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Abstract

Especially for amputees, the design of a tailor-made prosthesis requires
anthropometric data collection. This process is quite demanding and
time-consuming when using conventional methods like a tape measure.
Instead, 3D scanning technologies, which have come into our lives with
the boosting of digital technology, enable anthropometric data to be
acquired rapidly and precisely. Nevertheless, so many parameter
settings are presented to users that grasping them takes a long time
with this technology. Among these parameters, which depend on
surrounding conditions or software, texture capture color, pattern type,
mesh density, and clean-up can be considered the most commonly
encountered software parameters. The effects of these parameters in
generating the most appropriate computer-aided design (CAD) model
remain uncertain. Besides, users typically gain experience by trying
diverse variations in these parameters over time. Therefore, this study
scrutinized the parameters of the least defective CAD model created for
ultimate patient comfort in prosthesis design. 3D models of the plaster
cast obtained from an amputated hand were made by changing the
parameters in various combinations using a 3D scanner based on
structural light scanning technology. The variety and quantities of
defects occurring on the models were determined, and skewness, one of
the mesh analysis methods, was calculated. As a result, the least defect
and best mesh distributions were achieved with black texture capture,
the scanning angle with a 10-degree increment, the focus pattern, 75%
mesh density, and high clean-up. This study is anticipated to contribute
to 3D scanner users producing models practically and precisely.

Keywords: Amputated hand, 3D scanning and modeling, 3D scanner
parameters, Mesh analysis, Prosthetic hand design.
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Kisiye ozel protez tasarlamak = 6zellikle ampute kisiler icin
antropometrik verilerin alinmasini gerektirir. Bu stirec mezura gibi
konvansiyonel yontemlerle gergeklestirildiginde olduk¢a zaman alici ve
zahmetlidir. Bunun yerine dijital teknolojinin ivme kazanmasiyla ile
hayatimiza giren 3B tarama teknolojileri antropometrik verilerin hizl
ve hassas bir sekilde alinmasini sagmaktadir. Yine de bu teknoloji ile
kullanicilara o kadar ¢ok parameter ayart sunulmustur ki bunlar
kavramak zaman alicidir. Cevre kosullarina veya yazilima bagli olan bu
parametreler arasinda doku yakalama rengi, desen c¢esidi, ag
yogunlugu ve kusurlart temizleme en sik karsilasilan yazilim
parametreleri olarak sayilabilir. Bu parametrelerin en uygun bilgisayar
destekli tasarim (CAD) modeli olusturmada etkileri ise hentiz
belirsizligini korumaktadir. Bunun yaninda kullanicilar genellikle bu
parametrelerdeki ¢esitli varyasayonlart zaman igerisinde deneyerek
tecriibe kazanmaktadir. Bu sebeple, bu ¢alisma protez tasariminda
hasta konforunu maksimize etmek icin meydana getirilen en az kusurlu
CAD modelinin parametrelerini arastirmistir. Ampute bir kisinin
elinden alinan algt kalibi, yapisal 151k tarama teknolojisini dayanan
3B’lu tarayict vasitasiyla cesitli kombinasyonlarda parametreler
degistirilerek 3B’lu modelleri olusturulmustur. Modeller lizerinde
olusan kusur tirleri ve miktarlart belirlenerek mesh analizi
yéntemlerinden birisi olan skewness hesaplanmistir. Sonug olarak siyah
renk doku, 10 derecelik tarama acisi, odak desen tipi, %75 ag yogunlugu
ve yliksek temizleme ile en az kusurlu ve en iyi mesh dagilimlari elde
edilmistir. Bu ¢alisma sayesinde 3B tarama kullanicilarinin daha pratik
ve hassas modeller tiretmesine katki saglayacag diistintilmektedir.

Anahtar kelimeler: Ampute el, 3B tarama ve modelleme, 3B tarayici
parametreleri, Mesh analizi, Protez el tasarimu.

