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Abstract  

HREE-DIMENSIONAL (3D) printing has proven its success in several fields, particularly in 

medical and educational fields. Any technique that aids in teaching anatomy is beneficial to 

developing   a learning strategy, and creating a fundamental link to the clinical and surgical 

procedures. Our study aimed to create 3D models of normal and osteoarthritic canine stifles 

simulating the corresponding real (cadaveric) joints, as an alternative teaching strategy. The study 

also aimed to demonstrate the superlative between stifle radiographs, 3D-printed stifle models, and 

cadaveric stifle specimens in the educational procedure. Three cadaveric adult canine pelvic limbs 

were utilized to achieve the aims of the present study. The created 3D-printed models of normal and 

osteoarthritic stifles were nearly similar to the associated real joints in terms of sizes and anatomical 

details. The normal and diseased 3D models demonstrated similar gross anatomical structures and 

signs of osteoarthritis (OA), resembling the real healthy and OA stifle joints. Therefore, the digital 

models produced in the current study are considered virtual 3D representations of the actual stifles 

that are expected to be utilized as an alternative educational provision in canine orthopedics without 

using live animals or cadavers. The ability of stifle radiography to reveal detailed anatomical 

structures and OA changes that the 3D-printed models cannot (such as subchondral bone changes), 

makes the authors strongly suggest using both procedures. The provided 3D stifle models and 

radiographs are valuable for teaching comparative and applied anatomy, as well as for providing 

anatomical landmarks for canine stifle surgical procedures. Keywords: Meat quality, Cerium oxide 

NPs, Zinc oxide NPs, Epididymal sperms, Ram. 
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Introduction  

Veterinary anatomical science remains a valuable 

branch of veterinary science that has a crucial role in 

clinical practice, surgical approaches, and diagnosis 

of many diseases and anomalies, as well as in 

academic research and teaching [1]. This is achieved 

via using advanced techniques consistent with MRI, 

CT, and radiography that allow for understanding the 

anatomy of the imaged region and the diagnosis of 

certain diseases [2,3]. Animal models, particularly 

those of canine species, have recently proven to be 

extremely useful in the study of animal diseases and 

potential therapeutic and surgical interventions [1]. 

From another perspective, studying anatomy using 

cadaveric materials in professional medical and 
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allied health training has long been a source of 

contention in society [4]. The continuous challenge 

of innovating research and anatomy teaching and 

discussing ethical issues related to animal use is 

consistent with the concept of the “3Rs”, which 

advocates the use of animals for teaching and 

research based on three principles: replacement, 

reduction, and refinement [5]. 

Recently, three-dimensional (3D) printing 

technology has been used in several fields, including 

engineering, art, industry, medicine, and educational 

models [6,7,8]. The 3D printing technology allows 

full information on the conformation and anatomy of 

an organ or region via the development of 

inexpensive representative models, enabling students 

and practitioners to train and qualify in areas that 

require prior planning [9,10]. Furthermore, junior 

surgeons can study surgical procedures on models to 

enrich their skills before the actual surgical 

interventions in clinical practice [11-15]. One of the 

most clinically important joints in canine species is 

the stifle joint, which is a complex, condylar, and 

synovial joint. Generally, the complexity of normal 

motion is directly related to the structures and 

functions of the anatomical components of the 

corresponding joint [16]. Thus, understanding the 

anatomy of normal canine stifles and the 

manifestation of diseased joints is important for 

better clinical and surgical intervention. Therefore, 

the present study aimed to create digitized, reliable, 

and representative 3D-printed models and 

radiography of normal and osteoarthritic canine 

stifles. The potential future outcome is to utilize 

these simulating 3D stifle models and corresponding 

radiographs for educational and research purposes, 

diagnostic and surgical interventions, as well as for 

the training of undergraduate and postgraduate 

veterinarians.  

Material and Methods 

Ethics approval and consent to participate 

The study protocol was approved by the 

Scientific Committee of the Department of Surgery 

and Radiology and the Department of Anatomy and 

Embryology at the College of Veterinary Medicine, 

Cairo University. The same departments granted 

permission to access medical records, as needed. No 

ethical approval was required as the anatomical 

investigation was performed on euthanized dogs for 

reasons unrelated to the present study.  

Radiographical investigation 

Three adult mixed-breed cadaveric dogs, 1 year 

old, with normal pelvic limbs (n= 6 limbs) were 

euthanized in the Veterinary Teaching Hospital, 

College of Veterinary Medicine, Cairo University for 

reasons unrelated to the study. The enrolled pelvic 

limb specimens were collected within the first two 

hours following euthanasia. Medical records and 

digitized mediolateral and craniocaudal radiographs 

of normal and osteoarthritic stifle joints were 

retrieved from the database of the Small Animal 

Hospital, College of Veterinary Medicine, Cairo 

University. Radiographical interpretation was 

performed according to Arlene Coulson and Noreen 

Lewisꞌs book (An Atlas of Interpretative 

Radiographic Anatomy of the Dog & Cat) [17]. 

