
ABSTRACT 

JAJAL, KETANKUMAR RAMNIKLAL. Custom Design and Manufacturing of Canine 
Knee Implants. (Under the direction of Dr. Ola L.A. Harrysson and Dr. Denis Cormier) 
 
 

Arthritis is a very common joint disease. Occurrences of knee and hip arthritis are 

increasing in humans and as the final treatment joints are replaced by implants. With more 

younger and active patients suffering from arthritis, a need has arisen to increase longevity 

by using customized implants. However, to obtain authorization for implantation of such 

prosthesis; extensive trials are required.  

Arthritis is also very common in canines. One in every four dogs and cats are likely to 

develop arthritis before the end of their lives. Hip implants are commercially available for 

canines, but due to large variations in sizes, knee (stifle) implants are not available. To 

conduct the clinical trials for the newly developed custom implant for humans and provide a 

new treatment for arthritis in canines, a custom design and manufacturing of knee implants 

for dogs is proposed herewith. 

The proposed custom design of implants has become possible with advancements in 

medical imaging, bio-modeling, mass customization, reverse engineering, rapid prototyping, 

rapid tooling, and advanced CAD modeling. In this research, CT scan data was converted 

into CAD model, and using advanced CAD modeling functions, a patient specific canine 

knee implant was designed. 

A new process for manufacturing custom implants is also proposed. With the 

introduction of the Electron Beam Melting (EBM) process, direct fabrication of fully dense 
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components is now possible. The designed custom canine knee implants were manufactured 

in biocompatible Titanium alloy (Ti6Al4V) using EBM technology. 

This research introduces a complete process of designing and manufacturing of, firsts 

of its kind, custom canine knee implants. 
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1. INTRODUCTION 
1.1 Arthritis, a common disease 

Arthritis, the most common of all joint diseases, affects about 44 million Americans. Health 

care analysts have calculated that every year 750,000 new patients suffer from arthritis, and 

the number is increasing (CDC,1997) 

Enzymes damage the structural molecules of the cartilage and tiny pieces may flake off into 

the joint cavity. The result is a change in the contours of articular surface, eventually leading 

to bone-to-bone contact. This mechanism can be compared with a damaged gasket leading to 

metal-to-metal contact in a machine, which increases mechanical friction and irritation. 

Figure 1.1 shows the process of arthritis in joints over a period of time. 

 

Figure 1.1 Process of arthritis over time 

( Source : Osteoarthritis, Harvard Health Publication, 2002) 

There are many possible causes for arthritis such as obesity, genetic factors, hormones, 

repetitive high stress on the joint, and other metabolic diseases. Initial treatment with 
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medication can help the joint regain its original function; however, many times at a later 

stage of the disease, surgery is required and the joint has to be replaced by artificial joints. 

Osteoarthritis of the knee joint is a very common problem in elderly people and is also 

increasing in young patients (CDC, 1997). With actual cartilage repair still remaining 

difficult to evaluate, one of the common remedies is through the use of knee implants. 

Research has shown that even in canines, such arthritis prevails, which has symptoms similar 

to humans’. (Beale, 2000)  

1.2 Knee implants, the final remedy  

Total Knee Arthroplasty (TKA) has become a standard procedure in managing of 

degenerative joint disease like arthritis, when conservative therapy options have been 

exhausted for knee arthritis. A knee implant system contains three components: femoral 

component, tibial component, and tibia plateau. Figure 1.2 shows an implanted knee joint in 

a patient (Krackow, 1990). There are many manufacturers in the market with different knee 

implant designs and sizes. On average, there are about 5 to 7 sizes available for a specific 

design. With the advancement of technology in medical imaging, rapid prototyping, mass 

customization, and custom manufacturing, the design of knee implants is continuously 

improving.  
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Figure 1.2 Components of knee implants 

(Source: The Techniques of Total Knee Arthroplasty, Krackow KA, 1990) 

In spite this advancement in knee implant technology, canine knee implants have been 

ignored because of high expense and because various breeds have different shapes and sizes 

of the femur, which increases the necessary inventory of implants. Hip implants, however, 

are available for canines since they can be fit in a larger range. 

1.3 Technologies of interest: 

1.3.1 Rapid prototyping, 3D modeling made easy 

Rapid Prototyping is the technology of producing physical models, layer by layer directly 

from a 3D CAD-model and is also called Layered Manufacturing (LM) or Free Form 

Fabrication (FFF). This technology is fairly new with 3DSystems being one of the first 
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companies to develop this technology (1987) and was called Stereolithography Apparatus 

(SLA).  

The SLA-machine builds the part layer by layer out of a liquid photosensitive polymer by 

solidifying each layer through the use of a laser with a specific wavelength. The 3D CAD-

model is sliced into 2 dimensional cross-sections, which are used to control the laser 

movements during the building phase.  

In the early years, the primary use of Rapid Prototyping was only limited to product design 

and development of prototypes for faster design to manufacturing cycles. But soon the 

technology found its diverse use in rapid tooling, investment casting, custom manufacturing, 

mass customization, direct metal parts, medical models, and many more applications with 

different materials from plaster to resin to titanium. One of the most recent technologies 

works on Electron Beam Melting and can produce solid parts from titanium or tool steels 

directly in the machine. 

1.3.2 Biomodeling, an emerging field 

The invention of Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) has 

brought a revolution in medical imaging, and medical practitioners are now able to do more 

accurate diagnosis. Both techniques have been developed during the past 25 years and are a 

necessity for any complicated medical cases. It has also become an integrated part of 

Veterinary Medicine. This success has come through advancement in the fields of computer 

science and image processing. These techniques work on reconstruction of 2D images 

(slices) into a visible 3D model for visualization. 

With the development of CT & MRI techniques along with Rapid prototyping and image 

processing, a project was initiated called PHIDIAS (Wouters, 1998), which resulted in 
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successful development of medical models from CT & MRI which had multiple applications 

like pre-surgical planning, diagnosis, paleontology (fossil study), forensic cases, and custom 

designed products.  

From the PHIDIAS project, new software came out called Mimics (Materialise, Belgium) 

which can convert CT / MRI data into a three dimensional CAD model and can import them 

in a wide variety of formats (STL, IGS, VRML or DXF). The software can access images 

from proprietary optical disks and tapes used by CT / MRI manufacturers and convert them 

into a CAD format. Thus the software provides a flexible interface to quickly calculate a 3D 

model of the region of interest.  

1.4 Specific aim of this research 

Every individual has a unique shape of knee joint. The use of a standard implant is a 

compromise of shape, cost, inventory and time to manufacture it. Combining the above-

described technologies, custom-designed implants were proposed (Sathasivam, 1999; 

Thoma, 2000; Harrysson, 2001) Current research has led to the development of custom 

designed implant components to accommodate for the great variations in size and shape of 

the knee joint among individuals and to prevent aseptic loosening.  

To receive authorization to test the newly developed implant components on humans, years 

of extensive testing are required. Initial clinical studies are usually carried out on animals. 

A procedure for the design and manufacturing of canine implants is proposed for clinical 

trials. No commercial canine implants are available in spite of the large population of canines 

suffering from arthritis (Beale, 2000). The proposed design and manufacturing approach will 

also help develop knee implants for canines.  

 



 6

The objective of this research is to design and manufacture, first of its kind, a femoral 

component of a customized canines stifle (knee) implant system.  

The implant design shall include optimization of thickness and development of methodology 

to get from a CT scan of the knee to final implantation in canines. This shall be achieved by: 

• Converting CT data into CAD model 

• Designing the implant using the original canine specific data with the help of different 3D 

modeling softwares.  

Design verification shall be done by comparing custom designed implant and standard 

design. 

The proposed design shall be manufactured using implantable Titanium in an Electron Beam 

Melting manufacturing technique.  

Although it is beyond the scope of this research, the manufactured implant shall be checked 

for further design verification with physical comparison and implantation in future studies. 
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2. LITERATURE REVIEW 

2.1 Arthritis  

Arthritis is a very common joint disease. Before the 1940’s, little could be done to cure this 

disease. Treatment consisted of some sort of walking aid and pain reliving medicines.  

“Arthritis” comes from “Arth” means “joint”, “itis” meaning “inflammation.” Dan Alexander 

et al. studied arthritic disease and found that friction causes bodily joints to become inflamed. 

According to the study, the joints rub against each other, and a grinding action sets in with 

the damage of soft tissue. The bony structure becomes damaged leading to Arthritis. 

(Alexander, 1956) 

The advent of radiography made it feasible to clean abnormal looking joints using surgery 

and to remove any spur or loose bodies near the joint (Coventry, 1991). This technique did 

not address the basic problem that caused the degenerative arthritis. With the development of 

technology as well as knowledge of the disease, treatment for arthritis was developed. John 

Charnley and other pioneers developed joint implants, and an era of joint arthroplasty (joint 

replacement) began. Hip implants were the first to be developed in 1960s by Charnley using 

metallic and plastic materials as a replacement for the joint (Charnley, J, 1960). Knee 

replacement was developed in the 1970’s. Gunston in 1971 developed the polycentric knee 

arthroplasty, and this was followed by total knee replacement by Conventry in 1972 

(Gunston FH, 1971, Conventry MB, 1972). Very soon this technique became common and 

was developed for other joints like elbow, ankle, wrist, fingers, shoulders and foot. 
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Clinical interest in joint replacement increased, and it was soon realized that further research 

was required in the development of materials, better design, and biomechanics. Science and 

engineering collaborated to develop more rigid and reliable designs of joint replacement. 

This also led to improvement of manufacturing technologies used and development of 

biocompatible materials. The design of implants played a very important role in this 

development. Biologic fixation of implant components became evident, and a new technique 

of fixation of implant to bone was developed (Galante J, 1971) 

Today, joint replacement is very common. Total hip replacement and total knee replacement 

have almost become part of older age. According to statistics published by Centers for 

Disease Control and Prevention, 43 million persons had arthritis in 1997 (CDC, 1997) and 

many underwent joint surgery. The study also indicated that all age groups were affected, 

including working age populations, and the rate increased with age.  

It is found that not only human but also other mammals such as dogs and cats have arthritis. 

Out of 59 million cats and 54 million dogs currently living in America, up to 25 percent, or 

one out of four, are likely to develop osteoarthritis before the end of their lives (Beale, 2000). 

This fact has created interest in using animal models for research in Arthritis. Such research 

will help developing new cures for this disease in humans as well as help cure arthritis in 

animals.  
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2.2 Total knee arthroplasty (TKA) 

Knee joint replacement surgery due to arthritis is common in human beings. Knee implants 

were developed in 1970s (Conventry MB, 1972; Galante, 1971). Since its use knee implant 

design has come a long way. Different knee implant manufacturers constantly develop new 

designs, and continuous improvement has been observed in these designs. Several surgical 

techniques have been developed for TKA and noted in journal publications. There are more 

than 20 patents on TKA design by different implant manufacturers and authors. (Birken, 

1998; Ishii, 1995; Worland, 2002; US Patent 5 358 530;) 

Over last two decades, many studies have been done on design, function and procedures for 

knee implant components, and surgical methods. The overall goal of most studies is to 

improve the Total Knee Arthroplasty. The design of a knee replacement is an end result of 

the overall goals, whether these goals are explicitly stated or not. It was in the 1970’s when 

cemented metal-plastic designs started with restoration of normal joint mechanics (Gunston 

FH, 1971) Gunston introduced design factors such as geometry of joint surfaces, ligament 

length patterns, location of contact points, and other implant stability functions in the design.  