1 Introduction

3D scanners convert the shape and surface geometry of any
material into the digital environment. These devices can be
classified into three categories based on their technology:
optical, laser, and ultrasonic scanners [1]. These technologies
capable of non-contact measurements employ time-of-flight,
structured light, laser triangulation, and high-frequency sound
wave techniques. 3D ultrasounds produce images of infants'
soft tissues, organs, and other anatomical features using high-
frequency sound waves and advanced imaging software [2].
Optical scanners measure the distortion of the pattern light on
the object by striking structured light onto the object with the
help of a projection [3]. The system requires at least two
cameras to perform these measurements. The scanning outputs
are obtained using the location of each point in the coordinate
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plane, called "point cloud" [4]. Then, consecutive images taken
by scanning the entire area of the object are combined with the
software. In laser scanners, an infrared laser pulse is sent to the
object. A part of this pulse returns to the scanner, and the
distance is calculated according to the time of flight of the pulse
[5]. Similar to optical scanning, the point cloud is generated
based on coordinates. These two scanning techniques provide
different applications based on the goal. Laser scanners are less
accurate, cannot capture color scanning, and are more
expensive [6]. On the other hand, they scan faster and give
better results in places such as shiny/dark surfaces and sharp
corners [7]. In addition, these scanning systems can be
produced as handheld, tripod-mounted, and desktop [8].
Handheld devices offer advantages like ease of use, light weight,
and portability. Although they can potentially be used in hard-
to-reach locations, their accuracy is not as high as that of a
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tripod-mounted system. Nevertheless, 3D scanners offer great
opportunities in various fields, including health, industry,
architecture, civil engineering, and the automobile [9].

Applications for 3D scanners in the healthcare industry include
the design of medical devices, the creation of prototypes,
manufacturing orthotics and prosthetics customized to
patients, dental applications, plastic and aesthetic surgery, and
manufacturing cranial implants [10],[11]. Especially in
producing subject-specific prostheses, scans from the patient's
missing limb are processed in 3D to create modeling and
prototypes. To meet the patient's demands, this model is
produced using various production processes, including 3D
printing technology [12]. In a study by Herbst et al., a prosthesis
was developed by scanning from the unaffected hand of an
amputee [13]. In another study, Seo et al. created a human
mimetic forearm using 3D scans of an amputee [14]. Even
though this topic has been the focus of numerous research
studies, 3D scanning-one of the initial phases of prosthesis
development-presents several challenges.

Although 3D scanning devices are an indispensable technology
in modeling processes, users may encounter challenges in
obtaining high-accuracy scans or the quality of the measured
data [15]. The level of detail can be impacted by a wide range of
variables, including the surface characteristics of the object to
be scanned, ambient light, and the acquisition device's
performance, such as accuracy and resolution. In particular,
devices based on the optical scanning method are highly
sensitive to ambient light intensity; however, the use of
adjustable lighting can address this issue. In addition, a variety
of specialized sprays available on the market may coat an object
to mattify its surface and reduce glare in cases when the object's
surface is not appropriate for scanning. On the other hand, the
proper choice of scanning parameters directly influences the
scanning quality and depends on the user's experience. This is
primarily due to the numerous technical factors, each of which
has an impact on the scans. The user must make numerous
attempts to obtain the optimal scan, which is laborious and
time-consuming.

The impact of various factors on laser scanning, including
ambient light, angle, filters, distance, and white balance, was
investigated by Gerbino et al. [16]. By computing the error, they
were able to compare how accurate these parameters were to
the measurement. However, they did not carry out the study for
optical scanning equipment and indicated that more
investigation was required to completely reveal the effects of
parameters. In addition, the distance of the camera to the
object, scanning angle, and device calibration process are a few
examples of factors that might be dependent on the
surrounding conditions. Kaushik et al. optimized some of these
parameters using the heuristic GA-ANN technique [17].
Nevertheless, depending on the software and the number of
scans, many different factors also have a direct impact on the
model in addition to these. Types of textures and patterns, mesh
density, cleaning techniques, and finalization processes are
some examples of these parameters. The effects of these
parameters on scanning outcomes have not yet been
completely determined.

Moreover, a completely convenient prosthesis is required in
amputee hand designs to maximize patient comfort and reduce
complaints. Thus, one of the most crucial and initial steps is to
take a profoundly accurate scan and optimize the best model.
The objective of this study is to investigate the impacts of the

3D scanner parameters, whose effects are unclear, on the model
during the amputee hand design process.

2 Material and methods

A tripod-mounted optical scanner (3D3 Solutions HDI Advance
R1, LMI Technologies Inc., BC, Canada) with structured light
was used. The properties of the 3D scanning device are given in
Table 1.

Table 1. Detailing the specific properties of the scanner.

