TEXHUHYECKIE OTHETHI 2021.T2 N3 Digital Diagnostics )
77

DOI: https://doi.org/10.17816/DD63680 .

OueHKa reoMeTpUYECKUX OTKJIOHEHUMH, Siscki
BO3HMUKAKOLWMUX NPU BOCNPOU3BEEHUU TPEXMEPHDIX

Mojienei cpeacTBaMM aAAUTUBHOrO NPOM3BOACTBA,

Nno AaHHbIM KOMNbIOTEpHOI1 ToMorpadum

A.B. Wnpwmn'-2, U.C. Menesnax', B.H. Manaxosckui', C.B. Kywnapes', H.C. FopuHa'

! BoeHHo-MeamLMHCKaA akapemna uMenn C.M. Kuposa, CankT-Metepbypr, Poccuitckan Qenepauma
2 HaumoHanbHbIn nccnefosatensckuil yHmsepcutet UTMO, Cankt-Metepbypr, Poccuiickaa ®epepauua

AHHOTAUNA

0bocHosaHue. TeXHONornM TPEXMEPHOro MOLEIMPOBAHMA M TPEXMEPHOM NeYaTh K HaCTOALLEMY BPEMEHU HaLLNWN Npu-
MeHEeHWe B pasnnyHbIX 06MacTAX KNMHUYECKOW U GyHOAMEHTANbHON MeOULMHDBI, NPEUMYLLECTBEHHO XMPYPTrUMYECKON Ha-
npaBnieHHOCTW. [0BOpPA O MpeaonepaLyMoHHOM NOArOTOBKE XMPYProB, COOTBETCTBME HameyaTaHHbIX U3LEeNWU aHaToMUM
naumeHTa MOXKeT UrpaTb BaXHYI0 posib B OLIEHKe MaToNIOrMYecKMX M3MeHeHUM U cnocobax ux Koppekumn. Onpepenexuve
OTKNOHEHWI pa3MepoB NOYyYaeMblX MOLENEN COMPAHKEHO C STUHECKUMU U TEXHUHECKUMM TPYAHOCTAMM, CBA3AHHBLIMU C He-
06X0AMMOCTbIO OMpeaeneHna 3TanoHa U NpoBefeHNUs 60NbLLIOM0 KoNMYecTBa M3MEPEHMIA COOTBETCTBEHHO. B HacToALen
paboTe npefnaralTcA UCMONb30BaHUE B KAYECTBE 3TaflOHa FreOMeTPUYECcKoN dUrypbl C 3apaHee U3BECTHBIMM pa3Mepamu
M OLEHKA IMHEWHbIX OTKNOHEHUA MPM MOMOLUM WUTEPATMBHOMO anropuTMa bGAMMKaMILMX TOUYEK ANA KaOoW M3 BepLuMH
MOJy4eHHOW cpeACcTBaMU MPOTOTMNMPOBAHUA MOIUIOHANBHOW CETKM.

Llene — oueHWUTL reoMeTpuYecKMe OTKNOHEHWUA, BO3HMKAILME NpWU BOCNPOM3BEOEHUM O06BLEKTOB, MMUTUMPYIOLLUX
KOCTHYIO TKaHb, CpefICTBaMM TPEXMEPHOIO MOAENMPOBaHMA (Ha OCHOBE AaHHbLIX KOMMbIOTEPHON TOMOrpaduu) M ananTmBe-
HOro NPOM3BOACTBA.

Mamepuanel u Memodel. [InA co3paHna ucxogHoro obbekTta mcnonb3oanu nporpammy FreeCAD, pepfaktvpoBaHue
MOJMIOHanbHLIX CETOK NPoBoAMNIM B nporpamMMax Blender n Meshmixer. 3D-neyatb Mogeneit BbINOSHANM Ha NpUHTEpe
Ender-3 u3 copepawiero yactuubl Meamn PLA-nnactvka BFCopper. CkaHvpoBaHue npoussoamnm 128-cpe3oBbiM KOMIblo-
TepHbIM ToMorpadom Philips Ingenuity CT. Cepum Tomorpaduueckux nsobpamenuin 3arpyxanu B nporpammy 3D Slicer, roe
Ha UX OCHOBE CO3[aBajiM BUPTyasibHble MOJENM MeToflaMu aBTOMaTuUyecKkoi (C noporoBbiMM 3HaveHuamu 500 HU, 0 HU,
-500 HU, -750 HU) u pyuHoi cerMeHTaumu. CpaBHeHME UCXOOHBIX M BOCTPOM3BEAEHHBIX MOJenei NPOU3BOAMIN Ha OCHOBE
UTEepaTMBHOMO anropuTMa 6amManiumx Touek B nporpamMme CloudCompare.