According to Peter Walker, a design goal has to be set for designing the knee implant. The 

most important design goal is to provide durability and comfort to the patient i.e., pain relief 

(Walker, 1991). This is achieved by a rigid design with no sliding between the implant and 

tissue surface. According to Walker, durability depends on the materials used, the fixation 

method, the avoidance of adverse bone and tissue remodeling, and the achievement of correct 

alignment. Also, to achieve normal joint mechanics, the surface of the joint replacement 

should be very close to the anatomical structure of the joint. 
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Fixation of implant with bone should be durable and rigid. Today, this can be achieved by 

using of either cement or a bone ingrowth surface. Many experiments have been done in this 

area to determine which is better, and both of the techniques are still used (Chockalingam, 

2000) 

2.3 Knee arthroplasty in animals 

As mentioned previously, animals also suffer from arthritis. Some researchers have used 

canine models for experiments in arthritis. Total Hip Replacement is very common in 

canines, and commercial hip implants are available for canines (Biomedtrix, USA). 

However, canine knee implants are uncommon and are not available commercially.  

Canine knee implants have been reported for experimental purposes, but commercial 

availability of these implants is not feasible due to the large differences in size and shape of 

different breeds of canines.  

As early as 1977, Ducheyne et al. experimented on dog knees for the study of bone ingrowth 

with porous stainless steel implants (Ducheyne, 1977). This was the first research to use an 

animal model of a knee joint for testing and research purposes.  Ducheyne et al. designed a 

porous coated stainless steel hinged knee implant and experimented on dogs. The purpose of 

the study was to understand bone ingrowth in the implant. The study used a very preliminary 

hinge type design of knee joint. Due to constraints provided by the hinge joint, bone 

ingrowth was not predominant. Also excessive movement of the implant relative to the bone 

at the implant site resulted in only fibrous tissue attachment, gross instability, bone facture, 

and infection. Figure 2.1 shows a schematic view of this design. 
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Figure 2.1 Ducheyne’s hinged canine knee implant design 

This design had the constraint hinge joint, which did not replicate the actual motion of the 

knee. Anatomically, the joint has a moving center of rotation, which was not represented in 

this design. This hinge joint restricted the motion of the knee joint leading to high stress 

concentration and finally failure of the implant. Ducheyne concluded that the design used for 

this experiment had to be changed in a fundamental way for better results. Dycheyne 

indicated the need to design a new type of implant, which would be suitable for bone-

ingrowth. 

An improvement on the above design was further noted in 1982 when J.D Bobyn designed 

canine knee implants (Bobyn, 1982). These second generation implants were used on six 

beagles for experiments.  Bobyn studied canine knee implants for bone ingrowth using 

unconstrained total knee replacement. He was the first to introduce unconstrained canine 

knee implants. Bobyn’s use of a porous unconstrained implant was very successful and 

endorsed the importance of testing the biological fixation in canines.  
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Bobyn designed unconstrained condylar prosthesis, with a wide bearing surface having a 

single radius of curvature on both the femoral and tibial components. The radius of curvature 

on the tibial bearing surface [Figure 2.2(b)] was slightly larger compared to the femoral 

bearing surface [Figure 2.2(a)]. This permitted some rotation and translation between the two 

components.  

 

Figure 2.2(a) Femoral component of implant  

(Source: Bobyn JD, Clin Orthop 166:301-312, 1982)  

The femoral component was fabricated from a Cobalt-based surgical implant alloy. The 

design contained a U Channel shaped implant with a central stem and two small pins [Figure 

Figure 2.2(b) 

Tibial component of implant 
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2.2(a)]. These stem and pins provided immediate rotational and translational stability. The 

inner surface of the femoral component, stem and pins were made porous using powder 

metallurgical technique.   The tibial component was machined from surgical grade High 

Density Polyethylene (HDPE) as shown in Figure 2.2(b). 

Bobyn did not consider the patella groove in the design of the femoral component; instead he 

used a flat surface. He flattened the articular surface of the patella for proper slide. The 

experiment was done on six beagles.  

It was found that the stem design was not appropriate and became bent during the insertion. 

Also the alignment of implant with femur was improper. The flat patella surface had 

generated fibro-cartilaginous type of soft tissue. This was an indication of mal-functioning 

patello-femoral articulation.  

 
Figure 2.2(c) Loading condition in canine knee joint 

(Source: Hill’s Pet Nutrition)  

FORCE 

Central 
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Bobyn noted that the canine knee joint is constantly in some degree of flexion. The vertical 

reactive force of loading, i.e., the major load transferred from the tibia to the implant, would 

never act in line with the central stem axis as shown in Figure 2.2(c), but would rather act at 

some acute angle to that axis. This force would therefore generate a moment of rotation about 

a medio-lateral axis, tending to displace the implant anteriorly. This happened because the 

femoral component of implant was inserted parallel to the femur axis. 

Bobyn finally concluded from his experiments, “Perhaps a surface replacement design, with 

either a very short stem or no stem at all, would be more suitable, provided that sufficient 

initial implant stability could still be achieved.”(Bobyn, 1982) This was another indication of 

the need of better implant design for canines. 

Thomas Turner reiterated this need for better design of canine knee implants in his study in 

1989. Turner developed the third generation of canine implant for his study on bone ingrowth 

(Turner, 1989). The author used contour based canine knee implants geometry for his study 

in bone ingrowth. The articulating surface of these implants was replicated from femoral 

contours obtained from Radiographs. The contours were an approximation of the actual 

shape of joint. 

In this study, the femoral component of the implant was cast from cobalt-chromium alloy, 

and the inside surface was coated with cobalt-chromium beads. This facilitated the bone 

ingrowth between the femoral component of the implant and the femur. The inner surface of 

the femoral component was made of three steps to allow easy cuts during the surgery (Figure 

2.3)  

The tibial component was much advanced and was made of ultra high molecular weight 

polyethylene bonded to a 1 mm thick, perforated reinforcement plate of commercially pure 
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titanium. Below this tibial component, a 2 mm thick sintered metal composite with 50% 

dense fiber metal was attached, which connected with the tibia. This plate had three pegs for 

better stability. Figure 2.3 shows the implant design. 

 

Figure 2.3 Femoral and tibial component of  

        canine implant designed by T. Turner 

(Source: Turner TM, J Orthop Res Vol. 7 No.6 :893-901, 1989)  

Surgery was performed on six male mongrel dogs. The focus of the study was on bone 

ingrowth in tibial component, and little is mentioned on the femoral component. In this study 

the patella was not resurfaced and since the femoral component was not exactly replicated, 

wear, thinning and erosion of the patella was observed. 

From this research, Turner found that bone ingrowth is very possible in porous implants and 

is a promising technique for Knee Arthroplasty. He also mentioned that further research in 

implant improvement could give successful results. It was also noted that bone ingrowth in 

the tibial component is inversely proportional to the length of pegs. The bone ingrowth was 
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very high near the peg; however, in the regions not adjacent to pegs, it was variable. The 

bone ingrowth at rich cancellous bone sites was excellent. 

Turner concluded that the bone ingrowth variability could be due to: 

• Implant Design 

• Closer technical details during surgery 

• Degree of stability of implant component during the surgery. 

Following were some of the major constraints encountered during his study: 

• Radiographic parallax 

• Failure to obtain orthogonal positioning of prosthesis for analysis in X-Ray 

• Lack of model prosthetic system that allows normal clinical function 

Current research work presented in Section 4 is an advancement of the canine knee implant 

design and uses a custom surface for uniform stress distribution, uniform bone ingrowth, and 

avoiding any patello-femoral wear. The research work proposed in further chapter’s focuses 

on development of these custom knee implants as well as comparing them with a typical 

“standard” implant. Since canine knee implants are not commercially available, a “standard” 

implant is also proposed which is based on a human implant design. This research is possible 

due to advancements in different technologies, which follow. 
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2.4 Medical Modeling  

2.4.1 PHIDIAS Project  

With the development of Computed Tomography (CT) and Magnetic Resonance Imaging 

(MRI), diagnosis became more accurate with the third dimension now available to the 

medical professionals. In 1993 a project named PHIDIAS was started which integrated the 

CT-MRI data and Rapid Prototyping technology to produce medical models. (Blau 1997, 

Wouters 1998). The PHIDIAS project was a joint venture of companies including 

Materialise, Siemens, Zeneca, the European Union research-funding program Brite-Euram 

and Katholieke Universiteit Leuven (KUL). The main purpose of the project was to develop 

a methodology to convert CT and MRI data into real models using Rapid Prototyping. 

Different activities of the project were distributed among these major conglomerates. KUL 

conducted a survey on surgeons’ expectation from medical models. Simens Medical System 

(Munich, Germany) developed a new CT-scanner for more accuracy and higher resolution of 

2D images. Materialise NV (Leuven, Belgium) developed the software to convert the CT and 

MRI data into 3D CAD models to prepare the medical models in RP systems. Zeneca (United 

Kingdom) developed the new RP-resin with selective color technique to distinguish certain 

areas of interest. Figure 2.4 shows a skull with a highlighted tumor produced with the RP-

resin developed by Zeneca and was possible due to the PHIDIAS project.  
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Figure 2.4 Skull with highlighted tumor in the newly developed resin 

(Source : Harrysson, Ph.D Dissertation 2001) 

2.4.2 Medical Application of Rapid Prototyping (MARP)  

The PHIDIAS project gave rise to a new application of Rapid Prototyping and was named 

Medical Application of Rapid Prototyping (MARP). Since its development, MARP has now 

spread all over the medical industry from making models for pre-surgical planning, to 

developing customized implants (Sathasivam, 1999; Thoma, 2000). 

The use of physical models has created a breakthrough in medical modeling, and several 

success stories and case studies have been found over the years. They are slowly becoming 

an important part of diagnosis. One of the very popular case studies is presented herewith. 

The University of California at Los Angles collaborated with Biomedical Modeling 

(Biomodeling Inc, USA) to assist in a very complicated surgery on separating the 

Guatemalan twins. Whose skulls were connected and which shared blood vessels (Figure 

2.5). Using Computed Tomography scan images and 3D reconstruction software, three skull 

models were created. These models were build using Rapid Prototyping technology (Objet 
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Printing) and were manipulated by surgeons for planning the complex surgery [Figure 2.6(a) 

and 2.6(b)]. The surgery was very successful, and the twins were separated and are healthy.  

