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Abstract

The appearance of fracture complications can present itself as a difficult scenario in a veterinarian's
practice, and it can be difficult to diagnose and have a poor prognosis. The recognition of the different
types of nonunion fractures can enable quick guidance on the best way to act, thus reducing the cost of
treatment and the patient's suffering. The objective of this study was to create 3D models of nonunion
fractures in long bones (3D NUFs). The study was carried out in three stages: 1) creating biscuit models
from representations of nonunion fractures; 2) scanning the biscuit models of nonunion fractures and
3D modeling; and 3) printing and finishing the 3D models of nonunion fractures (hereafter, 3D NUFs).
The creation of biscuit prototypes and the respective digitalization were decisive in producing 3D NUFs,
which reproduced the main characteristics of each type of nonunion fracture classification described in
the literature. It took 31.1 hours to create and print all 3D NUFs using 95.66 grams of filament (ABS) for
a total cost of $3.73. The creation of 3D NUFs from the biscuit dough presented a new way of obtaining
didactic models for the teaching of veterinary medicine. The 3D NUFs represent the different forms of
low-cost manifestations that characterize this disease, which can be used as a possible teaching-learning
tool for veterinary education.
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Resumo

O surgimento de complicagdes de fraturas pode se apresentar como um cenario dificil na pratica do
médico veterindrio e pode ser dificil de diagnosticar e ter um prognoéstico ruim. O reconhecimento dos
diferentes tipos de nao uniao de fraturas pode permitir orientagao rapida sobre a melhor maneira de agir,
reduzindo o custo do tratamento e o sofrimento do paciente. O objetivo deste estudo foi criar modelos 3D
dendo unido de fraturas em ossos longos (3D NUF). O estudo foi em trés etapas: 1. Criacdo dos modelos
de biscuit a partir de representacdes de ndo unido de fraturas; 2. Digitalizacdo dos modelos de biscuit
de fraturas sem uniao e modelagem 3D; 3. Impressao e acabamento de modelos 3D de fraturas sem
unido (3D NUF). A confecgdo de protétipos em biscuit e a respectiva digitalizacao foram decisivas para
aproducao de NUF 3D. O NUF 3D reproduziu as principais caracteristicas de cada tipo de classificacdo
de ndo unido de fratura descrita na literatura. Foram necessarias 31,1 horas para criar e imprimir todo o
3D NUF, usando 95,66 gramas de filamento (ABS) a um custo total de US $ 3,73. A criacdo do 3D NUF a
partir da massa de biscuit apresentou uma nova maneira de obter modelos didaticos para o Ensino de
Medicina Veterinaria. O NUF 3D representou as diferentes formas de manifestacdo que caracterizam
esta doenca a baixo custo, que podem ser utilizadas no ensino de assuntos como anatomia e cirurgia.
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3D models of nonunion fractures in long bones as education tools

Introduction

The reconstruction of orthopedic fractures in dogs—especially those involving long bones—
is part of a veterinarian’s daily activities. Long bone fractures account for 7.33% of all surgical
cases, and their repair is extremely important in enabling an affected limb to return quickly
to its function (Jain et al., 2018; Keosengthong et al., 2019; Kushwaha et al., 2011). The healing
process is continuous, however, with variable completion times. The influencing factors are
age, species, breed, bone involvement, fracture level, and associated tissue damage (Denny &
Butterworth, 2006). The fracture may not join, which is characterized by the cessation of the
entire repair process. This complication usually results from an iatrogenic failure (Frolke & Patka,
2007; Polyzois et al., 2006).

There are still no reports of the incidence rates of nonunion fractures in veterinary medicine
(Massie et al., 2017). In humans, the rates of this complication can reach 10% of the relevant
cases (Pugh & Rozbruch, 2018). Nonunion fractures are classified into seven types: hypertrophic
or elephant's foot, slightly hypertrophic or horse’s hoof, hypotrophic, atrophic, torsion wedge,
comminuted, and bone gap (Denny & Butterworth, 2006; Weber & Cech, 1976).

Veterinary medicine students learn the complications of bone fractures mainly through books,
medical images, and clinical cases (Smith et al., 2018). Furthermore, it is believed that the use of
3D didactic models to explain orthopedics can be an excellent tool for improving the teaching
of veterinary medicine (Lima et al., 2019; Nunez et al., 2020).