Pe3synomameol. B 3aBUCMMOCTM 0T MeToa cerMeHTaLmm 06bEM BOCNpoU3BeAEHHLIX MOAesel npeBbilan 06bEM cooT-
BETCTBYIOLLIMX MCXOQHBIX Moaenen Ha 1-27%. CpeHue 3HaYeHUA NIMHEMHBIX OTKIOHEHUIA MONIUIOHANBHBIX CETOK BOCMPO-
n3BefEHHbIX Modenen oT ucxogHblx coctasmnm 0,03-0,41 mMM. CpaBHeHME 3HAYEHWI MHTErpasibHbIX CYyMM JIMHEMHbIX OT-
KNOHEHUN U U3MeHeHUI 06bEMa Mofenelt ¢ UCrnoNb3oBaHNEM KO3gGULMEHTa paHroBow Koppenauum CnpMeHa noKasano
Mey HUMK 3Ha4MMYI0 KoppenALumMoHHylo ceasb (p=0,83; t,,,.=5,27, p=0,05).

3aknoyeHue. TeoMeTpU4eCKMe NapaMeTpbl BOCMPOU3BOAMMOM0 06 bEKTA HEM3OEKHO M3MEHAIOTCA, NPU 3TOM UCKaKe-
Hue 6orbLUe 3aBUCUT OT BbIBPaHHOro cnocoba cerMeHTaLmMu, YeM 0T 06LLMX MacllTaboB Mofenu unu eé vacTew. Mcnonb-
30BaHMe py4HOro crocoba CerMeHTaLMm MOMET NPUBECTM K BONbLIEMY UCKAXKEHWIO JIMHEMHBIX Pa3MepoB (M0 CPaBHEHWMIO
C aBTOMaTU4eCKMM), HO NO3BONAET COXPaHUTL BCE HEOOX0AMMble aHAaTOMMYECKME CTPYKTYPbI.

KnioueBble cnoBa: KoMnbloTepHas ToMorpagus; 3D-mogenvposanue; 3D-neyath; npefonepauMoHHbIA Nepuog; Tou-
HOCTb BOCMPOW3BEAEHMA; UTEPATUBHbIA aNrOPUTM BNIMMKALIMX TOYEK.
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Evaluation of geometric deviations in rapid
prototyped three-dimensional models created
from computed tomography data
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ABSTRACT

BACKGROUND: Computer-aided design and three-dimensional printing have been used in various clinical and fundamen-
tal medicine fields, especially in surgery. For example, in the preoperative period, the correspondence of printed products to
the anatomy can play an important role in evaluating pathological changes and correction methods. However, determining
dimensional deviations of printed models involves ethical and technical difficulties associated with defining a reference and
taking many measurements, respectively. Therefore, we propose to use a geometric object with known dimensions as a
reference and estimate linear deviations using the Iterative Closest Point algorithm for each of the vertices of the prototyped
polygonal mesh.

AIMS: To evaluate the geometric deviations associated with creation of bone-like physical objects from computed tomog-
raphy data using computer-aided design and additive manufacturing.

MATERIALS AND METHODS: The source object was created using the FreeCAD application; Blender and Meshmixer soft-
ware was used for polygon meshes correction and transformation. The 3D printing was carried out on an Ender-3 printer with
copper-impregnated polylactide plastic BFCopper. Scanning was performed using a 128-slice tomograph Philips Ingenuity CT.
A series of tomographic images were processed in 3DSlicer software to create virtual models by semiautomatic segmenta-
tion with threshold values of 500 HU, 0 HU, -500 HU, =750 HU, and manual segmentation. Reproduced and reference polygon
meshes were compared using the Iterative Closest Point algorithm in CloudCompare software.