 

Figure 2.5 Conjoint Guatemalan twins 

(Source: Biomedical Modeling Inc, Biomodel.com) 
 

  

Figure 2.6(a)      Figure 2.6(b) 

Figure 2.6(a) and (b) - Medical model of twin’s head from CT scan  

(Source: Biomedical Modeling Inc, Biomodel.com) 
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2.4.3 Medical Modeling in Veterinary Medicine  

Medical modeling is no longer limited to humans and has found its unique position in animal 

medicine. At North Carolina State University, a project was carried out in collaboration with 

The College of Veterinary Medicine and the Department of Industrial Engineering. In this 

study, medical models were used for preoperative planning for treatment of bilateral multi-

focal pelvic limb deformities for a year old German shepherd dog (Harrysson[1], 2003). 

The dog treated in this project had angular and rotational deformities affecting its femora and 

tibiae. Due to the unusual nature of these deformities and their geometric complexity, the 

information collected from the orthopedic examination and from radiographs of the pelvic 

limbs was considered to be insufficient for preoperative planning. A CT scan of the pelvis 

and pelvic limbs was performed for further study on the dog. 

 

Figure 2.7 - Rear view of German Shepherd with pelvic limb deformities 
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A CT-scan was acquired using a General Electric Computed Tomography scanner available 

at The College of Veterinary Medicine. The reconstructed CT-data were transferred into a 3D 

CAD model using Mimics software (Materialise, Belgium). A 3D CAD model of dog’s 

hindquarters was generated as shown in Figure 2.8. 

 

Figure 2.8 Three dimensional model of dog's pelvic limbs created using Mimics 

The generated model was fabricated using a SLA-190, stereolithography machine from 3-D 

Systems. Due to build size limitations as well as a shift in the tibial portion of the scan, the 

build was performed in 11 sections with the help of Geomagic Studio (Raindrop Geomagic, 

USA) Three sets of solid models were requested by the surgeon to plan and rehearse the 
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surgical procedure. In order to produce the three models, one-piece Room Temperature 

Vulcanized (RTV) silicon rubber molds were produced using the QuickCast patterns. Seven 

silicon rubber molds were needed to produce the different bones. The three sets of bones 

were produced, assembled, finished and painted to give a natural look [Figure 2.10(a), (b) 

and (c)]. These biomodels were used for preoperative planning as shown in Figure 2.11(a) 

and (b). 

 

      

Figure 2.9 – SLA models being post cured in the Post Curing Apparatus (PCA) 
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Figure 2.10(a)     Figure 2.10(b) 

 
Figure 2.10(c) 

Figure 2.10(a), (b) and (c) Silicon molds and polyurethane models of dog bone 
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Figure 2.11(a)     Figure 2.11(b) 

Figure 2.11(a) and (b) - Biomodels in the rehearsal and in OR (R)  
 

The surgery was successful, and the dog was able to run and carry out routine activities. Such 

successful results have increased confidence in use of this technology. Other research was 

also carried out in which tibia plateau-leveling osteotomy was performed on plastic models, 

and different fixation techniques were compared at North Carolina State University. 

(Unpublished: Hildreth, Marcellin-Little, Harrysson and Jajal) 

2.5 Rapid Tooling and Manufacturing 

Rapid tooling and manufacturing is an important part of Rapid Prototyping, which deals with 

producing tools or final usable metal parts directly from 3D CAD models. This process 

eliminates all the intermediate manufacturing functions and reduces the time from concept to 

manufacturing.   
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Much research has been conducted in the field of Rapid Tooling (RT), and many new 

techniques have been developed. A few of the interesting RT technologies are discussed 

herewith. 

2.5.1 Selective Laser Sintering  

Selective laser sintering machine was developed by DTM Corporation (now part of 3-D 

Systems). In this technique, a strong laser is used to selectively sinter powder materials layer 

by layer as shown in Figure 2.12. The final part obtained is a sintered component and can be 

used as a functional part.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 - Function of Selective Laser Sintering (SLS) 

(Source : Harrysson, Ph.D Dissertation 2001) 
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2.5.2 Direct Metal Deposition 

Direct Metal Deposition technique is very similar to SLS (www.3dsystems.com); however, 

the final parts are 100% dense and not sintered/porous. A very high power CO2 laser beam is 

used to melt the powder in each layer. Special shielding of gas is provided around the laser 

for better finish.  

2.5.3 Keltool 

3D Systems has developed a process called Keltool, wherein a silicon rubber mold is 

produced using a master SLA part. The created mold is filled with a mixture of metal powder 

and hardener, which is later compacted and heated. The part at this stage is porous and 

sintered. To obtain a 100% dense part, the part is infiltrated with copper.  

2.5.4 Investment Casting using QuickcastTM 

One of the oldest techniques used for manufacturing complex parts is Investment casting. In 

this technique a wax pattern is created and dipped in the ceramic slurry. Once the slurry dries 

and forms a shell around the part, it is sintered for further strength, and the wax is removed. 

Molten metal is poured into the cavity and is allowed to solidify. The ceramic shell is then 

broken, and the final part is obtained. 

3D Systems developed an RP part that can be used directly in investment casting, thus 

eliminating the need to fabricate a traditional wax pattern. A shelled SLA part with internal 

honeycomb support structure was developed and is called QuickcastTM. Figure 2.13 shows a 

Quickcast pattern of canine knee built on a SLA. 

Today most complex medical parts such as biomedical implants are produced using the 

investment casting technique. 
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Figure 2.13 - Quickcast pattern from SLA 

2.5.5 Electron Beam Melting  

One of the latest technologies in Rapid Tooling is Electron Beam Melting (EBM). Arcam 

(Arcam, Sweden) has developed this technology, which involves firing an electron beam at 

metal powder, thereby melting the powder using the electrons’ kinetic energy. By controlling 

and directing the electron beam, the machine can melt a powder layer as thin as 0.1mm. Once 

a layer has melted, a new layer of metal powder is added over the previous one, and the 

procedure is repeated. Finally, detail is built up on thin metal slices melted together to form a 

desired solid. 

Figure 2.14 shows a schematic diagram of EBM technology. Different materials can be used 

to manufacture 100% solid parts using this technology. Once the parameters are developed 

for a specific material, any complex part can be build on this machine. Recently titanium has 

been added to the list of available materials, which can be produced on the EBM Machine. 

This new development will enable manufacture of biomedical implants directly on EBM. 
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Figure 2.14 Schematic diagram of EBM machine by Arcam AB 

 

Today most of the complex medical parts such as biomedical implants are produced using 

investment casting. Use of technology such as EBM will reduce the time to produce these 

parts and will increase the feasibility of mass customization. Certain complex geometries, 

which were previously not feasible/affordable, may now be produced quickly and accurately 

using this technology.  
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3. METHODOLOGY 

3.1 Specific aim in detail  

This research introduces the first of its kind in custom canine knee implants. Knee implants 

as mentioned in the literature before are very common in humans. However, they are not 

found in canines due to following reasons: 

1. The large variety of breeds makes it impossible to standardize the implant shape 

2. Size of knee also varies largely. 

3. Cost of implant is often not justified for canines 

4. Standard method used for implant manufacturing (investment casting) could be time 

consuming and infeasible due to small size and production volume. 

This research introduces a new approach to the design and manufacturing of canine knee 

implants. The proposed methodology will also potentially help to improve the design of 

human knee implants.  

Ducheyne et al. was the first researcher to introduce dog knee implants (Ducheyne, 1977). 

He designed hinged type porous stainless steel implant for his study in bone ingrowth. In 

1982, Bobyn designed the first unconstrained canine total knee prosthesis (Bobyn, 1982). 

Turner continued the use of canine implants for bone ingrowth study (Turner, 1989). 

Interestingly, all of the above researchers focused not on the design of implants but on bone 

ingrowth in the tibial component of the prosthesis.  

Turner commented in his paper in 1989 that animal studies of the fixation of prosthetic 

components in the knee have been few largely due to the lack of a model prosthetic system 
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that allows normal clinical functions. A titanium canine knee replacement prosthesis was 

designed and used in his study. A femoral prosthesis was cast from cobalt-chromium alloy, 

which replicated the canine distal femoral contours. A flat internal surface was used for 

implant-femur interface. The rest of the study focused primarily on bone ingrowth. 

As mentioned in the literature review, younger patients (human) are subject to more 

strenuous activities, which lowers the chances for successful Total Knee Arthroplasty (TKA). 

In 2001, Dr. Harrysson introduced a custom designed knee implant for humans (Harrysson, 

2001). For further approval of such implants, animal trials are required. Also as mentioned in 

the literature review, one in every four dogs and cats suffers from arthritis (Beale, 2000). 

Unfortunately, no commercial knee implants are available for canines.  

Research work on the design, manufacturing and implantation of femoral component of 

canine knee implants is proposed herewith. This research will have dual benefits, namely the 

work will give a new hope for the treatment of canine knee arthritis, and it will introduce a 

model for future implantation in humans.  

3.2 Functional Requirements of the Canine Implant Design  

One of the most important functional requirements of any knee implant is its ability to 

replicate joint motion as closely as possible. Compromise on any motion or degree of 

freedom will be a suboptimal design. The following are other major functional requirements 

for design of the canine stifle prosthesis (femoral component) 

1. To provide easy insertion of femoral component on bone during surgery, the 

mating surface should be without any undercuts.  

2. The size of the implant should be as close to the normal as possible to minimize 

any tissue damage and to avoid compromise on any change in motion. 
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3. The material used to manufacture such an implant should be biocompatible. 

4. The bone-implant interface should be porous to promote bone ingrowth. 

Figures 3.1 & 3.2 show the general anatomy of a canine knee joint. Figure 3.2 shows a 

closer view of the canine knee joint and its major components.  

    

Figure 3.1 Canine knee joint anatomy   Figure 3.2 Closer view of canine knee joint 

(Source: Hill’s Pet Nutrition)  

The design of canine implants is different from human implants due to differences in the 

anatomical structures of canines and humans. As shown in Figure 3.1 the angle between the 

femur and the tibia laterally (side) is about 110°. In humans it is almost 180° in the normal 

standing position.  
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3.3 Proposed methodology 

Based on the above-mentioned functional requirements, the femoral component of a canine 

knee implant is designed and a new manufacturing technique for the same is proposed. The 

following is the breakdown of the proposed methodology: 

1. Selection of patient 

2. Computed Tomography scan 

3. Image reconstruction  

4. Three dimensional reconstruction  

5. Preprocessing CAD model for design 

6. Design of implant  

a) Custom parametric contour design 

b) Custom parametric straight cut design 

7. Implant manufacturing 

8. Implantation and surgery 

Each of the above steps involved in the design and manufacturing of custom stifle knee 

implants is now discussed in detail. The following section discusses steps 1 through 5 (i.e., 

selection of patient to preprocessing CAD model for design). Details on implant design are 

elaborated in Chapter 4 (Design of Implant), and Chapter 5 discusses implant manufacturing 

followed by section on implantation and surgery.  
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3.3.1 Selection of patient 

This research was initiated at North Carolina State University as part of a collaborative effort 

between the Department of Industrial Engineering and The College of Veterinary Medicine. 

The College of Veterinary Medicine (CVM) has an advanced and renowned veterinary 

hospital, which specializes in orthopedic surgeries.  