Properties HDI Advance
Dual cameras with 1.3
Camera .
megapixel 12.5 mm lenses
Color Scanning Non
Number of points per Scan 2.6 Million
Resolution 50um

Scanning Speed
Point to Point Distance
Operating distance
Available File Formats

1.3 seconds/scan
0.1 mm
From 0.4 mto5m
PLY, OBJ, STL, ASC, 3D3

According to Paxton et al., for these scanners to produce the
best results, the object must remain stationary [15].
Additionally, it has been suggested that the best technique to
capture very accurate 3D scanning measurements of the
subject is to obtain the patient's limb as a plaster model and
scan it in this manner [18]. Sodium alginate served as the
primary material for molding. The plaster model created from
the amputee's hand is shown in Figure 1.

E

Figure 1(a): Hands of the amputee. (b): Scanning of the plaster
model. (c): Plaster model of the partial hand amputee.

The scanner was calibrated using a calibration grid board
(12Wx9H*7mm) before beginning the scanning procedure.
With a total of 157 scans, calibration coverage of 74.8%,
reprojection error of 536.72 um, and error deviation of +14.4
um were accomplished. Generally, the acceptable calibration
coverage is preferred to exceed 60% in the scanning device. The
plaster model was scanned from every angle using a 360-
degree rotating table, which was also calibrated. To eliminate
discrepancies within scans, all were conducted in a sealed area
with no windows, and the ambient light was consistently low.
In addition, the distances and angles of the tripod carrying the
3D scanner relative to the scanned objects were maintained
consistently throughout all scans.
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Mesh density, scanning angles and numbers, pattern forms,
texture color, and clean-up properties were determined as
variables. The quantity of elements the scanner generates per
unit area in a mesh is known as the mesh density. Although the
model may be created precisely with high mesh numbers, this
causes enormous file sizes and, thus, long analysis times.
Although this number may be adjusted by the user between 0
and 100, we decided to use three different density levels for this
study: 25%, 50%, and 75%. The scanning angle is a variable
that indicates how often it acquires an image around the object.
Though reducing this degree is necessary for accurately
producing each detail on the model, it may complicate the
process of merging all the scans. Pattern form determines the
type of pattern to be reflected on the object. The software
allows five pattern forms: focus, white, black, phase, and none.
The most commonly used are white and focus, which are
preferred to capture fine details. Texture color provides a
different texture image using a projector with an identified
brightness. Four color options are available for the projector:
light grey, dark grey, black, and white. The clean-up is used to
remove unwanted elements derived from the scan
automatically. There are four levels to choose from: none,
relaxed, high, and extreme. The decision must be made based
on the level of detail in the object. The Flexscan3D PRO software
(Polyga, BC, Canada) aligned and merged the scan images
acquired using the specified parameters. The finalization
process was performed through the software and the 3D model
was exported as STL.

To assess quality and defects, the 3D models were imported
into the Geomagic Studio (v.12, 3D Systems, Rock Hill, SC, US)
software. The mesh doctor operator was utilized to analyze the
results of highly creased edges, spikes, small components, small

tunnels, and small holes. Each edge has a crease value
associated with it, which is used to indicate how sharp that edge
will be. An excessively high value is not desirable and is
regarded as a defect [19]. Spikes represent a combination of
unwanted points on the model. The cameras detect foreign
objects, such as dust, around the part during scanning, creating
small components that arise independently of the model. Small
tunnels, another type of defect, are the gaps between the
structures in the model. It wusually occurs between
compartments separated from each other by thin structures.
Small holes occur when the point cloud cannot be created in
certain regions as a result of any artifact during scanning. All
these variables associated with the image directly influence the
quality of the model.

Furthermore, the models' mesh quality was evaluated using the
skewness scale. Skewness, which shows the deviation between
the ideal and actual cell sizes, is one of the most crucial metrics
for determining mesh quality. The skewness has a number
between 0 and 1, and a value closer to one indicates lower
quality. Because they lead to inadequate accuracy inside the
interpolated zones, highly skewed cells are not desired. The
calculation method is given in Equation 1. The distribution of
skewness according to the elements was illustrated using the
MeshProcess application.

1)

Omax — 90 90 — Hml-n>

Skewness=max<180_90, %0

3 Results

Defect analysis in scans performed with different parameters is
shown in Table 2.

Table 2. Analysis results of defects based on texture capture colours and scanning angles.