RESULTS: The volume of reproduced models exceeded the volume of respective reference models by 1%-27%. The
average point cloud linear deviation values of reproduced models from the reference ones were 0.03-0.41 mm. A significant
correlation between integral sums of linear deviations and changes in the volume of reproduced models was shown using
Spearman’s rank correlation coefficient (p = 0.83; t,,,, = 5.27, p=0.05).

CONCLUSION: The geometry of the reproduced object changes inevitably, while the linear deviations depend more on the
chosen segmentation method than on the overall size of the model or its structures. The manual segmentation method can
lead to greater linear deviations, though it saves all the necessary anatomical structures.

Keywords: computed tomography; computer aided design; 3D printing; preoperative period; dimensional measurement
accuracy; lterative Closest Point algorithm.

To cite this article
Shirshin AV, Zheleznyak IS, Malakhovsky VN, Kushnarev SV, Gorina NS. Evaluation of geometric deviations in rapid prototyped three-dimensional models
created from computed tomography data. Digital Diagnostics. 2021;2(3):277-288. DOI: https://doi.org/10.17816/DD63680

Received: 19.03.2021 Accepted: 04.08.2021 Published: 16.08.2021
V-2
ECOSVECTOR The article can be used under the CC BY-NC-ND 4.0 license

© Authors, 2021


https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.17816/DD63680
https://doi.org/10.17816/DD63680

TECHNICAL REPORTS Vol 7 (3) 2021 Digital Diagnostics 279
7

DOI: https://doi.org/10.17816/DD63680

RET R RS SR EE B HIE S =4
RBIS R ARE

Aleksandr V. Shirshin® 2, Igor S. Zheleznyak', Vladimir N. Malakhovsky’,
Sergey V. Kushnarev', Nataliya S. Gorina'

! Kirov Military Medical Academy, Saint-Petersburg, Russian Federation

Z ITMO University, Saint-Petersburg, Russian Federation

fRIPE

Wk, = ZEE A = 4EFT ENF AT O I RN LAl S 2 1 AN A B W, E R AEA
BRI . IR BNSMRR AR IR ETHERS, BRI A i 3 A 51 6 40 ) — e o] LZE PRAS i AR Ay 1
AR RITTET R EEAE A . BE BT B R /NP 22 S48 BEATROR A MEAR O, 1% 26 PR X
530 5 1 E BRE RN IEAT R BN 1) 7F EEAE O AR ERA T WU B e RT LT [
TEAE NS, FHAT F e J 28 i VR SR A5 ) 22 300 T IR 1 AN T 1) Bl e R AR RV Sk A
Mz

HAn & = e GETUHENLIWZ AREEE) A 6] R PPl Al 2 2 ik =
i BF S IR ) L AT 22

MRS RN TI@RIER %, 4 T FreeCAD 2%, f£ Blender #1 Meshmixer &/
YR 2 UMM,  IXEEREALR S H BRI BFCopper PLA f) Ender-3 FJEIHL it
47 3D ATENRY.  AHH WA Ingenuity CT 128 2 CT HFXSHTHI. B —RIIME
K& m#E] 3D Slicer FEFH, MHEBEZ (W{EN 500 HU. 0 HU. -500 HU. -750 HU)
FFZ) 532 ke @ R, IR AR Z SRR A L2 34T CloudCompare F25H
BT R A AR AT I

g WRIES BRI, B AR R AR SR I AR A 1-27%, R
RH 2 10 A% 5 R A R i 26 A 22 P 2B 0. 03-0. 41 2K, T R /R 2 EHAH K
FA R Pl 2 1 A 22 AN AR R AR A A 0 AT B R AT 2 [RAFAE R E A (o = 0. 83;
t,,=5. 27, p=0.05) .

g8, IR U S EOR TR 2 R AR, R R 2 R iR B 4> B 5
AN A2 A5 2 Bl A () S A B A5 ERF BTk R RSTIE RRR (533
SENVTIEEALL) , ABE RV A D B AR 45
RE@W: TFENEER; DA 3DFTEN;  RET;  REAE;  EREESEE.
El:ik s