The use of 3D printing is already a reality in different areas of veterinary medicine, such as
orthopedics (Dismukes et al., 2008), diagnostic imaging (Preece et al., 2013), and especially, as
a 3D didactic model creation tool for teaching (Nibblett et al., 2017; Thomas et al., 2016). It is an
excellent source of high-quality materials for veterinary medicine instruction (Lima et al., 2019;
Neves et al.,, 2020; Nunez et al., 2020).

The objective of this study was to develop 3D models that represent the classifications of
nonunion fractures (3D NUFs) in long bones.

Materials and methods

The study was developed at the 3D Educational Technologies Laboratory of the Federal
University of Acre; it took place in three stages: 1) creating biscuit models from representations
of nonunion fractures; 2) scanning the biscuit models of nonunion fractures and 3D modeling;
and 3) printing and finishing the 3D models of nonunion fractures (3D NUFs) (Figure 1). The
experiment protocol did not involve the use of animals or a submission to the Animal Research
Ethics Committee.

Creation of biscuit models from representations of nonunion fractures

The first models of nonunion fractures were made from biscuit dough. Also known as cold
porcelain, a biscuit is a pastry made from white glue, cornstarch, lemon, vinegar, and petroleum
jelly. Currently, it is a widely used in the preparation of various types of handicrafts.

The representative biscuit models of nonunion fractures were made based on the classification
proposed by Weber and Cech (1976) and distributed in two groups: vascular or viable and
nonvascular or nonviable (Denny & Butterworth, 2006) (Table 1).

Scanning the biscuit models of nonunion fractures and 3D modeling

The 3D NUF creation process consisted of digitizing the biscuit models and perfecting them
using software and, later, 3D printing. The models were digitized using the 3D scanner, Model
EinScan-SP (Shining 3D Zhejiang, China), with the aid of the EinScan-SP Version 2.6.0.8 software,
which has a scanning accuracy of < 0, 05 mm and 0.17-0.2 mm capture size.

The digital files obtained were saved in stereolithography format (.s¢/), and stored in the database.
Subsequently, they were transferred to the Autodesk Meshmixer” 3D image manipulation software,
version 3.1 (Autodesk®Inc., California, United States). The software facilitated the use of tools that
corrected and improved the images generated by eliminating uneven surfaces.
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Printing and finishing 3D fracture non-joining models

The 3D NUFs were printed on the GTMax 3D Core A1V2® equipment (GtMax Electronics
Technology Ltd., Sao Paulo, Brazil) that uses fused deposition modeling (FDM) technology and
thermoplastic material, type ABS (i.e., acrylonitrile butadiene styrene). The print settings were
as follows: 1) high quality; 2) 99% internal filling, and 3) Z layer thickness of 0.15 mm.

Production of biscuit
models
Scannin 3D Scanner
£ Shining 3D®
Modeling and
construction of =~ e Meshmixer®
3D NUF
Printing and application ; o
of magnetson ~ [-reeees : UP! Mini®
3D NUF i ABS Fllament

i

Comparison and
description of 3D NUF

Figure 1. Flowchart of creation of 3D models of fracture non-union (3D NUF).

Table 1. Classification of types of fracture non-union.

Types Features

The formation of a large bone callus
Hypertrophic or Elephant’s foot occurs, which gives it the appearance of
an “elephant’s foot”

Vascular or viable . . , The formation of the bony callus is not as
Slightly hypertrophic or Horse's hoof exacerbated as in the hypertrophic one

The fracture ends are rounded, with little

Hypotrophic or no bone callus formation
) It has one or more intermediate bone
Comminuted
fragments
It has a space between the extremities
Atrophic and the medullary channels are sealed by
Non-vascular or scar tissue
non-viable
Torsion wedge Presence of an intermediate bone
8 fragment that prevents the blood supply
Loss of a bone fragment occurs so that
Bone gap

the fracture cannot join

Adapted from Denny & Butterworth (2006), Weber & Cech (1976).
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Atotal of seven 3D NUFs were printed; each model represented a different type of nonunion
fracture classification. After printing, manual finishes were applied to each model (e.g., sanding
and painting with oil-based paint). During the entire process of constructing the 3D NUFs, the
creation times for the biscuit and 3D models, printing times, quantity of material used, and cost
of printing were recorded.

The time involved in creating the biscuit models corresponded to the dough handling,
modeling, and painting process. The time involved in creating the 3D models corresponded
to the process of digitizing and processing the images in the software to obtain the files for
printing. The printing time corresponded to the period necessary to build the 3D NUFs. The
amount of material used corresponded to the total mass of the filament employed to build the
support structure and create each model. The printing cost corresponded to the production
value of each model and included the cost of 3D filament, electricity, and depreciation of the
equipment used. Values referring to the initial investment for the acquisition of equipment
(scanner and 3D printer) were excluded.