Highly

Texture Number of Scanning . Small Small Total
o Creased Spikes Small Holes
Capture Scans Angle (°) Edges Components Tunnels Defects
4 90 50 5618 8 1 3 5680
6 60 21 1644 5 0 3 1673
8 45 30 1448 6 1 2 1487
Black 12 30 73 1379 9 0 4 1465
18 20 63 1314 13 0 3 1393
24 15 125 2200 22 1 3 2351
36 10 4 183 28 0 72 287
4 90 26 1090 6 0 1 1123
6 60 25 1156 6 0 6 1193
8 45 18 1079 6 0 7 1110
White 12 30 31 1057 10 0 4 1102
18 20 56 1443 12 0 4 1515
24 15 119 2057 16 0 4 2196
36 10 35 1816 14 1 2 1868
4 90 124 4882 19 4 0 5029
6 60 15 1424 2 0 2 1443
8 45 11 1283 2 0 3 1299
Dark Grey 12 30 20 1195 3 1 4 1223
18 20 22 772 7 0 3 804
24 15 38 822 5 0 2 867
36 10 150 3509 33 3 0 3695
4 90 82 4115 13 2 3 4215
6 60 8 1160 3 0 5 1176
8 45 14 2593 3 0 3 2613
Light Grey 12 30 42 1940 14 0 9 2005
18 20 146 3459 20 1 5 3631
24 15 609 10527 92 26 1 11255
36 10 811 11085 122 16 0 12034
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In this table, in addition to the scan capture colors, the scanning
angles were added and their effect on the results was observed.
According to this table, the least defect was obtained for
scanning at a 10° angle in black color. The most defects
occurred at angles of 10° and 15° in light gray. It is determined
from the high number of errors that the 90-degree scanning
angle is not sufficient to create a model in all scanning colors.
On the other hand, as the number of scans increased, the
number of errors tended to decrease in black and dark grey,
while white and light grey increased. Scans obtained from white
and light grey colors were impacted by the plaster model's
whiteness, and it showed that the scan's defects were more
abundant.

The defects that emerged from different patterns, meshes, and
cleaning parameters on the model are given in Table 3. Focus
and white patterns don't differ from one another; however, the
focus was shown to have fewer defects. As the mesh density
decreased, the number of defects decreased. A similar notable
drop in the number of defects occurred when cleaning

parameters were raised.To assess the mesh quality, skewness
distributions based on the elements were computed and
presented in Figure 2. Given that a skewness of approximately
0.5 is acceptable, the meshing appears to be adequate based on
the dark blue, cyan, and green elements according to the color
scale. These colors predominate over other colors in all models.
However, considering that the mesh numbers are, on average,
1.46 million per model, the number of elements in other colors
is also considerable. Therefore, the color distribution's
histogram was computed and is shown in the same picture.
Approximately 68% =+ 1 acceptable skewness value was
achieved in all models. These histogram results showed that the
scan completed with a 5% mesh density had a much lower
element number than the other cases.

Finally, Table 4 provides the results of the scanning durations
based on scanning angles. Accordingly, scanning at a 10-degree
angle required around 6.6 times as much time as scanning at a
90-degree angle.

Table 3. Defect numbers of pattern, mesh and cleaning tools according to different parameters.

Highly Creased . Small Small Small
Parameters Spikes
Edges Components Tunnels Holes
Focus 2 2336 2 0 2
Pattern .
White 2 2412 3 0 2
75% 13 1065 1 0 2
509 8 565 0 0 5
Mesh Density %
25% 2 126 0 0 3
5% 0 5 0 0 0
None 447 28932 343 37 0
Clean-u Relaxed 130 12059 67 5 2
P High 52 2052 11 0 6
Extreme 37 1737 12 0 5

(a) (b)

>=0.8

>=0.7
>=0.6
>=0.5
>=0.3

>=0

700
600 pg
500

400

300
200
100

Number of Elements (k)

Figure 2. Mesh distribution and histogram of elements of the amputee hand model according to the skewness scale.
(a): Black texture capture. (b): White texture capture. (c): Dark gray texture capture. (d): Light gray texture capture. (e): 5% mesh
density. (f): Clean-up is not activated.
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Table 4. Total scanning times according to scanning angles.