Shirshin AV, Zheleznyak IS, Malakhovsky VN, Kushnarev SV, Gorina NS. FR#5 1+ 5L I /2 42175 50 2 Aok 368 T 35 0 ) 3 552 ) = 4B 284 5] /S 1Y)
JUIAT s . Digital Diagnostics. 2021;2(3):277-288. DOI: https://doi.org/10.17816/DD63680

e 19.03.2021 $52: 04.08.2021 R AT H#A:16.08.2021

ECOSVECTOR The article can be used under the CC BY-NC-ND 4.0 license
© Authors, 2021


https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.17816/DD63680
https://doi.org/10.17816/DD63680

280

TECHNICAL REPORTS

BACKGROUND

Medical prototyping technologies, which combine com-
puter-aided design (CAD) and three-dimensional (3D) print-
ing methods, have been increasingly used in various fields
of clinical and basic medicine in recent decades [1-4]. Par-
ticularly, this was facilitated by the widespread use of ad-
ditive manufacturing facilities since the 2000s, following the
launch of the replicating rapid prototypes and the patent ex-
piration for the fused deposition modeling technology.

The medical prototyping success in the clinical practice
depends on the maximum compliance of the resulting prod-
ucts with the patient’s anatomy [5]. Thus, in some cases
(printing personalized implants and creating guiding resec-
tion templates), the degree of congruence between the print-
ed medical product and the bone surface may directly influ-
ence the surgical treatment outcome [6]. In other situations
(preoperative assessment and creating training phantoms),
accurate reproduction of geometric relations between the
normal and abnormal tissues predicts possible complica-
tions during surgery [7].

Obtaining the reference values for the dimensions of
the studied anatomical structures is difficult due to the
barrier in the accuracy assessment of the resulting mod-
els in vivo. Direct measurement of the object of interest
is not always possible even during the surgical interven-
tion (due to organ deformations), and obtaining 3D models
and assessing their inaccuracies are based on the medical
imaging methods used for the noninvasive collection of
morphological characteristics of organs. Alternatively, a
comparison of models derived from ex vivo scans of bone
structures may be used; however, this approach uses a
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relatively small number of checkpoints, and the complex-
ity of their interpretation by different specialists may lead
to errors [8]. Tests on 3D models of large mammals (e.g.,
pigs) give good results with their subsequent introduction
into the clinical practice [9].

Physical models were selected as objects of study
in earlier works devoted to the accuracy assessment of
model reproduction by additive manufacturing tools. These
models were measured by several checkpoints using direct
means: ruler, caliper, and coordinate measuring machine
[10-12]. The present study proposes to use a fundamen-
tally different approach to assess geometric deviations,
which consists of all polygonal mesh points comparison
obtained using additive technologies with a reference rep-
resenting the original 3D model. Therefore, a model of
complex shape and predetermined dimensions designed
using parametric modeling was used as a reference. Con-
versely, the compared object was a virtual model of a ref-
erence passed three main stages of medical prototyping
(3D printing, scanning, and modeling). This approach si-
multaneously assessed the deviations over the entire sur-
face of the product, without the need for numerous linear
measurements, while reducing the human factor influence
on the measurement process.

This study aimed to assess the geometric deviations that
occurred when reproducing objects imitating bone tissues
using 3D modeling (based on computed tomography [CT]
data) and additive manufacturing.

MATERIALS AND METHODS

The study design is shown in Fig. 1.
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Fig. 1. Study design.
CT: computed tomography.
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In the FreeCAD' parametric modeling program (FreeCAD
Community, Germany), a solid model based on a cuboid with
dimensions of 20 x 20 x 12 mm (L x w x h) was designed,
which contained five end-to-end parallel channels with di-
ameters of 1, 2, 3, 4, and 10 mm. Two recesses and two
eminences in the form of a hemisphere and a cone (imitat-
ing rounded and sharpened notches and protrusions on the
bone surface) at 4 mm in height were created on the upper
edge of the model (hereinafter—reference 1). The diameter
of the channels was selected to simulate the different fo-
ramina of the human skull on one product, which are vi-
sualized by modern CT methods. A 1-mm step for smaller
diameter channels and irregularities of a given shape on the
product surface was applied to manually assess the quality
during model printing. Using the Blender? software package
(Blender Foundation, the Netherlands), volumes were calcu-
lated and a copy of this reference, doubled in length, width,
and height (hereinafter—reference 2), was created to check
the effect of size increase on linear deviations.