A 6-year old male Labrador (a patient at CVM) with severe osteoarthritis in the stifle joints 

was selected for the research.  

3.3.2 Computed Tomography Scan 

The first step for the design of custom knee implant for canines is to obtain the geometric 

data of the stifle joint. 

CT scanning is a commonly used imaging technique for any medical examination requiring 

3D visualization. During the scan, x-rays are emitted from one direction and received on the 

opposite direction. Multiple x-rays are emitted and received in a plan with specific intensity 

level. Helical (spiral) scanning is now commonly used since it gives better results with low 

radiation exposure. During this process, continuous spiral scanning is done, and the final data 

are a continuous helical image. After the scan, a calculation is done on the data, converting it 

into two-dimensional images.   

CT scan data was acquired at the Veterinary School’s radiology department. The selected 

patient was sedated using medetomidein and hydromophone. Under the sedation, a helical 

computed tomography scan of the distal portion of the right thigh, crus, and pes was 

performed. A General Electric scanner model CT Sytec SRi (Fairfield, CT) was used with 

optimal scan parameters for best possible results. Figure 3.3 shows the CT scan being taken 
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of the patient. To accurately position the dog on the scanning table, surgical plaster tape was 

used. A helical scan of 5 over 4 mm was generated. These scanned data were retro-

reconstructed into 1mm slices with 0 degree gantry tilts and transferred to a CD.  

 

Figure 3.3 Canine (Tyler Blomberg) being CT scanned 

3.3.3 Image reconstruction 

The image from the CT scan is a group of 2D images taken at every 1 mm step as explained 

in the previous section. Figure 3.4 shows an example of a 2D image taken from Patient. 

Merging of all the 2D slices to a complete 3D model can be done by software using an 

algorithm which will add the thickness and merge all the images to define a 3D model. 

Several software packages are available to perform this conversation. Mimics from 

Materialise, Belgium was used for this research.  
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The DICOM (Digital Imaging and Communications in Medicine) file format is the standard 

method for the transmission of medical images and their associated information.  These 

DICOM image files were captured from the CT Scanner workstation and copied on a CD. 

The files were then imported into Mimics. Each image contains header information including 

the patient’s name and table position for that specific image. Mimics detects this table 

position from each image and automatically rearranges the images to obtain a uniform image 

sequence. Figure 3.5 shows a set of images ready to be imported into mimics. 

 

Figure 3.5 CT images imported into Mimics 

Figure 3.4 CT image from patient Tyler Blomberg 
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The scan is acquired using a 12 bit gray scale resulting in up to 4096 different shades of gray 

depending on the density of the tissue. White represents fully dense bone and black 

represents air.  

Once the images are imported, the next stage is to select the correct threshold. By using a 

built in function called the profile line, an appropriate threshold of the bone can be 

determined throughout the scan. This important step enhances the image and focuses only on 

the area of interest.  

 

 

 

 

Figure 3.6 Profile line for an image in Mimics. 
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Figure 3.6 shows the profile line drawn on the femoral bone section image (shown in green). 

The value of the threshold shown in the Hounsfield unit varies from –724 to 2676. The area 

below 176 indicates the start of soft tissue. The selection of the threshold value is very 

important and plays a vital role in the accuracy of the model generated. If the threshold value 

is too high, cancellous bone is neglected. It is too low, unwanted soft tissues are included.  

The 3D Histogram as shown in Figure 3.7 can be used to identify the boundary between soft 

tissue and bone. The 3D Histogram is the histogram of the complete data set. The X-axis lists 

the gray values; along the Y-axis the number of pixels that is displayed. The range of these 

axes can be user defined or automatic (all values). The Y-range can be logarithmic or 

decimal. The (black) line(s) correspond to the threshold value(s) of the active mask selected. 

These values vary with every person since they have different bone densities 

 
Figure 3.7 Profile Line, 3D Histogram of an image in Mimics 
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As explained, 3D histogram is a representation of gray value range over the complete data 

set. It is found that the CT scan obtained for this research had much lower number of pixels 

(in gray scale) compared to a similar scan in human. A comparison between typical human 

and canine threshold range is shown in Table 3.1 and can be graphically explained by Figures 

3.8(a) & 3.8(b). It should be noted that these values might vary with total number of slices in 

scan, type of anatomy being scanned (i.e. Scan focused on bone tissue may have more 

number of pixels at higher threshold compared to the scan focused on soft tissue).  

Table 3.1 Comparison of human and canine threshold 

 Soft Tissue Range of 
Gray Values 

Bone Range of Gray 
Values 

Human 200 to 1124 1125 to 2701 
Canine -74 to 226 226 to 2766 

 

 
Figure 3.8(a) Typical range of gray value for human 

 
Figure 3.8(b) Typical range of gray value for canine 
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3.3.4 Three Dimensional Reconstruction 

After the selection of an optimal threshold, only specific areas of interest in each image are 

selected for 3D reconstruction. Once the threshold is set, all the pixels in that grayscale range 

are assigned the mask color. Using all the three views as shown in Figure 3.9, manual editing 

is done on each image for region growing. The region-growing tool provides the capacity to 

split the segmentation into separate objects. For instance, it creates the possibility to create 

separate models of each individual bone. 

During region growing, the color of the mask is selected in an image and all the images 

connected to that mask get selected and copied in a new mask. The right femur was selected 

from knee articulation up to 72mm toward the hip as shown in Figure 3.9 (CT table position 

from 227.5 to 299.5) and region growing was performed.  

 

Figure 3.9 Region growing of right knee (stifle) in Mimics 



 40

This process of mask selection involves manual editing and can be time consuming. The 

accuracy of any model highly depends on this step, and any error in masking could have 

cascading effects during the later stage of the design. Care must be taken to ensure that the 

selection is accurate. 

Following region growing, the model is now ready for 3D reconstruction. In order to perform 

a 3D reconstruction, the desired mask is selected; desired quality is set and submitted for 

reconstruction. This process constructs a 3D model of the selected region. Figure 3.10 shows 

the 3D model of the right femur generated after 3D reconstruction.  

 

Figure 3.10 Three-dimensional CAD model generated in Mimics 

   



 41

 

During the process of 3D reconstruction, each pixel on every image is converted into a voxel 

(Volume element). The size of each voxel depends on the scan distance between the images. 

A stair case effect is observed between each image. Mimics uses in-plane and between plan 

interpolation. The interpolation is done through a marching cube algorithm as shown in 

Figure 3.11 

 

 

 

 

 

Figure 3.11 Marching cube algorithm 

The generated 3D model is now ready to be exported to other software for further processing 

and design of the implant. The CTM module of Mimics achieves this. In this module the 3D 

data generated are converted into a standard file format used in the rapid prototyping 

industry. There are four different formats in which the 3D data can be exported for further 

design, namely STL, IGES, VRML or DXF. The most commonly used file format for such 

application is STL, which is a triangular mesh representation of the selected volume.  

The number of triangles determines the quality of the reconstruction: the more triangles, the 

higher the quality. The downside is that more triangles require more memory. This should be 

considered when calculating an STL file. The smoothing function was used to make rough 

surfaces smoother. It may be noted here that though the smooth surface may not be the most 

accurate representation of the surface (Error ±0.2mm), it is more important to have the final 
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implant smooth for its proper function. Finally the 3D reconstructed data is exported in STL 

format with desired parameters.  

3.3.5 Preprocessing CAD Model for Design 

The STL file exported from Mimics is now ready for further processing. In spite of the 

smoothing algorithm used during the conversion, the model is typically not at the acceptable 

level of smoothness. Hence before proceeding to the design stage, the model has to be 

prepared and made smooth. 

Raindrop Geomagic Studio 5.0 was used in this research for smoothing and preparation of 

the model. The STL file was imported from Mimics to Geomagic Studio. Using the Reduce 

noise, Relax grid and Sandpaper functions, the model was smoothed as shown in Figure 3.12. 

The model is now ready for femoral component design, however, it was decided that the best 

3D CAD model file would be in STEP format. Geomagic Studio cannot directly convert STL 

files into STEP files. This process involves generating closed NURBS (Non Uniform 

Rational B-Spline) surfaces. Using an automatic NURBS surface generation command, a 

solid CAD model in the STEP format was generated. The model was checked to ensure that 

it contained a closed surface of a valid volume. The model was then exported to CAD design 

software for design on the femoral components of the implant.  

 

 

 

 

Figure 3.12 Smooth CAD model from Geomagic 
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3.3.6 Design of Implant  

The design of implants can be performed using any standard CAD modeling software such as 

Pro Engineer, Solidworks, AutoDesk Inventor or Solid Edge. Based on the powerful feature 

options and availability, Solidworks (Solidworks, USA) was selected for this research. The 

3D model of the canine patient’s femur shown in Figure 3.12 was imported into Solidworks.  

From the 3D model of the femur, a custom knee implant femoral component was designed. 

The design considered all the functional requirements of implant as discussed in section 1 of 

this chapter. 

Two different types of a custom femoral component were designed. The external articulating 

surface with tibial component was maintained; however the femoral bone/implant interface 

was: 

a) Custom designed with a smooth parametric custom bone/implant interface 

b) Custom designed with planner bone/implant interface. 

The first design considered the bone ingrowth in the implant and a uniform stress distribution 

to avoid any stress concentration. However, since there are no commercial implants available 

for canines, a standard implant was also designed for comparison purposes. 

The custom design was based on specific thickness from CT scan, custom articulation, and a 

parametric bone-implant interface. The standard design followed the standard human implant 

design strategy. The next chapter focuses on the design of the above-mentioned implants. 
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3.3.7 Implant manufacturing 

Most implants that are currently available are typically produced via an investment-cast 

Titanium or Cobalt-Chromium. This research also focuses on the feasibility of using Electron 

Beam Melting Technique, a new Rapid Prototyping method developed by ARCAM, Sweden. 

Today virtually all implants are made using investment casting since the master pattern 

remains constant and implants can be produced in large quantities. However, the investment 

casting may not be feasible or cost effective for custom implants. Hence a comparison was 

done between the investment casting technique and the EBM technique. 

The custom designed implant developed for this research was produced using both 

techniques. The relative time and cost for each approach was also compared. Figure 3.13 

shows the implant that was made directly on the EBM machine. 

 

Figure 3.13 Manufactured custom canine knee implant 
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3.3.8 Implantation and Surgery 

The designed and manufactured implant could be implanted on the selected individual. The 

selected patient could be the first candidate to receive a custom knee (stifle) implant. Prior to 

undertaking this next step, studies will have to be conducted on: developing methods for 

sterilization, avoiding any debris generation, robot assisted surgical technique and 

determining the biocompatibility of the material.  

The proposed design of implant with parametric inner surface shall require a robot-assisted 

surgery. The parametric bone-implant interface shall greatly help program the robot surgery, 

since definite geometry features define the surface. 

The success of this implantation and improvement based on follow-up with patient, a record 

could be generated for FDA approval. This could then be used for approval of this technique 

for humans. 
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4. DESIGN OF IMPLANTS 

4.1 Present Designs Available for Canine Implants 

No commercial canine knee implants are yet available as mentioned in the previous section. 