Scanning Angle (°) Scanning Time (s)

90 80
60 106
45 135
30 209
20 263
15 352
10 530

4 Discussion & Conclusions

Building a 3D model is one of the most complicated aspects of
reverse engineering, prosthesis design, and customized
material manufacturing [20]. Obtaining the anthropometric
data of an amputee with high precision to design the most
comfortable prosthesis is both time-consuming and requires
expertise [21]. Structured light scanning technology, among the
state-of-the-art, is gaining traction in numerous applications as
solution to this concern [22]. Although 3D scanning technology
streamlines this procedure, it can also present significant
challenges for users, especially regarding the acquisition of a
high-quality model. Numerous factors, including the scanning
instrument, software options, number of scans, and
surroundings, influence the achievement of an appropriate
model. This is the reason why the study investigated the mesh
quality and defects in the 3D model constructed from scans
with various parameters.

Isa et al. sought to minimize deviations and identify types of
defects in CAD models by enhancing the calibration and
configuration of scanner positions in their custom laser
scanning system [23]. However, they scanned the models
without doing any mesh analysis. They concluded from their
study that various mesh software should be employed to assess
CAD models. Korosec et al. concentrated on the parameters of
scanning distance and scanning angle and observed that
deviation climbed when angle values exceeded 55° [24]. This
study had a similar conclusion, with more defects being created
by increased angle. In the study by Pathak and Singh who
evaluated the laser scanning angle and distance, a highly
precise model can only be obtained if the angle value is less than
50 degrees [25], A comparable result has been achieved using
structured light scanning, even though its operation differs
from laser scanning. In this study, scanning angles less than 45
degrees were confirmed to be the best for obtaining low defect
rates, albeit this fluctuates depending on other factors.
Although obtaining a more detailed model from all sides is
possible when the scanning angles are low, combining these
scans in software becomes challenging. Song et al. performed
optimization of calibration parameters for low-cost 3D
scanners and camera-projector systems [26]. The mean
calibration error was calculated using specific patterns (usually
cross patterns) arranged on a flat reference grid. However, this
study only focused on calibration parameters. In addition, there
are studies that optimize 3D scanner parameters based on
algorithms. In one of them, Braun et al. optimized external
parameters, such as light intensity and camera position, using
Particle Swarm Optimization (PSO) [27]. The PSO algorithm has
been demonstrated to be an effective tool for finding optimal
parameter combinations that increase accuracy and reduce
error rates. In another study, 3D laser scanning parameters
were determined to ensure the precision of the tooth model

surface [28]. This research demonstrates that metaheuristic
methods, including genetic algorithms and PSO, are effective for
optimizing the extrinsic parameters of 3D scanners. The
comparison of all these studies is given in Table 5. This research
distinguishes out among the others in the literature because it
optimizes intrinsic parameters using measurements of mesh
quality and defects as the basis for optimization.

Table 5. Comparison of previous studies.

Scanner 3D

Studies Modality Parameters Modality Method
Scanner Comparl.ng
osition error using
Isaetal. P L Point Coordinate
Laser orientation
[23] and Cloud measurement
calibration machines
(CMM)
Surface
ek portolon
etal. Laser p NURBS &
angle of the slope and
[24]
laser beam surface
curvature)
Scannin Deviation
Pathak 5 measure Algorithm-
angle and .
and . with based
: Laser distance of i
Singh the laser Inspect (Modified
[25] Plus PSO (MPS0))
beam
software
Song et Single . . Calibration Th.e mean
Calibration calibration
al. [26] Camera targets
error
Braun . Scanning Point PSO
etal. Optical angles and Cloud aleorithm
[27] offsets g
Kaushik Scanning Genétlc
angle and . Algorithm
and . Point
Laser distance, and Mean
Garg - Cloud
(28] Light square error
Intensity (MSE)
Scanning
angle,
texture Tvpes and
This . capture, Meshing yp
Optical numbers of
Study pattern, (Skewness)
defects
mesh
density,
clean-up

Furthermore, when the time spentaccording to scanning angles
is analyzed in line with Table 4, there is a time difference of
around four times between 10 and 45 degrees. The scanning
time increases exponentially for scans at angles less than 10
degrees. The results of this analysis showed that, on average,
the details of the models produced at 10 degrees were rather
excellent, and that, at the same degree, the black texture
capture had the fewest defects.