Parametric models saved in Standard Triangle Language
(STL) format were uploaded to the Repetier Host® program
(Hot-World GmbH & Co. KG, Germany), where the G-code
file for the 3D printer was generated using the CuraEngine*
slicer (Ultimaker, Netherlands) with the following printing
parameters: 0.2 mm layer height, 0.8 mm wall thickness,
33% filling (selected empirically), 50 mm/s speed, 210°C
nozzle temperature, 50°C platform temperature, forced
model blowing, 5 mm retract, and 100% filament flow. The
printing was performed on an Ender-3 3D printer (Creali-
ty3D, China) with 0.4 mm nozzle diameter using the BFCop-
per PLA plastic (Best Filament, Russia) containing copper
particles to simulate the X-ray density of bone tissue (aver-
age X-ray density of plastic at 100% filling was +1762 HU,
o = 172 HU).
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The resulting products were scanned using a 128-slice
Ingenuity CT scanner (Philips, the Netherlands) in the air with
channels oriented perpendicular to the gentry plane. The X-
ray tube voltage, current, slice thickness, and pixel size of
the reconstructed slices were 120 kV, 117 mA, 0.625 mm,
and 0.43 x 0.43 mm, respectively.

Series of tomographic images in Digital Imaging and
Communication in Medicine (DICOM) format were loaded into
3D Slicer® software (3D Slicer Community, US). The images
were used to create STL models of reference 1: four by auto-
matic voxel selection with the threshold values of +500 HU,
0 HU, -500 HU, and -750 HU, respectively (Threshold Paint
tool), and one by manual slice voxel tracing (Paint tool). In
addition, one model of reference 2 was created by automatic
selection of voxels with values > =500 HU. The threshold
values for reference 1 were selected empirically based on
the X-ray density values in the outer layer of the model (ap-
proximately 0.9 mm thick) as -1000...+500 HU (-1000 HU
was replaced with -750 HU to exclude the ambient air from
the model). Low parameters (-500 HU and -750 HU) were
deliberately chosen due to the pronounced defects when
using positive values of the segmentation threshold. The
density threshold for reference 2 was randomly selected
from the thresholds used for reference 1.

The resulting models were loaded into the Meshmixer®
program (Autodesk, USA), where polygonization errors
were analyzed and corrected, structures not in contact
with the outer shell of the models were removed, and the
model mesh was rebuilt with a fixed polygon edge length
(Remesh-Target Edge Length tool) equal to 0.25 mm. The
appearance of the model at each of the listed stages is
shown in Fig. 2.

At the final stage, the models obtained from CT data,
together with their references, were loaded in pairs into

Fig. 2. The appearance of the reference model 1 after the following stages: a, parametric modeling; b, 3D-printing; ¢, CT scanning (axial
slice, +805 HU window level, and 3718 HU window width; greater density of protrusions due to closer filament stacking in the horizontal
plane), and d, creating a polygonal mesh based on CT data.
CT: computed tomography.
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CloudCompare’ software (CloudCompare Project, France),
where linear deviations of the final CAD model were calcu-
lated based on the iterative closest point (ICP) algorithm. The
calculation was performed from each vertex of the obtained
polygonal mesh along the normal to the nearest surface of
the reference. Statistical analysis was performed using the
GNU PSPP8 program (Free Software Foundation, US).

RESULTS

Model volumes were determined for a preliminary as-
sessment of their shape distortion. Particularly, if the vol-
ume of the rebuilt polygonal mesh was less/more compared
to that of the reference CAD model, the linear dimensions of
the analyzed model were expected to decrease/increase. In
the case of equal volumes, either a size match or a compen-
sated distortion was expected. The volumes of references
and models obtained by different methods of segmentation
are shown in Table 1.

Polygonal meshes processed with the Remesh tool
have an approximately equal density of polygonal vertices
distribution per surface unit. When comparing the models
(combining cuboidal vertices) with the references, the re-
sulting data set was the number of polygonal mesh nodes
removed from the surface of the CAD model at a certain
distance (mm) in the outer (positive values) or inner (nega-
tive values) directions. An example of aligning the model and
the resulting histogram of surface point deviation is shown
in Fig. 3. The additional peak in the region of positive values
is due to the anisotropy of the voxels along the Z-axis, as
well as a slightly excessive material application on the side
faces of the cuboid.