Anatomical investigation 

Each stifle joint was exposed according to the 

standard procedure of the traditional Osteo 

Technique via removing all soft tissues and leaving 

the bones and ligaments that support the joint [18]. 

The distal femoral and proximal tibial diaphyses of 

the cadaveric specimens were osteotomized using an 

oscillating saw to separate the stifle region from each 

corresponding limb. The anatomical descriptions 

were developed according to the International 

Committee on Veterinary Gross Anatomical 

Nomenclature [19]. After comparing the specimens 

and making sure that all stifles were grossly healthy, 

one joint was chosen for scanning to produce a 

normal 3D-printed model of a canine stifle.  

3D-scanning and editing 

The selected stifle joint was scanned using an 

“EINSCAN PRO 2X/2X PLUS” portable 3D scanner 

(SHINING 3D Tech Co., Ltd. Hangzhou, China). 

This structured light 3D scanner is accompanied by 

Solid Edge Shining 3D Edition software. The scan 

accuracy is up to 0.05 mm, with a speed of 20 

frames/s, 1,100,000 points/s, and 100 data capture 

lines, and an ability to export watertight 3D models 

with extension STL that is directed to 3D printing. 

The obtained digital files were modified using 

“PrusaSlicer 2.5.2” software (Josef Prusa, Prague, 

Czech Republic) (Fig. 1A) that corrects images and 

edits models. Whereas Autodesk Meshmixer© 

(Autodesk Inc., California, United States) was used 

to reduce the image noise, as well as to construct the 

anatomical changes and deformations according to 

the parameters previously set by Mostafa and 

colleagues in 2009 to obtain a reconstructed 3-D 

printed model of an osteoarthritic stifle joint [20]. 

The size of the printed model was adjusted to be 

similar to the size of the utilized stifle joint specimen 

(Fig. 1B). 

3D-printing procedure 

The best images obtained after scanning and 

editing were printed on a 3D Printer (Prusa i3 

MK3S+ 3D printer®) (Josef Prusa, Prague, Czech 

Republic) (Fig. 2A). In the present study, polylactic 

acid (PLA) thermoplastic filament was utilized with 

a temperature of 215° C, an internal fill of 50%, snug 

support, and a 0.15-mm nozzle diameter to construct 

accurate, detailed 3D printed models (Fig. 1A). The 

printing time for each model varied from 29 to 30 

hours (Fig. 1B). The cost for each model was 

approximately $26. Thereafter, the printed models 
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were colored with white, red, and blue acrylic paints 

to enhance the contrast and improve the 

differentiation of joint structures, thereby simulating 

the real stifle joints. The selected models were then 

photographed using a digital camera (Canon 2000D 

+ 18-55mm IS II, Canon, Taiwan) and manipulated 

in the Photoshop ccx64 software (Adobe Inc.).  