Ducheyne, Bobyn and T. Turner were the researchers who used total knee replacement in 

canines for their study in bone ingrowth. However, the focus of their study was on bone 

ingrowth, not the design of the implants. The above authors did mention about the need for a 

better canine knee implant design.  

Based on previous work involving canine knee implants, a new custom canine knee implant 

femoral component is designed herewith. This design addresses most of the problems faced 

by previous designs as mentioned in the literature review section.  

 

        

Figure 4.1 First generation implant  Figure 4.2 Second generation implant   

(Source: Bobyn JD, Clin Orthop 166:301-312, 1982)  
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Figure 4.3 Third generation implant 

(Source: Turner TM, J Orthop Res Vol. 7 No.6 :893-901, 1989)  
 

Figures 4.1, 4.2 and 4.3 show the evolution of canine knee implants. Current research is an 

advancement of this canine knee implant design and uses a custom surface. It is believed that 

this design will improve the stress distribution over the bone-implant interface surface, 

enabling uniform bone ingrowth and optimize patello-femoral tracking. This proposed 

research focuses on the development of custom knee implants with parametric inner surface 

and a “standard” implant. Since canine knee implants are not commercially available, a 

“standard” implant is also proposed based on human knee implant design strategy.  

4.2 Proposed Methodology for the Design of Custom Canine Knee Implants  

The design of a custom canine knee implant femoral component is proposed. As explained in 

the methodology section (Chapter 3), the following are the major steps involved during the 

design process: 

1. Selection of patient 

2. Computed Tomography scan 

3. Image reconstruction  

4. Three dimensional reconstruction  
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5. Preprocessing CAD model for design 

6. Design of implant  

c) Custom parametric contour design 

d) Custom parametric straight cut design 

7. Implant manufacturing 

8. Implantation and surgery 

A six-year-old male Labrador (Tyler Blomberg) with sever osteoarthritis in the stifle joint 

was selected for this research. A CT scan of this patient was taken at The College of 

Veterinary Medicine at North Carolina State University. The 2D images from a CT scan 

were converted into 3D CAD model using Mimics (Materialise, Belgium). The rough 

computer model was then smoothed using Raindrop Geomagic Studio, and the final 3D 

model of the femur was obtained as shown in Figure 4.4 

 

Figure 4.4 Three Dimensional CAD model from Geomagic 
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This femur model was imported into Solidworks for further design of the implant. For 

comparison purposes, two designs were proposed: 

c) A custom design with smooth parametric custom bone/implant interface 

d) A standard design with straight cuts and pegs. 

The standard implant was designed for comparison purposes only, since there is no 

commercial implant available. The design approach for both types of implants remains 

similar; however, both are discussed separately for better understanding. 

4.3 Design of femoral component of canine knee implant with parametric 

inner surface 

The intent behind this design is to have a smooth, parametric interface between the femoral 

component of the implant and the femur. This will have the following advantages: 

• Uniform load distribution over the bone-implant interface surface 

• Stimulation of bone ingrowth all over the interface 

In this research, two major design factors are considered for the design of a custom knee 

implant. They are: 

• Specific implant thickness 

• Stability of implant after the surgery 

Each of these design factors is discussed in detail in the following sections.  

4.3.1 Selection of thickness in implant design 

An important step in the implant design is to decide on the thickness of the implant. The 

thickness should be as uniform as possible to avoid any concentrated stress / failure. There 

are two main thickness selection factors to be considered, namely  
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a) Implant must be thick enough to prevent mechanical failure 

b) The implant should promoting bone ingrowth at bone-implant interface  

a) Mechanical failure thickness criterion: Mechanical failure of the implant would occur at 

the smallest cross section. As shown in figure 4.5(a), two condyles merge together at Section 

A-A. This section has two small areas and is at higher risk of failure. Since the force acting 

on the joint will not pass through this section, a moment will be created. Under this 

condition, the failure mode at this section shall be due to bending moment.  

 

Figure 4.5(a) Implant failure site 

This mechanism could be compared with a cantilever beam, with section A-A as fixed. The 

maximum force acting on this cantilever shall be the impact load while running. Labrador 

(selected type of breed) weight varies from 27-34 Kg. For design purpose we shall use the 

actual weight of patient 61 lb (28 Kg) as the weight of dog.  

Weight of Dog = 61 lb 
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Considering the normal load on implant as half the total load of animal and load being 

equally distributed on both the condyles, the cantilever action of condyle can be explained as 

shown in Figure 4.5(b). The length of cantilever (0.5”) shall be equal to distance between the 

section plane and the center of the condyle surface area, which articulates the joint (Not 

shown in figure). 

 

Figure 4.5(b) Cantilever load on one condyle 

Material properties for Titanium alloy Ti6Al4V (Material Property Handbook, 1994): 

Bending Modulus = 14.5 x 106 lb/ in2 

Recommended Maximum bending stress σ = 150 000 lb/in2.……………………………..(a) 

We know that Maximum Stress 

σ = (Bending Moment M x deflection y) / (Moment of Inertia I )…………[1] 

Bending moment M = Force x moment arm = 30.5 x 0.5 = 15.25 lb•in……………………(b) 

Deflection y = t/2, where t is thickness of condyle…………………………………………(c) 

From the CT data, the width of proposed implant at section A-A of figure 4.5(a) is 0.5”.  

Moment of Inertia for rectangular cross section I = bh3/12 = 0.5(t/2)3/12…………………(d) 

For implant not to fail in bending,  

Including all the values from (a), (b), (c) and (d) in [1], 
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The minimum thickness t of the implant at section A-A ≥  0.098” 

i.e. tmin ≥ 0.098”, i.e. tmin ≥ 2.5 mm at section A-A 

Thus the thickness of implant should be greater then or equal to 2.5 mm.  

b) Bone ingrowth promoting thickness criterion: Based on TM Tuner’s paper (Turner, 1989) 

and previous research, it was found that the implant in the vicinity of cancellous bone has the 

maximum bone ingrowth probability. Hence it was decided to have the thickness of the 

implant such that the inner surface is in the vicinity of porous cancellous bone. However, it 

should be noted that the cancellous bone may not be strong enough to support the implant 

and could cause implant failure. A study needs to be carried out on failure mode and bone 

ingrowth with the proposed design, which would be the part of design optimization, once 

such implant is developed. 2D image from CT Scan revealed in Mimics that the thickness of 

the schlerotic subchondral bone at the femur articulation is approximately 2.5mm on the side 

and 6mm at the articulation. Figure 4.5(c) shows the 2D image of cortical bone along with 

subchondral bone with thickness distribution over the femur region. Hence the implant 

should have thickness equal to or larger than this thickness of schlerotic subchondral bone 



 53

 

Figure 4.5(c) Thickness of cortical bone in canine femur 

4.3.2 Implant Stability after Surgery 

From previous research in implant design, it was noted that the implant must be stable 

immediately after the surgery. Also since the patient’s behavior cannot be predicted in 

canines, it is very important to have a rigid design. Turner’s design (Turner, 1989) used pegs 

to avoid any tangential displacement and to increase stability. Interestingly, the pegs gave 

bone ingrowth only in cancellous bone. To obtain a uniform bone ingrowth over a cancellous 

bone surface, it was decided to have a parametric inner surface. A schematic sketch of this 

inner surface is shown in Figure 4.5(d) 
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Side View    Front View 

Figure 4.5(d) Schematic sketch of proposed contact surface between implant and femur 

Such a parametric interface between implant and femur will make sure that the implant is 

rigid immediately after the surgery. Due to the presence of curvature in both the directions, 

any displacement as well as rotation will be prevented. 

4.3.3 Detail design steps 

For the actual design of the implant based on the above-discussed criterion, the femur model 

(Figure 4.4) was imported into the SolidWorks CAD software that was used for the design 

(SolidWorks, MA). The process of generating a parametric inner surface proved to be quite 

challenging. One of the major problems faced during the design was the non-continuity of 

the computer model leading to a poor and sub-optimal design.  

The very first step was to import the generated 3D model from the STL format to a well-

known usable CAD format. The STEP format was used since it represents a solid model very 

well. Due to continuity problems, only the surface could be initially exported into 

SolidWorks. It was soon realized that the patches generated for converting STL format to 

Implant

Femur 
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STEP format in Geomagic Studio were not enough. This problem was rectified, and a solid 

3D CAD model was imported in Solidworks. Figure 4.6 shows the imported 3D CAD model. 

 

Figure 4.6 Three dimensional CAD model imported to Solidworks 

A mid plane was created on this 3D model, which passes through the patella groove, center 

between the two condyles, and femur. The mid plane was defined by three points, passing 

through the center of patella groove, center between condyles, and center of femur as shown 

in Figure 4.7 
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Figure 4.7 Screen-shot from Solidworks, mid plane definition 

A sketch was drawn on this mid plane, and the first side cut was generated using the Cut-

Extrude command. This sketch defines the implant width from the side. Figure 4.8 shows the 

sketch details. Line L1 and L2 are tangent to curves C1 and C2, respectively. Also, line L1 

and L2 make 95° angle with one another. This angle will maintain the insert angle of the 

implant to be greater than 90°, i.e., 95°. As discussed in the previous section, an insert angle 

greater than 90° is required to ensure that the implant always slides into the cut bone and has 

no undercuts. 

Figure 4.8 also indicates the initial thickness of the implant. The thickness of the implant is 

0.41in (10mm) at the articulation, 0.20in (5mm) at the patella groove and 0.12in (3mm) at 

the end of the patella groove. This thickness is larger then the minimum thickness required 

mentioned in Figure 4.5. 
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Figure 4.8 Side cut sketch details 

The radii of the curves C1 and C2 are 0.89in (22.6mm) and 0.55 (13.97mm), respectively. 

These curves are tangent to each other forming a continuous smooth curve. Other lines seen 

in Figure 4.8 are used to remove the unwanted part of the femur model. Figures 4.9(a) and 

4.9(b) show the implant after the Cut-Extrude command. 
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Figure 4.9(a) Implant during Side-Cut command 

 

Figure 4.9(b) Implant after Side-Cut command 

Figure 4.9(b) shows the implant design having a custom articulating surface that exactly 

replicates the patient’s existing articulating surface. It also shows the curved bone-implant 

surface. This design constrains displacement and rotation in one direction. The implant can 

still slide along the cut axis as shown in Figure 4.9(a). In order to promote better bone 

ingrowth and uniform stress distribution, it was decided that the inner surface needed to be 

further designed. This was the most challenging task. Different methods were tried, but most 
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of the methods were not successful or created suboptimal designs with poor surface 

continuity.  

The inner surface as mentioned in the previous section should be parametric as well as nearly 

define the external surface to get an even distribution of load and uniform thickness. The 

parametric surface was considers: 

• Ease of Surgery 

• The feasibility of robotic surgery since femur has to be machined with contour 

geometry 

Considering the above factors, parametric design was chosen for the femur-implant interface. 