Results

The 3D NUFs were similar to theillustrations and biscuit models produced. The time for creation,
printing, quantity of material used, and final cost of producing the models varied according to
the complexity and size of the model. The 3D model NFU-bone gap took the longest to create in
biscuit dough. The 3D NFU-torsion wedge required the longest printing time (Table 2).

The biscuit models and 3D NUF models represented the classifications of the nonunion
of vascular or viable fractures (hypertrophic, slightly hypertrophic, and hypotrophic) and
the nonunion of avascular or nonviable fractures (comminuted, atrophic, torsion wedge,
and bone gap).

The 3D NUF-hypertrophic model (Figure 2.A2) consisted of two portions representing proximal
and distal fragments of the bone interposed by the bone callus. In this model, we highlighted the
bone callus as a mass of great dimensions, both in width and height, and with its lateral edges
transcending the two parts of the model.

The 3D NUF-slightly hypertrophic model (Figure 2.B2) was also represented by two portions
as two proximal and distal bone fragments mediated by a mass representing the bone callus.
In this model, the bone callus representation had smaller dimensions (width and height) than
those represented by the 3D NUF-hypertrophic model.

The 3D NUF-hypotrophic model (Figure 2.C2) was illustrated by two portions representing
the proximal and distal bone fragments with their slightly rounded edges. The connection of the
bone fragments was given by the representation of a short and narrow bone callus and smaller
lateral edges than the other portions of the model.

Table 2. Biscuit creation time (Bct), 3D NUF creation time (3D NUF ct), 3D NUF printing time (3D NUF pt),
Amount of material used for 3D NUF (Amu 3D NUF) and Cost of 3D NUF.

3D NUF ct 3D NUF pt Amu 3D

3DNFU Bct (h) ) ) NUF () Cost (US$)
Hypertrophic 0.75 0.66 246 14.21 0.56
Slightly hypertrophic 132 0.58 233 10.99 042
Hypotrophic 142 0.83 24 12.63 049
Comminuted 2.25 0.58 243 12.66 05
Atrophic 115 075 242 10.86 042
Torsion wedge 068 063 2.6 10.95 042
Bone gap 2.35 1 165 10.73 041
TOTAL 9.82 503 16.27 9566 373
(h) - Hours; (g) - Grams; (US$) - Dollar. Classification of types of fracture non-union after Denny & Butterworth (2006), Weber &

Cech (1976).
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Figure 2. Representation of the classification of non-union of fractures. (A) Hypertrophic or Elephant's
foot; (B) Slightly hypertrophic or Horse's roof; (C) Hypotrophic; (D) Comminuted; (E) Atrophic; (F) Torsion
wedge; (G) Bone gap; 1. Biscuit model of different types of fracture non-union; 2. 3D models of fracture
non-union. Classification of types of fracture non-union after Denny & Butterworth (2006), Weber &
Cech (1976).

The 3D NUF-comminuted model Figure 2.D2) was demonstrated by five portions representing
twobone fragments (proximal and distal) in a bevel shape, intermediated by three small, scattered
bone fragments.

The 3D NUF-atrophic model (Figure 2.E2) was formed by two portions representing two bone
fragments (proximal and distal) in a triangular shape and with a rounded apex. The connection
between the two portions was given by a long and narrow mass. In terms of shape, the model
resembles an hourglass.

The 3D NUF-torsion wedge model (Figure 2.F2) was given two portions representing the
two main bone fragments (proximal and distal). The connection was illustrated by a mass with
smaller side edges than the other parts of the model.

The 3D NUF-bone gap model (Figure 2.G2) was illustrated by two portions representing two
bone fragments (proximal and distal). The model showed the complete lack of bone union (ie.,
no callus formation and the ends remain separate).
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Discussion

The creation of a 3D NUF model originated from the need to develop materials for teaching
about nonunion fractures, since this complication has been approached during classes mainly
through diagrams and figures. This disease is difficult to diagnose and has low casuistry,
making it difficult to demonstrate in practice (Mills et al., 2017; Zimmermann et al., 2007).
The use of 3D didactic models during classes helps students assimilate knowledge; further,
it increases their interest and enthusiasm and allows learning to occur more effectively
(Lietal, 2015; Vranicar et al,, 2008).