Obtained values of distorted geometric dimensions for
each model are summarized in Table 2.

Vol 2 (3) 2021

0
III 0,5 -0,25 0 0,25
Distance from the points to the polygonal mesh

Digital Diagnostics

Table 1. Volumes of virtual models

Model name, cuboid Differences
dimensions, mm v 3 with the
- olume, mm
(segmentation type and reference,
threshold) mm?3
Reference 1 3576 -
20x20x12 (auto +500) 3607 31 (0,9%)
20x20x12 (auto 0) 3901 325 (9,1%)
20x20x12 (auto -500) 4255 679 (19%)
20x20x12 (auto -750) 4480 904 (25,3%)
20x20x12 (manual) 4538 962 (26,9%)
Reference 2 28 608 -
40x40x24 (auto -500) 31140 2532 (8,9%)

The number of measurements performed by the program
corresponded to the number of vertices of the polygonal
mesh (approximately 100 thousand), and the distribution
of deviations of linear dimensions were close to normal.
Based on obtained values, the program built a Gaussian
(real Gaussian function), with the argument of maximiza-
tion, which was used as the average deviation of linear di-
mensions of this model. All linear deviations calculated by
the program were divided by their values into intervals of
equal width (classes) to build a histogram. For each model,
the value of the integral sum (hereinafter—Sum) of linear
model deviations was calculated as follows:

Sum=17-(dxq), M

Where d; is the minimum value of the linear deviation in
the i-th class; g; is the number of representatives in the i-th
class; and n is the total number of classes.

Number of points

1050 1

9001

750

6001

4501

3001

05 075

Fig. 3. Alignment of polygonal meshes of models (a) and a histogram of the calculated deviations of linear dimensions (b).

7 CloudCompare: 3D point cloud and mesh processing software. Open Source Project. Available at http://www.cloudcompare.org/. Accessed on

05/15/2021.

8 GNU PSPP. Available at https://www.gnu.org/software/pspp/. Accessed on 05/15/2021.
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Table 2. Linear deviations of model dimensions
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M Minimum value, Maximum value, Average value, Standard deviation, Integral sum,
odel name

mm mm mm mm mm
20x20x12
(auto +500) -0,58 1,146 0,026 0,214 1904
20x20x12 -0,533 1,019 0,141 0,223 9532
(auto 0)
20x20x12
(auto -500) -0,421 1,129 0,296 0,211 20 756
20x20x12
(auto -750) -0,675 1,107 0,373 0,197 27 179
20-2012 -0,809 1,068 0,411 0,253 18190
(manual)
4L0x40x24
(auto -500) -0,862 1,353 0,37 0,275 50 213

Linear normalization by formula (2) was applied to each
of the values (sum and volume change) for their bringing to
a dimensionless form.

X—X,

i i, min

X:

i, min

ii= X (2)

i max

The linearly normalized sum values were compared with
the volume change indices of the corresponding models to
check the shape distortion direction (Fig. 4).

A comparison of the sums of linear deviations and rela-
tive changes in the model volumes using Spearman’s rank
correlation coefficient showed a high level of correlation (p =
0.83, t,y, = 5.27, and p = 0.05). Therefore, the change in the
reproduced model volume corresponds to the linear devia-
tions measured by the used software tools.

DISCUSSION

The process of creating a medical prototype in-
cludes three main stages: data aquisition (scanning), data

processing (creating a virtual model), and 3D printing [13].

The first stage is a radiological examination, which ob-
tains data on the 3D structure of the region of interest with
a high spatial resolution (CT or magnetic resonance imaging
or 3D ultrasound scanning), results of which are saved as
discretized images in DICOM format. The change in geometry
at this stage may be due to the specifics of obtaining and
processing diagnostic information by the selected imaging
method.

