the weight of C2 results in a
recommendation to change the preferred tech-
nique from photogrammetry to mechanical tools.
Rising weights of C8 and C5 do not cause any
change in the measurement method selection.

Possible real scenarios

Scenario No. 1 (Expert 1 — photogrammetry).
The scenario involves detecting print shrinkage
using photogrammetry, where the key criteria are
C8, C2 and C7 (Table 12). The least important
criteria are C9, C6 and C1. The scenario assumes
that the research is conducted by a university
researcher and teaching staff member. In this

scenario, both maximum accuracy and the ability
of the measurement technique to detect shrink-
age in the most complex 3D print geometries
are important. This would lead to obtaining gen-
eral information and relationships between print
shrinkage and 3D printer parameters and the com-
plexity of the measured prints. The potential for
automation, the cost of the measurement system
and the measurement time in scientific research
is irrelevant.

Scenario No. 2 (Experts 2 and 3 — mechani-
cal tools). In this case, the scenario assumes that
the measurements are also carried out by a uni-
versity researcher and teaching staff member, but
the most important criteria are C2 and C8, while
the least important are C9 and C1 (Table 12). The
scenario may be applicable in the research on 3D
print shrinkage, where measurement accuracy
is important (detection of the smallest signs of
shrinkage), a high overall ability of the technique
to detect shrinkage is required, and the ability of
the selected measurement technique to provide
correct results even for very complex geometries
is important. In this scenario, implementation of
the measurement technique into the production
line is not important, nor is the cost of the measur-
ing tool relevant in the case of scientific or basic
research conducted by a researcher. It should also
be noted here that the measurement will be per-
formed using mechanical tools, the accuracy of

Table 13. Sensitivity of measurement - alternative rankings for each expert

Expert Criterion rank Key criterion Rank reversal point Final ranking of measurement
alternatives
c8
st -
! Shrinkage detection AL2>AL3>AL1
C2 C2=25.0%
nd -
Expert 1 2 Accuracy AL2 =AL3 > AL1
3 Cc7 11.0% For C7 <11.0% AL2>AL3>AL1
Geometry complexity i For C7 > 11.0% AL3>AL2>AL1
4 C2 21.0% For C2 <21.0% AL3>AL2>AL1
Accuracy s For C2>21.0% AL2>AL3>AL1
Cc8
nd -
Expert 2 2 Shrinkage detection AL2>AL3 > AL
3rd c7 . - AL2 > AL3 > AL1
Geometry complexity
1t C2 11.8% For C2<11.8% AL3>AL2>AL1
Accuracy = For C2>11.8% AL2>AL3>AL1
Cc8
nd -
Expert 3 2 Shrinkage detection AL2>AL3 > AL1T
3r C.5 - AL2 >AL3 > AL1
Experience

Note: The table summarises the influence of changes in each expert’s key criteria on the ranking of measurement
alternatives. “Rank reversal point” indicates the threshold at which the preferred alternative changes.AL1 — visual
inspection, AL2 — mechanical tools, AL3 — photogrammetry.
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which decreases with increasing complexity of
the 3D print geometry.

Practical applications

Each of the measurement techniques dis-
cussed in this study can be applied both in indus-
trial quality assurance departments and in research
and development (R&D) laboratories.

For laboratories operating within academic
institutions, the use of photogrammetry is the
most justified, as it enables detailed geometric
analysis and visualisation of shrinkage effects
under controlled conditions.

In contrast, industry, which is inherently
focused on efficiency and maintaining high prod-
uct quality, can achieve the best results using
mechanical tools. By applying digital calliper and
linear rulers, it is possible to identify the pres-
ence of shrinkage in prints with relatively simple
geometries. In industrial environments, additional
value can be achieved through the use of custom
reference gauges and templates manufactured
within appropriate tolerance limits.

CONCLUSIONS

The novelty of this work lies in integrating
Analytic Hierarchy Process with experimental
evaluation of FDM dimensional accuracy, focus-
ing on the selection of measurement techniques
rather than process parameters. To the authors’
knowledge, this is the first study to systematically
compare photogrammetry, mechanical tools, and
visual inspection within a unified analytic hierar-
chy process framework for additive manufactur-
ing metrology.

The measurement techniques presented in
this publication — visual assessment, mechanical
tools (digital calliper and a linear ruler) and pho-
togrammetry — can be successfully used to detect
shrinkage in prints with various geometries. How-
ever, the prints with complex and highly complex
geometries may pose a problem.

The measurement techniques presented in the
publication can be successfully compared with
each other in terms of predefined criteria. The cri-
teria for selecting a measurement technique often
prove to be competitive, e.g. the lower the cost
of the measurement system, the lower the accu-
racy. Decision-makers usually want low costs and
maximum measurement accuracy.

It was shown that the research-and-teaching
staff profile does not always lead to selecting
the same measurement technique for detect-
ing shrinkage in 3D prints. Expert 1, according
to the ranking of criteria indirectly presented in
the judgement matrix, will be inclined to choose
the photogrammetric measurement technique.
Experts 2 and 3, despite holding the same position
at a university, will be inclined to choose a digital
calliper and a linear ruler to detect shrinkage in
3D prints over photogrammetric techniques and
visual assessment.

The key criteria used by all Experts include
C2 (precision of the measurement technique)
and C8 (overall shrinkage detection capability),
which rank 1st and 2nd in the criteria ranking.

The aggregation of local weights and the
sensitivity analysis showed that decision-makers
(Experts 1, 2 and 3) can have a high level of con-
fidence in the results.

Future work should extend the analytic hier-
archy process — based comparison to different
materials, printer types, and expert profiles, and
test automated or Al-assisted photogrammetry
to make measurements more reliable and less
dependent on the operator, especially in academic
research environments, where improving mea-
surement consistency can support better training
and validation of metrological methods.

During the preparation of this scientific pub-
lication, numerous questions arose that remained
unanswered. The authors of this publication see this
as an opportunity for further research and analysis.
In particular, the following should be analysed:

e (different profiles of decision-makers and their
impact on the decision-making process; for
example: profiles of a single-person business/
amateur hobbyist and a medium-sized enter-
prise (MES) owner with a fleet of 3D printers
and a need for product quality management,

e the use of other, more advanced measure-
ment techniques, e.g. coordinate measuring
machines, structured light or laser scanners,

e verification of the ability of measurement
techniques to produce 3D prints with much
more complex geometry and made of filament
with different shrinkage,

e consistency in the decision to select the appro-
priate measurement technique among a larger
number of experts,

e the impact of the research results presented in
this publication on changes in product flow
chains within the company and its development.
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