A 3D NUF model enables the 3D representation of the different forms of nonunion fractures
that may occur, which can increase students’ visual and spatial understanding of the disease. In
this sense, when reproducing a 3D horse foot to demonstrate spatial relationships, the authors
concluded that physical models have a significant advantage over other learning resources
(Preece et al,, 2013).

The choice regarding the representation of the classifications of nonunion fractures by
means of a biscuit model to perform 3D scanning was due to the absence of preexisting
models. Furthermore, there is difficulty in accessing medical images (e.g., computed
tomography) that exemplify this disease (Zimmermann et al, 2007). The use of biscuit
dough for making didactic models has already been described as part of the methodology
of teaching entomology, biochemistry, embryology, and genetics, which is often used for
ease of production, cost, malleability, and handling of the dough (Matos et al.,, 2009; Souza
& Alves, 2016; Zierer, 2017). The use of biscuit dough for the purpose of producing didactic
models on a scale is limited since it is an artisanal material and the result depends mainly
on the skill of the handler (Souza & Alves, 2016). In this sense, the use of biscuit dough for
prototypes of teaching models is recommended for use as an intermediate step in the process
of creating 3D models from scans.

The time involved in creating the biscuit models was approximately 10 hours. However,
after making the pieces, a drying period of 24 hours was necessary. This process clearly takes
time, considering the drying period needed for the finish. The digitization stage was extremely
important for the development of the study since it enabled the generation of high-quality
images necessary for the development of 3D NUFs. These images allowed the main points
of the representations of the different models of nonunion fractures to be preserved. These
findings corroborate those of Li et al. (2018), who produced three 3D models (i.e., rib, femur, and
cervical vertebra of a bovine) and Lima et al. (2019), who produced a 3D canine jaw. The studies
mentioned describe and emphasize how the precision and quality of scanning influences the
process of creating anatomical models.

The creation time for the 3D NUFs was 5.03 hours and basically represented the digitization of
each of the seven biscuit models. The manipulation of the images generated by the 3D scanner
was restricted to formatting details at the ends of the models, such as removing the adhesive
tape that affixed the biscuit model to the scanner table.

Details were superficial and of limited quantity in the aforementioned 3D NUF The 3D NUF
model for having superficial details and in little quantity (e.g., the representation of vessels and
morphology of the fractured region), but had a positive impact on the scanning and post-production
time of the generated file. These findings corroborate the study of Thawani et al. (2016), who
stated that producing a model of arteriovenous malformation requires 10 hours; the greater the
complexity of the model, the greater the scanning time.

The total time involved in printing the 3D NUF model (approximately 16 hours) was
considered high compared to the time involved in printing a 3D model of a canine skull (7 hours)
(Hespel et al.,, 2014). However, it is worth noting that this amount of time can be justified by
the settings used during our study (internal filling of the model, layer thickness, temperature,
and support structures), which directly influence the precision and print quality of the created
models (Chung et al,, 2018; Reis et al., 2019).

The production cost for the 3D NUF was relatively low when the initial investment in scanning
and printing equipment was excluded. In this study, 95.66 g of filament were used at a cost that
did not exceed US $3.73. The parameters used to calculate the cost of production were also
adopted in other studies; after the initial investment in scanning and printing equipment, the
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cost of producing 3D models was low (Lima et al.,, 2019; Nunez et al,, 2020). Furthermore, costs
may become even lower when the highest possible resolution of our 3D printer is used, as it
directly impacts the amount of material used for printing.

There were small differences between the 3D NUF models and the illustrations that depict
the classifications of nonunion fractures in long bones recommended by Weber & Cech (1976).
However, the morphology and identification of the main portions that identify the different
types of nonunion fractures were maintained, with no bias in identifying the type of nonunion
fracture. It is worth noting that these small differences represent a limitation of the technique for
obtaining biscuit prototypes for scanning because of the subjectivism and ability of those who
produce models representing the different types of nonunion fractures (Souza & Alves, 2016).

A 3D NUF model can also promote the relevant database so that any interested person or
educational institution can have access to it. These findings corroborate those of other studies
that shared their creations—such as a 3D model of an ear canal—on the Thingiverse® digital
platform (Nibblett et al., 2017).

Conclusions

The creation of 3D NUF models from biscuit dough is a new way of obtaining didactic models
for teaching veterinary medicine. The 3D NUF models representing the different manifestations
that characterize this disease incur a low cost, and they can be used for teaching such subjects
as anatomy and surgery.
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