The second stage involves segmentation (selecting voxels
of medical images related to the created model), voxel mesh
into a polygonal mesh conversion, and resulting 3D model
editing. Segmentation may be of three types: manual (fully
performed by the operator), semiautomatic (performed by
the computer and corrected by the operator), and automatic
(fully performed by the computer) [14]. Automated methods
are more attractive due to lower labor costs; however, be-
cause of characteristics of used computer algorithms, the
geometry of the final product may be severely distorted, and
their accuracy requires a separate study [15]. At this stage,

1,250
1,000
1,000 u
0,750
0,523
| |
0,500 0,372
0,3.90 0,349 0,337
0.158 0,259 u i
0,250 0118
0,000
0,000 i
20x20x12  20x20x12  20x20x12 20x20x12  20x20x12  40x40x24
auto (+500) auto (0)  auto (-500) auto (-750) manual  auto (-500)

Fig. 4. Linear normalized values. Red color: differences in the volume of models with the reference; blue color: differences in the integral

sum of linear deviations.
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a specialist with knowledge in anatomy (particularly, radio-
logical anatomy) should be involved to correctly select and
edit the objects of interest. Thus, geometry distortion at this
stage mainly results from the human factor.

The third stage is the 3D printing of the resulting vir-
tual model. For its successful implementation, the model
is pre-processed (slicing) and post-processed (removal of
supports and surface handling) after printing (if necessary).
The contribution of this stage to the distortion of the final
product geometry primarily depends on the type of used ad-
ditive equipment.

Therefore, to assess geometric distortions in the proto-
typing process, all three stages must be performed on some
physical phantom with known linear dimensions and defined
design elements. Scanning conditions and printing settings
may affect the accuracy of the resulting product [10, 16].
Thus, the relevant parameters were kept at the same level
for all produced models.

Many different software packages can be used to seg-
ment medical images. The use of 3D Slicer at the stage
of virtual model creation from the DICOM data was due to
its accessibility (distributed as open-source software) and
a large number of additional modules and extensions that
make it an ideal tool for preoperative planning [17].
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The results confirm the “dumbbell” effect described ear-
lier, according to which a decreased automatic segmentation
threshold leads to an expansion of resulting model outlines
[8]. Thus, when the threshold was decreased from +500 to
-750 HU, the average value of the surface point displace-
ment from the reference consistently increased from 0.026
to 0.373 mm, respectively. These distortions depend more
on the segmentation method compared to the size of the
scanned object, since the average linear deviations were
24% higher in all dimensions when the model was propor-
tionally doubled compared to the original size models with
the same threshold, and 10% lower as opposed to the origi-
nal size of manually segmented models.

The relatively high values of geometric deviations in the
manually segmented model (by 0.41 mm for a 20 x 20 mm
sample) may result from the operator’s aligning the side
faces of the cuboid along the edges, which were somewhat
displaced outward (during 3D printing). Moreover, similar
deviations were observed during semiautomatic segmen-
tation. Remarkably, these models reproduced the original
shape better due to the preservation of all control elements
and the absence of wall defects (Fig. 5).

The visual assessment of models that are automatical-
ly segmented with a threshold of 0 and +500 HU observed

Fig. 5. The appearance of models segmented semi-automatically with a cutoff threshold of 0 HU (g, using a map of deviations from the
reference; b, general view) and manually (c, using a map of deviations from the reference; d, general view).
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Fig. 6. Measurement of the linear deviations from the reference
(blue lines) in the defect area of the compared model (red lines).

1.2 mm thick wall defects, whereas models with -750, -500,
and 0 HU thresholds lacked created end-to-end holes with
a diameter of 1 mm. The defects with a width exceeding the
module of minimum geometry deviations are explained by the
thickness measurements performed from two surfaces, each
with appropriate deviations (Fig. 6). Thus, the linear displace-
ment summation of the vertex relative to the outer surface
(d, segment) with the nearby vertex displacement relative to
the inner surface (d, segment) may correspond to a wall de-
fect of [ thickness exceeding the maximum linear deviation
value. Similarly, the positive deviation summation leads to the
“obliteration” of holes that exceed the maximum size devia-
tion calculated from the ICP algorithm results. Thus, the linear
dimensions of the reproduced models include two values of
linear displacement.

In addition, channels with a diameter of 1 mm, which
were not detected on the mentioned copies during the visual
assessment, were not evaluated by the algorithm since the
polygonal vertices corresponding to these channels were
absent on the models.

Study limitations

The limitations of this study could be the relatively small
sample size and the use of materials that did not correspond
to the true bone tissue composition.
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