Results 

Radiographicl anatomy of normal and 

osteoarthritic stifle joints were interpreted in Figures 

3 and 4, respectively. The 3D models were created 

by the actual bone specifications including the size 

and shape (Fig. 5). The anatomical details associated 

with the scanned 3D models can then be easily 

identified for educational purposes. Two stifle joint 

models were printed: one representing a healthy joint 

without anatomical alterations (Fig. 6), and the 

second representing the gross manifestation of stifle 

osteoarthritis (Fig. 7). Regarding the 3D healthy 

stifle model (Fig. 6), the joint illustrated three long 

bones: distal femur and proximal tibia and fibula, in 

addition to the three sesamoid bones (patella and two 

fabellae). The simulated distal extremity of the femur 

showed femoral trochlea and lateral and medial 

femoral condyles. The two major articulations of the 

stifle joint, the femoropatellar and femorotibial 

joints, were also demonstrated. The simulated 

proximal extremity of the tibia appeared relatively 

flat and triangular, with the apex being positioned 

cranially. The tibial plateau was identified with the 

concomitant medial and lateral condyles being 

divided by a small non-articular strip and 

intercondylar eminence. The simulated fibula 

appeared as a long, thin bone that joins the proximal 

tibiofibular joint with the caudolateral portion of the 

lateral condyle of the proximal tibia. The patella (the 

largest sesamoid bone in the body) associated with 

the 3D model appeared as ovate as in the cadaveric 

stifle specimen with a pointed apex facing distally 

and a blunt broad base facing proximally. The two 

simulated fabellae appeared semicircular and located 

on the medial and lateral condyles of the femur. The 

major ligaments simulating the real ones that support 

the stifle joint include the patellar, collateral, 

cruciate, and femoropatellar ligaments. The patellar 

ligament runs between the patella and tibial 

tuberosity. The lateral collateral ligament extends 

from the lateral femoral epicondyle to the head of the 

fibula, whereas the medial collateral ligament 

originates from the medial femoral epicondyle and 

runs distally to join the joint capsule and medial 

meniscus and finally inserts on a rectangular area in 

the proximal medial tibia. The major intra-articular 

ligaments involved cranial and caudal cruciate 

ligaments. The cranial cruciate courses from the 

caudomedial part of the lateral femoral condyle to 

the cranial intercondylar area of the tibia, whereas 

the caudal cruciate attaches to the intercondylar area 

of the medial femoral condyle and courses 

caudodistally to end on the popliteal notch of the 

tibia. The medial and lateral femoropatellar 

ligaments run horizontally from the patella to each 

corresponding fabella. Tendon of the long digital 

extensor muscle which extends from the lateral 

epicondyle of the femur. The 3D-printed medial and 

lateral menisci appeared as biconcave C-shaped discs 

located between the femoral and tibial condyles. The 

simulated distal portion of the quadriceps muscle and 

corresponding tendon of insertion on the patella was 

also demonstrated in the 3D-printed model of the 

canine stifle joint.   

As for the osteoarthritic 3D printed stifle model, 

the manifestation of osteoarthritis appeared as 

simulated osteophytic proliferation of the femoral 

trochlear groove and ridges, femoral condyles and 

epicondyles, intercondylar fossa, fabellae, and tibial 

condyles, as well as multiple erosions of the articular 

cartilages of the stifle joint (Fig. 7). 

A comparison between stifle radiographs, 3D-

printed stifle models, and cadaveric joint specimens, 

in terms of the flexibility of associated soft tissues, 

the accuracy of OA manifestation, cleanliness, 

cheapness, animal saving, durability, and the 

restrictions for handling and preservation, is 

illustrated in Table 1. 

Discussion 

Three-dimensional (3D) printing technology has 

been applied to a variety of medical fields, such as 

ophthalmology, orthopedics, neurosurgery, and 

dentistry. However, this technology has recently 

gained traction in veterinary medicine [10]. Many 

veterinary reports support the use of 3D models as an 

educational tool to minimize the use of live animals 

or cadavers [21-25]. As demonstrated in this study, 

3D-printed models can supplement traditional 

anatomy classes that rely solely on cadaveric models. 

The 3D printing process can produce useful 3D 

models in a relatively quick and easy manner and at a 

lower cost than purchasing or producing plastinated 

specimens [4,27,28]. Furthermore, they can be used 

as references in orthopedic surgical planning studies 

[29]. Osteoarthritis (OA) of the canine stifle joint 

commonly develops secondary to cranial cruciate 

ligament deficiency [20,28]. The present study was 

the first to produce educational models of both 

normal and osteoarthritic stifles demonstrating the 

morphological manifestation of OA that appears in 

the diseased joints. These morphological changes 

were illustrated in the current study based on 

previous veterinary literature [20].  

The technology of creating 3D models of a canine 

stifle has, however, not surpassed radiography in 

terms of costs, availability, and handling. 

Furthermore, the superiority of radiography is in 

revealing detailed anatomical structures and minimal 

OA changes that can not be visualized in 3D-printed 

models. Therefore, radiography remains the most 
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crucial and handy diagnostic modality in canine 

orthopedics and soft tissues among practitioners and 

veterinary students. This may refer to the differences 

in energy absorption according to different tissue 

densities [30]. Compression of the infrapatellar fat 

pad (via increased synovial fluid), thickening of the 

synovial membrane/joint capsule, altered joint space, 

decreased or increased subchondral bone opacity, 

mineralization of soft tissue (enthesiophytes), intra- 

and peri-articular mineralization (osteophytes), joint 

displacement, or joint malformation can be more 

easily identified on stifle radiography compared to 

3D stifle models [31]. Such a comparison between 

stifle radiography and 3D-tissue printing is not 

intended in the present study to utilize one over the 

other in the educational process or surgical planning; 

instead, the authors would recommend using both 

teaching procedures to achieve a comprehensive 

understanding of stifle anatomy and condition. 

However, ionizing radiation and associated 

biohazards should always be considered as potential 

limitations related to radiography. 