According to a study that evaluated how defects in the number
of patterns and encoding parameters during the calibration
process affected structured light scanning, it was declared that
the use of various filtering techniques in creating point clouds
had a positive effect on the results [29]. Our study utilized two
distinct types of patterns, and the results were similar for both.
Yet, earlier research has concentrated more on mistakes made
during the scanning device's calibration procedure. The study
employed a commercial scanner that calibrates the scanned
grid board by measuring deviations via Flexscan3D software.
Furthermore, this study is not concerned with deviations
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because the manual for this commercial product specifies
deviations and accuracy. Rather, the impact of the software's
settings on the CAD model that was generated was scrutinized.

In CAD models, spike defects were the most frequently
encountered among defect types. The use of a rough plaster
mold structure is a primary cause of this occurrence. The
scanner, which can produce point clusters at 0.1mm intervals,
detected the irregularities on the plaster along the entire
surface [30]. The software can overcome this matter by
increasing the clean-up parameter values. Although the
number of spikes greatly decreased when clean-up was set to
extreme, some artifacts could still be detected in the CAD. On
the other hand, when clean-up was disabled, high distortions
were detected in the CAD model, as illustrated in Figure 2(f).
Therefore, setting this option to high resulted in the best
performance. In addition, CAD models shouldn't contain small
holes, components, or tunnels [31]. This is due to the fact that
these defects force the structures that belong in a solid
structure to be depicted as surfaces, which requires a lot of time
on the part of users to modify. Aside from that, using software
to fix these defects might lead to deviations from the model's
fidelity [32]. Consequently, for these defect varieties, the light
gray texture had the poorest performance.

The mesh analysis of CAD models revealed that textures with
black and white had the best skewness values. Skewness is one
of the most often used techniques for evaluating mesh metrics.
Asymmetric deformations may be observed on the mesh
surface. For instance, an abundance of detail on one side of the
human hand coupled with a deficiency of detail on the other
side results in positive or negative skewness. In addition, the
interior angles of each triangle are expected to be regular and
close. When optimal mesh quality is unattainable, real-world
mesh deformations occur, leading to diminished visual quality,
potential errors in the production process, inaccuracies during
model slicing for 3D printing, and ultimately resulting in
prostheses that do not adequately conform to the patient's limb
due to reduced model precision [33]. Even though the color
distributions of the models in Figure 2 are comparable to each
other, the distribution of the colors dark blue and cyan was
predominantly apparent in these textures with around 1.5
million elements. The histogram distribution additionally
illustrates the aforementioned result. It is evident from other
models that the mesh quality has declined as the distribution of
green and different colors has changed comparatively.
Furthermore, it has been denoted that the CAD model can be
rendered with less detail as the mesh density decreases [34].
Therefore, the number of elements descending in the histogram
in Figure 2(e) corresponds to the mesh analysis of the model
produced with 5% mesh density. Reducing the number of
elements eases the computation burden and ends up in a CAD
model with less detail. This means that optimization of this
parameter is required. Thus, regarding the number of defects
generated, 75% mesh density showed satisfactory
performance in this experiment. A mesh distribution above this
number has been demonstrated to increase the processing
burden and result in redundant data. Conversely, it has shown
that when it builds up below this threshold, fewer elements are
present, and specific details are vanished.

Consequently, determining CAD defect types and mesh-based
analysis was performed to optimize scanner parameters, which
are quite laborious and time-consuming for users, and the best
results were obtained with black texture, scanning angle in
10-degree increments, focus pattern, 75% mesh density, and

high clean-up. In contrast to earlier research, this software-
based study aims to close this gap in the literature and make it
easier to produce extremely precise models for prosthetic
designs. Nevertheless, other significant external factors
remained out of the study's scope, including the object's
distance, angle, and surrounding light intensity. Besides the
intrinsic factors examined in this research, scanner type, object
surface characteristics, and wuser experiences might
significantly influence scans. Future research may be able to
produce more accurate results by combining the intrinsic and
extrinsic factors analysis.

On the other hand, there are some limitations related to this
study. It was not possible to do statistical analysis since the data
were only acquired from a single amputee patient. This was
because it was challenging to find participants for the research.
In addition, amputee hand models reconstructed with the least
defects and the best mesh quality were not produced by 3D
printing. However, in future studies, the fabrication of
prosthetic hand models with minimal surface errors can be
achieved by using the GOA-PID controller algorithm [35]. This
approach enables the evaluation of fabrication procedures and
the usability of manufactured prostheses in real-world
conditions.
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