Different approaches were considered for this parametric design. The only feasible method to 

generate an inner parametric surface was by using the SolidWorks 3D cutting function Cut-

Loft along with the use of guide curves. The detailed methodology is explained as follows: 

To accurately define the inner parametric surface, six section planes were used to capture the 

curvature over the entire implant. Figure 4.10 shows the section planes used to generate the 

inner parametric loft cut. To maintain the continuity of the loft cut, all the planes were passed 

through the origin. The origin also acts as a center of rotation. The Center of mass (CG) of 

the imported femur model was considered as the origin to best define the center of curvature 

of the sweep cut. Section planes were named 1st plane, 2nd plane…. 6th plane in a clockwise 

direction for ease of further design. 
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Figure 4.10 Six section planes passing through the origin 

On each of these six section planes a sketch was drawn, which replicated the external implant 

curves. This was achieved using the SolidWorks sketch function “Intersection Curve.” These 

curves shall act as a reference for the inner parametric sketch. Figure 4.11 shows one of the 

six-intersection sketches generated using this command. The curve shown in this figure 

replicates the external articulating surface of the implant. 
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Figure 4.11 Typical intersection curve replicating the contour of implant surface 

Using these contours from the implant surface, a parametric sketch was defined on each 

plane. In general, this shape should have the following features: 

• It should be parametric i.e., defined using parameterized arcs and lines. 

• It should closely follow the shape of section curve similar to Figure 4.11 

• The distance between the section curve and parametric curve should define the 

thickness of the implant. Hence this distance should be maintained equal to or greater 

than the thickness of cortical bone as discussed in the previous section. 
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• The generated parametric curve should maintain the continuity i.e., the arcs/lines 

defining the curve should be tangent to each other. This continuity is required to avoid 

any step-effect in the design. 

Comparing the approximate thickness of cortical bone from Figure 4.5 and following the 

guideline mentioned above, parametric sketches were generated for all six planes. Figures 

4.12(a), 4.12(b), 4.12(c), 4.12(d), 4.12(e) and 4.12(f) show this detail in each sketch. 

 

 

Figure 4.12(a) Parametric sketch details, section plane 1 

 

From Figure 4.12(a), it can be noted that the thickness of the implant shall be 3.1 mm and 3.9 

mm, respectively for both the condyles. Also the radii of the parametric curve are 19.6 mm, 

8.7 mm and 12.1 mm. These radii form a continuous curve by maintaining the tangent. The 
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same is true for all parametric sketches shown in Figure 4.12(b) to Figure 4.12(f). The radii 

and thickness in each sketch plane were optimized and changed to get the best continuous 

parametric surface. Also the sketch was closed using lines as shown in Figure 4.12(a) to form 

a closed loop for Cut-Loft function. 

 

Figure 4.12(b) Parametric sketch details, section plane 2 
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Figure 4.12(c) Parametric sketch details, section plane 3 

 

 
Figure 4.12(d) Parametric sketch details, section plane 4 
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Figure 4.12(e) Parametric sketch details, section plane 5 

 

 
Figure 4.12(f) Parametric sketch details, section plane 6 
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A summary of all radii and thickness in each section is shown in Table 4.1.  

Table 4.1 List of radii and thickness of implant at each section 

Values in mm 

Sketch 
Plane 

Lateral 
Thickness 

Medial 
Thickness 

Lateral 
Radius 

Central 
Radius 

Medial 
Radius 

1 3.9 3.1 12.1 8.7 19.6 

2 3.6 4.4 30 24 48.4 

3 3.5 3.6 25.3 6.3 19.5 

4 2.9 3.6 8 6.6 16 

5 3.1 5 11.6 4 10.6 

6 3.7 5 5.6 25.8 10.1 
 

These six sketches defined the thickness of the inner parametric shape. 3D guide curves were 

required for the Cut-loft function to generate the parametric inner surface along with these six 

sketches. These guide curves following the edge of the implant were generated as shown in 

Figure 4.13. These 3D guide curves are sharp edges generated during the first cut shown in 

Figure 4.9. The 3D curves were extended at the condylar side to obtain a smooth continuous 

shape of the Cut-loft. 
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Figure 4.13   Three dimensional guide curves for Cut-Loft function 

Now we have six sketches and two 3D guide curves to define the inner parametric surface. 

Using the Cut-Loft command in Solidworks, the inner parametric surface was generated in 

three sweeps. Due to limitations of the software, the cut could not be made in single sweep. 

Figure 4.14(a), 4.14(b) & 4.14(c) show the Cut-Loft function to generate the inner parametric 

surfaces, and Figure 4.14(d) shows the final design of the inner parametric surfaced custom 

canine knee implant. 
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Figure 4.14(a) Screen-shot from Solidworks, First Cut-Loft function 
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Figure 4.14(b) Screen-shot from Solidworks, Second Cut-Loft function 
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Figure 4.14(c) Screen-shot from Solidworks, Third Cut-Loft function 
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Figure 4.14(d) Complete inner parametric surface generated 

An important feature of the proposed design is that the shape of the patella groove is 

replicated. This reduces the need to resurface the patella. It was noted that the designed 

implant has sharp edges and requires further design modification. Since the patella shall be 

moving in the patella groove only, the sharp side edges should be avoided. Hence a semi-

circular cut with radius of 11.6mm was made in the region as shown in Figure 4.15 

 
Figure 4.15 Round cut to avoid any sharp edges  
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Another important aspect of the implant design was to avoid as much tissue damage as 

possible. This will ensure that the joint has a high degree of freedom as well as rigidity. It 

was noted that in all the previous designs, the cranial-cruciate ligament and caudal-cruciate 

ligament were sacrificed. This was because the implant design did not allow any possibility 

of retaining these ligaments. These ligaments provide impact resistant to the joint. With 

canines known for their high impact activities, retaining these ligaments would improve the 

patient’s joint function significantly.  

A notch (6.7 mm wide, Radius 3.55mm) was created as shown in Figure 4.16 to retain the 

cranial cruciate and caudal cruciate ligaments. This notch allows the ligaments to pass 

through the implant. However, in spite of this design, surgery plays an important role in 

saving these ligaments.  

 

Figure 4.16 Slot to avoid cruciate ligaments damage 
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4.4   Parametric Inner Surface Design of Femur 

It may not be immediately obvious why it is necessary to design a femur which is part of 

patient. However, to check fit and verify the designed parametric custom implant on the 

femur, it is necessary that the femur also have a similar mating surface. As explained in the 

previous section, robotic surgery has to be used to obtain this type of contour surface on the 

femur. The design presented here can be used for determining machine codes (G-Codes) for 

robotic machining as well for verifying implant design.  

The design of the femur surface was obtained using a Boolean operation on the designed 

implant. Due to limitations in Solidworks, Raindrop Geomagic Studio was used to perform 

this function. The following steps were involved in this design: 

1. Import custom knee implant and femur in STL format 

2. Perform Boolean operation in Geomagic 

3. Post process and clean up the model 

The 3D CAD model of designed implant was imported in Geomagic Studio in STL format. 

Also, the femur used for the implant design (Figure 4.4) was imported in the same file. Using 

the Boolean operation command, the implant portion of the femur was removed and a 

parametric femur was generated as shown in Figure 4.17. This represents the surface that 

must be produced by the surgeon. The final assembly of the implant and femur is shown in 

Figure 4.18. 
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Figure 4.17 Parametric femur design using Geomagic 

 

Figure 4.18 Femur-Implant assembly  
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4.5   Design of “Standard” femoral component of canine knee implant 

As discussed in the previous section, no commercial implants are currently available for 

canines. Hence for comparison purpose, it is necessary to design the standard implant for 

canines. This “standard” implant is based on human knee implant design strategy and is 

similar to previous canine knee implant design. Standard implants are available for humans 

and can be used as a reference for designing canine standard knee implants. 

It was decided that the external surface of the implant should be replicated from the CT scan 

since the study focuses on the interface of femoral component and bone. Hence, the method 

as shown in the previous section was used to obtain the 3D CAD model of the femur (Figure 

4.4). 

To design this femoral component of the implant, reference was sought from human 

implants. Unfortunately, since the human implant design is proprietary for every implant 

manufacturer, such details were not available. A different approach was used to determine 

approximate knee implant face specifications. The aim of the study was to determine the 

approximate standard inner face length and angle of implant and to use these values in 

designing a standard canine knee implant.  

From the two dimensional drawings/pictures available from the human knee implant 

manufacturer, a comparison table was created. For each implant design, an image was 

imported in SolidWorks and the length, angle of each face, and thickness at center and edge 

(a, b, c, d, e, A, AB, B…E and Height) were measured. Figure 4.19 shows the schematic 

sketch of such an implant. 
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Figure 4.19 Schematic diagram of standard human implant 

For every implant manufacturer, a relative width was found for all five faces namely a, b, c, d 

and e as shown in Figure 4.19. A relative thickness of the implant at the center of each face 

as well as at the edge was found. Also the relative height of the peg was found and noted as 

H. Since all the standard implants have 5 to 7 different sizes, a relative number was used to 

compare the length and thickness. Each face was defined by % of total length and thickness. 

This can be explained using following equations: 

Let a, b, c, d and e be the side lengths of the implant inner face. 

Let H be the height of the peg. 

Let A, AB, B, BC, C, CD, D, DE and E be the thickness of the implant at the location shown 

in Figure 4.19 

Let L be the total length of face. 

L = a + b + c + d + e. 

Hence relative % length of a = a/L 
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% Length of b = b/L 

% Length of c = c/L 

% Length of d = d/L 

% Length of e = e/L 

The Height H of the peg can also be specified in terms of % total length as = H/L 

Similarly, relative % thickness at point A = Thickness at A/L and so on…. 

By using the above method, any effect of size variation of implant can be eliminated. 

The angle of each face relative to face c was also measured. Since this analysis is 

approximate, the name of the implant manufacturer is not specified, and it should be noted 

that these values are for reference purposes only and should not be considered as standard. 

Table 4.2 shows the relative length of each face as shown in Figure 4.19. The angle made by 

each face relative to face c was measured and is shown in Table 4.3. The thickness of the 

implant at the center of the face and at each edge was also measured relative to the total 

length and is shown in Table 4.4. Data for peg height for Type 4, 5 and 6 manufacturer was 

not available. 