The most prominent anatomical characteristics of 

the real bones were reliably replicated in the models 

generated in the present study. However, tiny 

anatomical structures, such as bone foramina, were 

not demonstrated in such models. Interestingly, it 

was reported that this limitation should not have an 

effect on the quality of printed materials and could be 

improved after printing the model [32]. Decreasing 

the accuracy of osteoarthritic manifestation 

associated with our 3D-printed models compared to 

the real diseased joints was considered another 

limitation, and that is because of the difficulty in 

obtaining specimens of diseased stifles. However, 

this limitation may be resolved in the future via 

scanning a real diseased joint using computed 

tomographic modality. The lack of flexibility of the 

associated printed ligaments and tendons, compared 

to the real ones, was also a limitation of the present 

study. Thus, using specific materials may produce 

structures resembling the real ligaments and tendons 

in terms of consistency and flexibility. Therefore, a 

future study should investigate 3D models of widely 

spread orthopedic problems in dogs, using flexible 

materials of different characteristics to simulate real 

specimens, thereby improving and facilitating the 

educational and surgical training processes. Speaking 

of surgical procedures, our current future educational 

study has already been designed to demonstrate the 

surgical approaches of different canine joints and 

bones using specimens preserved with a recent, long-

lasting, and safe technique known as the Elnadi 

technique [33,34,35]. 

Conclusion 

Three-dimensional (3-D) printing has been 

proven to be successful in simulating the normal 

canine stifle as well as the osteoarthritic joint. The 

anatomical components, as well as the manifestation 

of stifle osteoarthritis, can be demonstrated in 3D 

printed models without utilizing euthanized dogs 

(cadavers). The proposed 3D printed model of a 

canine stifle can be valuable as an educational tool 

for studying the normal stifle and comparing it with 

the osteoarthritic joint. Therefore, simulated 3D 

models of a canine stifle are expected to be of value 

for educational and research purposes, diagnostic and 

surgical interventions, and consequently for training 

of undergraduate and postgraduate veterinarians. 

However, few minor normal anatomical features and 

abnormalities associated with healthy and 

osteoarthritic stifle joints, respectively, did not 

appear in our printed models and cadaveric 

specimens as much as they would do in stifle 

radiography (i.e. intercondylar eminence, 

subchondral sclerosis or cysts, enthesiopathy, and 

joint effusion). Thus, stifle radiography, along with 

3D-printed stifle models, are recommended to be 

utilized to achieve the teaching, research, and 

diagnostic objectives proposed in the present study. 
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TABLE 1. Comparison between 3D-printed stifle model and cadaveric stifle specimen. 

Variable Stifle radiographs 3D-printed stifle model Cadaveric stifle specimen 

Flexibility of soft tissues No No Yes 

Accuracy of OA manifestation Yes No Yes 

Cleanliness Yes Yes No 

Cheapness Yes Yes No 

Animal saving (3Rights) Yes Yes No 

Restrictions for preservation No No Yes 

Restrictions for handling Yes No Yes 

Durability Yes Yes No 
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Fig. 1. Processing of a stifle model using the Prusa slicer software (A), and demonstration of the final G code prepared 

for the printing process. 

 

 

 

 

Fig. 2. The mechanism of printing illustrating the Prusa 3D Printing machine (A), and construction of the 3D model 

on the machine (B). 
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Fig. 3. Lateral (A) and craniocaudal (B) views of normal canine stifle joint radiography illustrating; femur (1), distal 

femoral epiphysis (2), distal femoral growth plate (remnant) (3), tibia (4), proximal tibial epiphysis (5), 

proximal tibial growth plate (remnant) (6), tibial tuberosity (7), tibial tuberosity growth plate to diaphysis 

(closing) (8), fibula (9), proximal epiphysis of fibula (10), proximal growth plate of fibula (11), patella(12), 

fabellae of gastrocnemius muscle (13), fabella of popliteus muscle (14). 

 

 

 

Fig. 4.  Lateral (A) and craniocaudal (B) views of an diseased (osteoarthritic) canine stifle joint radiography 

illustrating; (Patellar, Proximal tibial periarticular, Sesamoid bone periarticular, and Condylar periarticular) 

osteophytosis, (Femoral intercondylar notch, Proximal tibial subchondral, and Femoral subchondral) sclerosis, 

Subchondral femoral and tibial cystic lucency, and Capsular thickening. 