Table 4.2 Face widths of standard implant in % of Total Length L 

Implant 
Manufacturer 

 
Face 

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

a 27% 26% 23% 26% 31% 31% 

b 17% 19% 24% 19% 19% 14% 

c 26% 23% 20% 27% 18% 23% 

d 13% 18% 11% 13% 13% 11% 

e 18% 14% 21% 15% 19% 21% 

H 12% 12% 13% N/A N/A N/A 
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Table 4.3 Angle of each face relative to horizontal face c 

Implant 
Manufacturer 

 
Face 

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

A 96 96 96 90 95 95 

B 128 132 131 122 134 134 

C 0 0 0 0 0 0 

D 138 128 139 138 135 135 

E 89 78 88 95 90 90 

H 89 90 86 N/A N/A N/A 

 

Table 4.4 Thickness of implant at center of face and at edges 

Implant 
Manufacturer 

 
Face/edge 

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 

A 7% 6% 8% 6% 6% 6% 

AB 6% 6% 7% 5% 6% 6% 

B 7% 6% 10% 6% 8% 7% 

BC 6% 5% 7% 5% 6% 6% 

C 9% 8% 9% 10% 7% 7% 

CD 7% 6% 7% 7% 6% 6% 

D 9% 9% 7% 7% 7% 7% 

DE 5% 6% 6% 6% 6% 6% 

E 6% 7% 7% 6% 7% 7% 
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Based on the above data, the average of all these implant types was taken and is summarized 

in Table 4.5 and Table 4.6 

Table 4.5 Average of % Face widths and angle 

Face Average 
Length 

Average 
Angle 

a. 27% 95 

b. 19% 130 

c. 23% 0 

d. 13% 136 

e. 18% 88 

H 12% 88 

 

Table 4.6 Average of Implant Thickness 

Face / Edge Average %relative 
thickness of implant 

A 7% 

AB 6% 

B 8% 

BC 6% 

C 9% 

CD 7% 

D 8% 

DE 6% 

E 7% 

 

Our aim is to design a standard canine femoral component of implant based on the data from 

Tables 4.5 and 4.6.  
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As explained in the previous section, a 3D model in STEP format was imported in 

SolidWorks for the flat, femoral component knee implant design as shown in Figure 4.6. A 

mid plane was also created using the same concept as shown in Figure 4.7 

A sketch was drawn on this mid plane, and the first side cut was generated using Cut-Extrude 

command. The idea was to make a sketch based on the above values as a reference. 

However, it was soon realized that the knee implants of canines are geometrically very 

different than human implants. Accordingly, a best effort was made to make the angles and 

face width as close to Table 4.5 and Table 4.6 as possible. This best sketch that could be 

made without actually sacrificing on the implant geometry is shown in Figure 4.20 
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Figure 4.20 Sketch for flat implant obtained using human implant data 

A comparison was made on the actual width and angle of each edge between designed sketch 

and average are details specified in Table 4.5. This is summarized in Table 4.7 
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Table 4.7 Comparison of Optimum % face width and  

angle with % average width and angle 

Face 
Optimum 

Length from 
sketch 

Average 
Length from 

data 

Optimum 
Angle from 

sketch 

Average 
Angle from 

data 
a. 35% 27% 100 95 

b. 24% 19% 148 130 

c. 17% 23% 0 0 

d. 12% 13% 120 136 

e. 14% 18% 90 88 

 

The possible explanation for the variation in width is that the shape of the femur at the 

patello-femoral contact side (face a and b) is much different from human implants. It is 

observed that these faces are relatively longer in canines. Other lengths are relatively close to 

the human implant design. A peg was also generated on face c, and the length of the peg was 

replicated as in human implant (Not shown in sketch). 

A sample model of this preliminary design was made and shown to the veterinary surgeon. 

Based on the input from the surgeon it was realized that this design needs a major 

modification. Following are the important issues highlighted with the above design: 

• The human femur is completely different from the canine, and the implant designed 

for human will not prove to be acceptable with canine implants. 

• Since the width of the condyles in canines is much smaller than the length of patello-

femoral groove, five edges of implant are not required; instead a component with just 

four edges should serve the purpose. 
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• The length of the patello-femoral groove side face should be much longer to prevent 

the patella from dislocating. It was noted that hyperextension of the knee joint is very 

common in canines, and this could create problems if not addressed in design. 

• The length of the peg has to be smaller, since even a small peg length should be able 

to hold the implant intact without any rotation or movement (not shown in figure). 

Past work by Bobyn has shown that a longer peg can bend during surgery leading to 

improper bone ingrowth and finally failure of the implant. 

• Based on human implant design, it was observed that the direction of the peg was 

parallel to the mechanical axis of the joint. This was not true for the above design and 

could lead to bone ingrowth in the wrong direction (Such ingrowth was observed by 

Bobyn in his research) 

Considering the above factors, the implant component was redesigned. Figure 4.21 shows the 

redefined sketch with just four faces and the face containing peg perpendicular to the 

mechanical axis of the joint. The insert angle of 10° was maintained to provide easy slide of 

implant during surgery. 
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Figure 4.21 Revised sketch for faceted canine implant. 

Based on the above sketch details, the implant was made using Cut-Extrude command in 

SolidWorks. Figure 4.22(a) and 4.22(b) shows the implant design having a custom 

articulating surface, exactly replicating the patient and flat inner surface. This design 

constrains displacement and rotation of the implant in one direction (direction perpendicular 

to the cut). The implant can still slide along the cut axis. This movement shall be constrained 

by pegs on each condyle.  
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Figure 4.22(a) Standard implant during Side-Cut command 

 

Figure 4.22(b) Standard implant after Side-Cut command 
 

On the flat surface perpendicular to the mechanical axis of the joint, a sketch was created as 

shown in Figure 4.23(a). The peg with 3mm diameter was chosen. These pegs were modeled 

at the center of the condylar face as well as parallel to the insert angle. The pegs have to be 

parallel to the insert angle for implant to be inserted in femur. This sketch was extruded using 

the Base-Extrude command. The pegs with a draft angle of 2° were created of 7mm length. 

This is shown in Figure 4.23(b) 
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As the case with the custom parametric designed implant, the sharp edges on the side of 

patella groove were changed to semi-circular edge using a cut with radius of 14.5mm as 

shown in Figure 4.24 

 

Figure 4.24 Round cut to avoid any sharp edges on flat implant 

Figure 4.23(b) 

Pegs on condylar face 

Figure 4.23(a) 

Sketch for generating pegs
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Tissue damage cannot be avoided in this type of design, and it is necessary to sacrifice the 

cranial-cruciate ligament and caudal cruciate ligament. Also, the design of the femur with a 

flat surface is not required in this design, since the femur is cut using a flat guide saw to fit 

the implant shown above.  

The final design of the faceted femoral component of canine knee implant with custom 

articulating surface is shown in Figure 4.25. A complete assembly of implant and femur is 

also shown in Figure 4.26 

 
Figure 4.25 Standard canine femoral component of implant 

 

Figure 4.26 Standard femur-implant assembly 
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5. IMPLANT MANUFACTURING 

5.1  Present Technique 

Investment casting is one of the prevailing manufacturing methods used for implant 

manufacturing. The process is also used for advanced bone ingrowth surface generation on 

implant (US Patent 5,108,435, 1992). The femoral component of a knee implant is generally 

manufactured from investment casting, however the tibial component, which is made of Ultra 

High Molecular Weight Polyethylene (UHMWPE), is either machined or injection molded. 

In investment casting, a wax pattern is prepared using a manufacturing process such as 

injection molding or rapid prototyping. Figure 5.1(a) shows a silicon rubber mold made from 

a SLA master pattern. A wax pattern for investment casting is made from the silicon rubber 

mold as shown in Figure 5.1(b). To compensate for volumetric shrinkage, these wax patterns 

are 2.6% larger than the original part to be manufactured. 

 

Figure 5.1(a) Silicon rubber mold using SLA master pattern 
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Figure 5.1(b) Investment casting wax pattern of knee implant 

The wax pattern is then attached to a wax sprue or runner thus forming a tree. This tree is 

dipped in a ceramic slurry (ceramic powder + binder), drained and stuccoed with ceramic 

sand. This step is repeated until the required thickness of ceramic shell is build up. The 

cluster is then placed in a high temperature furnace, where the wax pattern melts leaving the 

desired cavity of implant for pouring Titanium. Once the poured metal is cooled, the ceramic 

cluster is removed and part is separated from sprue and runner. Figure 5.2 shows a schematic 

steps involved in investment casting process. 



 90

 

Figure 5.2 General steps in investment casting  

(Source: Investment Casting Handbook, 1968)  
 

After investment casting, the cast implants (Figure 5.3) undergoes further finishing process. 

The implant is finally sterilized and packed. 
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Figure 5.3 Unfinished investment cast knee 

As explained in previous sections, human knee implants are available in different standard 

sizes. Manufacturers generally create a mold for each of these implant sizes in order to mass 

produce them.  
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5.2  Proposed Technique 

Mass customization is becoming more popular and has now found its existence in the implant 

industry. Furthermore, the time to reach the market has been reduced drastically with Rapid 

Tooling and other manufacturing technologies. Rapid prototyping has been used to directly 

or indirectly produce the tooling. Different rapid tooling techniques are available on the 

market as explained in literature review section.  

For implant manufacturers, a new fabrication technique has become feasible with the 

introduction of Electron Beam Melting (EBM) technology. With the collaborative effort 

between North Carolina State University and Arcam AB, solid titanium implant components 

can now be directly manufactured on this machine. Recently, process parameters for titanium 

(Ti6Al4V) were developed for this technology, by this collaborative effort. A comparison 

study was conducted on the time required for manufacturing custom knee implant (discussed 

in previous section) using EBM technology and investment casting (Harrysson[2], 2003). It 

was found that the manufacturing time using EBM was less than 1/3 than that needed using 

the traditional investment casting process.  

Using EBM technology, a femoral component of a canine implant was manufactured in 

Titanium (Ti6A14V). Figure 5.4 shows the build platform for the proposed canine knee 

implant component. The implant was supported with multiple cylindrical structures to avoid 

any distortion. The implant was oriented as shown in Figure 5.4 to avoid any formation of 

“icicles” and to get the best surface details. A 0.5inch diameter cylinder was built along the 

side of the implant to effectively transmit heat. With this cylindrical heat transmitter, the top 

sections are more easily kept at elevated temperatures without over-melting the powder.  
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Figure 5.4 Computer model showing the implant with support and heat sink 

The final part surface obtained from the EBM machine is rough. This can be of an advantage 

in some cases. The rough surface shall help during initial implant stability. Also, using EBM 

technique, we can control the surface parameter such that the bone-implant surface could be 

sintered and a porous surface can be generated instead of 100% solid surface. This porous 

surface could be of significant advantage and shall help promote bone ingrowth. However, to 

develop a porous surface and promote bone ingrowth, controlled porosity is required which is 

beyond scope of this research. This can be achieved by directly using the rough surface 

generated by the EBM machine or a post processing could be done to obtain desired porous 

surface. The external surface however should be polished since it’s going to articulate with 

tibial component. Grinding and buffing was performed as a polishing process to obtain a 

mirror polish implant as shown in Figure 5.5. A rough inner surface, directly obtained from 

EBM machine, can be seen in Figure 5.6. Since the parameters of Titanium were not 

available at this time, as a proof of concept, the implant was made in Tool Steel H13. Once 

built in Titanium, the implant shall be ready for sterilization and further implantation. 
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Figure 5.5 Custom canine knee implant from EBM - Ti6Al4V 

 

Figure 5.6 Rough inner surface for bone ingrowth from EBM –H13 Tool Steel 
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6. RESULTS AND ANALYSIS 

The designed femoral component has to be verified and investigated if the design is as per 

the specification or not. The best method for verification is to create a physical model of 

implant as well as the parametric femur in order to analyze the fit. Along with this visual 

analysis, it is also equally important to conduct a finite element analysis for confirming the 

uniform load distribution over the entire surface of bone-implant interface. However, finite 

element analysis was considered to be outside the scope of research. An initiative has already 

been taken for finite element analysis, by creating all necessary CAD files required for FEA. 

6.1 Design Verification 

To perform the verification, the designed implant and resurfaced femur were manufactured 

using Stereolithography machine, an SLA 190. The model was built in the QuickCast build 

style. Since the thickness of the implant was not great enough to drain the resin from 

QuickCast pattern, the implant was cured directly without rinsing the resin, and a solid 

implant was obtained. Figures 6.1(a) and 6.1(b) shows the implant and the re-surfaced femur 

build on the SLA 190. 
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Figure 6.1(a) Implant and femur being built on SLA-190 (Custom and Standard) 

 

Figure 6.1(b) Implant and femur built on SLA-190 
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Using these SLA parts, it was verified that the implant design was as per the specifications. 

The implant could easily slide through the re-surfaced femur. The fit was nearly perfect, and 

no design errors were found. Figure 6.2(a), (b) and (c) shows the fit of the custom knee 

implant built on SLA.  

 

 

Figure 6.2(a) Implant and femur fit, custom design – lateral view  
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Figure 6.2(b) Implant and femur fit, custom design – anterior posterior view  

 

Figure 6.2(c) Implant and femur fit, custom design –posterior anterior view  
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The standard implant design with straight cuts was also built on the SLA-190 and was 

verified. It was found, however, that during the Boolean operation for generating the femur, 

clearance was not considered. A clearance is always desired between the two mating surface 

to allow the parts to be easily assembled and disassembled. Due to this oversight the fit was 

not particularly good. However, it should be noted that during the surgery, this clearance 

factor would be considered.  

6.2 CAD model for FEA 

As mentioned previously, a closed solid CAD model of the implant as well as cut femur is 

required for Finite Element Analysis study. The purpose of an FEA study is to examine the 

stress distribution on the bone surface caused by implant.  

Due to limitation of SolidWorks, it was not possible to get a solid model of both the cut 

femur and implant which could be used for FEA. Hence these files were imported into 

Raindrop Geomagic in the STL format. The STL format is a triangular representation of a 

CAD model. Uniform patches were generated on the surface on the model and sharp edges 

were specified. Since Geomagic generates patches automatically and does not allow the user 

to manually edit the patches, this task of generating patches became challenging. There is an 

automatic NURBS surface generation command in Geomagic that could generates NURBS 

surfaces of a given model in one click. However, the generated patches were not judged to be 

optimum. Figure 6.2(a) and 6.2(b) shows how a poor patch area with twisted grids was 

repaired to a uniform grid patches. 
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Figure 6.3(a) Poor patch layout with twisted grids 

 

Figure 6.3(b) Repaired patch layout with uniform grids 
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Manual editing of these patches was time consuming, but was a very important step to 

obtaining a closed well defined solid CAD model. After several iterations, a complete model 

with excellent patch layout was generated. Figure 6.4 shows a patch with uniform patch 

layout for the custom parametric implant model. A similar approach was used for all the 

other models.  

 

Figure 6.4 Uniform patch layout in Geomagic 
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Using the NURBS fit surface command, a closed solid CAD model with well-defined 

patches was generated (Figure 6.5). This model can now be imported in any finite element 

analysis software for further analysis. A similar approach was used with all of the implant 

and femur designs. 

 

Figure 6.5 NURBS model ready for FEA 
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7. DISCUSSION AND CONCLUSION  

7.1 Discussion  

In the current research, only the femoral component of a customized knee implant system is 

proposed. Further design of the tibial component can be easily done with a similar approach. 

The process from converting CT data to CAD model was already available, however, the 

process of parametric inner surface design was not available. This research developed a 

detailed methodology on how to design such a parametric surface. Previously, generating 

parametric inner surfaces was tried using contours from a CT scan; this research used 

complete surface, which gives an added advantage of uniform thickness of the implant and 

better continuity.  

It should be noted that the implant is designed based on CT data of the patient. The whole 

purpose of joint replacement is to replace non-functional or mal-functional joint. Hence 

reverse engineering of mal-functional joint anatomy might result in poor design. For 

example, if an articulating condylar surface has significant change than a normal surface, 

further modifications are required. This can however be done using the proposed CAD 

modeling softwares. Figure 7.1(a) shows a femur model with abnormal surface and Figure 

7.1(b) shows the same surface modified to normal. 
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Figure 7.1(a) Actual abnormal femur             Figure 7.1(b) Modified femur  

 

Robotic surgery will be required to implant the proposed parametric implant system. 

Considering this, development of suitable robotic system specifically for veterinary 

applications is required (Cormier, 2003). For successfully use of robotic surgery, a mock 

surgery on cadaver should be carried out and issues related to robotic surgery should be 

highlighted. Some of the major issues related to robotic surgery such as proper alignment of 

femur, stability of robot and the femur, accessibility to corners, and precision should also be 

addressed. Once such a system is developed, a clinical trial has to be initiated to continuously 

improve the proposed design, manufacturing and implantation technique. However, early 

trials can be initiated using “standard” implant system, parallel research could be carried out 

on the biocompatibility of design and material.  
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Cost aspects of the proposed research have not been looked at in detail. However, primary 

evaluation of cost has shown very convincing findings. With the production of custom 

implants now feasible in an EBM machine, there is a drastic reduction in cost as well as time 

to manufacture such implants. The technology is promising, the cost of manufacturing is 

comparable with the standard procedure currently followed, and the time for manufacturing 

is 1/3 of the current technique. 

7.2 Conclusion 

The custom design of the canine knee implant is feasible and promising, which has led to 

successful results in totally different areas of mass customization. The implantation of such 

custom knee implants has now become practically possible and cost effective. Biomodeling 

and medical application of rapid prototyping has really made this research a success. Many 

factors were considered in custom design to obtain an optimal design. Engineering principles 

on the design of equipment or tooling also applied to this system. The proposed design 

approach can also be used for any type of implant design, which could be either an 

orthopedic implant or even a scaffold for the soft tissue. 

Robotic surgery shall also significantly contribute in the implantation of the proposed 

customized knee implants. Since the healthcare system does not affect veterinary medicine, 

and generally the pet’s owner is ready to pay for the expenses, implantation of such a system 

in dogs is not far away. 

This research is a significant contribution to the start of revolution in mass customization of 

implants.  It should be noted however that this phase is the beginning of a prosthetic 

revolution in humans, but could now be achieved. 
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8. FUTURE WORK  

This research introduces first of its kind customized canine knee implant system and a new 

manufacturing technique for producing proposed design. The research focuses only on design 

of custom canine implant femoral component and manufacturing using Electron Beam 

Melting Technique. Significant work still remains in this area to successfully implant such 

system and get successful results. Following are some of the major area highlighted in which 

further research is required: 

• Design of custom canine tibial component of implant 

• Design and optimization of porous bone ingrowth surface 

• Finite Element Analysis  

• Implant materials research 

• Robotic Surgery 

• Design, manufacturing and implantation in Humans 

These area of future research are now discussed in detail: 

8.1 Design of custom canine tibial component of implant 

The design of custom tibial component shall contain mainly two components: The plastic 

component and the metal component. Design of these components can be done in very 

similar fashion as femoral component. Another aspect that has to be considered in design of 

tibial component is design of interface between plastic and metal components. Generally 

Ultra High Molecular Weight Polyethylene (UHMWPE) is used for manufacturing plastic 

component. This component shall have exact mat surface of femoral component of implant to 

ensure proper articulation. This component could either be injection molded or machined. 
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However, since this component is customized, creating a mold may not be economical and 

machining of such component could easily be achieved. The metal component, which is 

inserted in the tibia, should be designed to retain ligaments and have a parametric inner 

surface. It is proposed that this parametric surface could be concave or convex. A study has 

to be initiated to know which type of surface (convex or concave) could give better results in 

terms of uniform stress distribution over the entire surface. This tibia component however 

can be manufactured using EBM technique. 

8.2 Design and optimization of porous bone ingrowth surface 

In this future work, the biological aspect of implant ingrowth needs to be considered. Once 

the custom canine implant system is designed and implanted, it is very important to have 

uniform bone ingrowth over the entire surface of bone-implant interface. To achieve this 

uniform ingrowth, a special porous inner surface may be required. The generated rough 

surface by EBM will only make implant more stable but cannot promote bone-ingrowth. 

Much research has already been done in this area and different shapes to promote bone 

ingrowth are available (Karlsson, 2000; Kujala, 2003, Teoh, 1992) Based on previous 

research, it is noted that the optimal pore size vary from 150 to 500 µm for better bone 

ingrowth. Considering this, a future research is required in this area to determine how to get 

the desired size of porosity. One of the possible method explained previously, is by sintering 

the inner parametric surface of implant instead of actually making it a 100% solid part. The 

particle size of Titanium powder used in EBM machine shall be one of the critical factors to 

be considered. Also feasibility on manufacturing of such surface has to be studies since 

certain design may not be feasible to be manufactured in EBM machine. Thus we need to 

come up with a way to create a suitable surface using EBM.  
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8.3 Finite Element Analysis 

After understanding the knee joint mechanics, a Finite Element Analysis of femoral 

component and femur could be carried out. This shall reveal the stress distribution pattern at 

the bone-implant interface. 

Once the tibial component of the custom canine knee implant system is designed, a complete 

finite element analysis of the artificial joint can be done. This study will reveal important 

areas of improvement. The design then can be modified and optimized accordingly. Closed 

solid CAD model is already available for femoral component. Using similar approach, a 

CAD model can also be generated for tibial components and FEA could be carried out.  

8.4 Implant materials research 

In current research, a Titanium based alloy used in implant manufacturing (Ti6Al4V) was 

used in production of femoral component on EBM Machine. Currently different implant 

materials like Chromium-Cobalt, Ceramic are used. Machine parameters on EBM should 

also be determined for materials like Chromium-Cobalt and a comparison should be carried 

out on which material is better, particularly using this technology. Also, since the final 

surface obtained by EBM Machine is not smooth, post processing is required to obtain a 

smooth polished articulating surface. A process needs to be developed to ensure that the wear 

at the joint is minimal.  

The manufactured titanium implants also needs further analysis. Since the manufacturing 

technique is different, it should be made sure that implants has not inherited any properties 

that could affect tissue and cause any disease. Also implant sterilization process should be 
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studied in detail and it should be confirmed that the quality of implant in all aspects is 

comparable to the standard implant system available for humans.  

8.5 Robotic Surgery 

Robotic surgery has been used in many area of medicine including orthopedic. The current 

design of custom canine knee implants required to have a parametric contour based femur 

surface. This can only be achieved through robotic surgery. A research has already been 

initiated at North Carolina State University at Department of Industrial Engineering on 

design of robot for canine knee implant surgery (Cormier, 2003). As mentioned previously, a 

femur component surface of design implant was generated for robotic surgery. Design of 

such robotic system will help developed confidence in surgeons for using automation in 

surgery.  
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