 

 

 

Fig. 5. Lateral views of a cadaveric normal canine stifle (A) and the corresponding 3D-printed model of a normal stifle 

joint (B). 
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Fig. 6. Cranial (A), lateral (B), and caudal (C) views of a 3D-printed model of a normal canine stifle illustrating; 

femur (1), lateral femoral trochlea (2), medial femoral condyle (3), tibia (4), fibula (5), patella (6), fabella (7), 

medial menisci (8), lateral menisci (9), medial collateral ligament (10), tendon of long digital extensor muscle 

(11), femoropatellar ligament (12), patellar ligament (13), cranial cruciate ligament (14), caudal cruciate 

ligament (15), and lateral collateral ligament (16). 

 

 

 

 

 

Fig.7. Cranial (A), lateral (B), and caudal (C) views of a 3D-printed model of an osteoarthritic canine stifle 

illustrating; erosions of the articular cartilages (1), and osseous proliferation within the joint (red spots) (2). 
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 ركبةالرقمية لمفاصل الصور الاشعة النماذج المطبوعة ثلاثية الأبعاد و كلا من فوق استخدامت

 تعليمية بديلة في جراحة عظام الكلاب وسائلك استخدام عينات الجيفةعلى  صابةالطبيعية والم

 2أيمن طلبة، 4،5عبد الباري برنس  ، 3مروة علي ، 1محمد سعيد عامر ، 2يارا سيد أبو العلا ، 1منة الله عطية نحلة*

 6، 1أيمن مصطفيو
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 .مصر -جامعة القاهرة  -كلية الطب البيطري - التشريح والأجنةقسم  2
 مصر. -المركز القومي للبحوث -النسيجبحوث تطوير  -هندسة الغزل والنسيجقسم  3
 مصر. -جامعة القاهرة -الكيمياء الحيوية والبيولوجيا الجزيئية، كلية الطب البيطري قسم 4
 .مصر -جامعة القاهرة  -كلية الطب البيطري - البحوث الطبية الحيوية، القوات المسلحةقسم  5
 .الولايات المتحدة الامريكية -كاليفورنيا –جامعة ويسترن  -كلية الطب البيطري - العلوم الطبية البيطريةقسم  6

 

 

 الملخص

ن أي تقنية تساعد في أ حيثأثبتت الطباعة الثلاثية الأبعاد نجاحها في عدة ميادين، لا سيما في المجالين الطبي والتربوي.
والجراحية. واستهدفت  تعليميةولإقامة صلة أساسية بالإجراءات التدريس علم التشريح مفيدة لوضع استراتيجية للتعلم، 

التي تحاكي المفاصل الحقيقية المناظرة، كاستراتيجية  مفاصل الركبة الطبيعية والمصابةدراستنا وضع نماذج ثلاثية الأبعاد ل
نماذج ذات الأبعاد الشعاعي، وفي التصوير الإ مفصل الركبةتعليمية بديلة. واستهدفت الدراسة أيضاً توضيح الفارق بين 

  .من أجل تحقيق أهداف هذه الدراسة أرجل خلفيةثلاثة  ة ، وعينات الجثث في الإجراءات التعليمية. وقد استخُدمتيالثلاث
شبه مماثلة للمفاصل الحقيقية المرتبطة بها من حيث مفاصل الطبيعية والمصابة وكانت النماذج المطبعية الثلاثية الأبعاد لل

حجام والتفاصيل التشريحية. وأظهرت النماذج العادية والمرضية الثلاثية الأبعاد وجود هياكل تشريحية تشريحية إجمالية الأ
ولذلك، فإن النماذج . ، مما يشبه المفاصل الصحية الحقيقية والمفاصل الخانقة(OA) لمفصلمماثلة وعلامات على التهاب ا

الفعلية التي يتوقع أن تستخدم كتوفير  مفاصلتعتبر صوراً افتراضية ثلاثية الأبعاد لل التي أنتجتها الدراسة الحالية مطبوعةال
عظام الكلاب دون استخدام الحيوانات الحية أو الجثث. وقدرة الرسم الإشعاعي على الكشف عن لدراسة تعليمي بديل 

النماذج ذات الأبعاد الثلاثة )مثل التغيرات  الهياكل التشريحية التفصيلية والتغييرات في الزراعة العضوية التي لا تستطيع
الثلاثية الأبعاد  النماذج المطبوعة كلا من عديفي العظام الفرعية(، تجعل المؤلفين يقترحون بقوة استخدام كلا الإجراءين. 

جراءات مة في تدريس علم التشريح المقارن والتطبيقي، فضلا عن توفير معالم تشريحية للإي  قذو والتصوير الإشعاعي 
 .الكلاب مفصل الركبة فيالجراحية المتعلقة ب

 .، التعليممفصل الركبة ، التهاب مفصلي، الطبيعي نماذج مطبوعة ثلاثية الأبعاد،  الكلمات الدالة:
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