
ABSTRACT 
 

THOMPSON, JOY CAMILLE. Development of Titanium Alloy Mesh Structures for Canine 
Radial Endoprosthesis. (Under the direction of Ola Harrysson). 
 

This study focuses on the development of non-random cellular structures produced by 

electron beam melting in Ti-6Al-4V with applications as orthopedic implants. The bending 

and torsional stiffness of orthopedic implants is a key design consideration. Implants that are 

much stiffer than the adjacent bone cause stress concentration at their ends and cause stress 

shielding, which can lead to bone loss, weakening surrounding bone, and can lead to implant 

failure. Porous cellular designs decrease implant stiffness while retaining strength and 

biocompatibility. The porosity of cellular structures allows bone ingrowth needed for stable 

fixation of non-cemented implants. In this experiment, cellular structures based on three unit 

cells were designed in three sizes each. Two types of rhombic dodecahedron unit cells and a 

cubic unit cell were used to design cellular structures with nominal pore sizes of 400, 600, 

and 800 µm. Three samples of each combination were manufactured in Ti-6Al-4V via 

electron beam melting. Strut thicknesses and pore sizes were measured as well as bulk 

dimensions and mass. The parts were tested in compression to determine elastic modulus and 

yield strength. One of the rhombic dodecahedron unit cells was chosen for its elastic 

modulus, based on compression test results, and was used for four-point bending tests. Two 

approaches were used to pattern the unit cell into cylindrical samples with the same three cell 

sizes used for compression tests. Samples were tested in four-point bending for flexural 

modulus and yield strength. All designs had elastic moduli below the target range of bone, 

with the smallest unit cell having the highest strength and modulus. 
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1. INTRODUCTION 

 
Bones and joints are affected by a variety of conditions that interrupt their normal 

function to the point of requiring surgical intervention in both humans and companion 

animals. Trauma and bone neoplasia (e.g., osteosarcoma) can lead to the need for radical 

surgical intervention. These interventions may require removal of a portion of bone, 

which can be replaced with an implant or allograft. Total hip arthroplasty (THA) due to 

osteoarthritis is a well-established example of such a procedure. In this procedure, the 

acetabulum of the pelvis and the head and neck of the femur are replaced with an 

artificial joint that is anchored to the pelvis and to the femur. In the femur, a stem is 

inserted into the shaft as the anchor for the artificial femoral head. Radical surgeries are 

sometimes performed as part of revision surgery after failed THA.  

Osteosarcoma of the distal portion of the radius is relatively common in the dog.8 

Osteosarcoma requires the excision of the distal portion of the bone, and it is generally 

managed by performing an amputation of the forelimb. As long-term survival has 

improved (through the use of chemotherapy), and possibly because of a shift in the 

approach toward amputation, the interest in replacing the excised section of the bone in 

order to spare the limb has increased.36 This requires replacing the excised portion of the 

bone with an allograft or an implant A solid metal endoprosthesis is commercially 

available but it has a risk of poor bone ongrowth and stress shielding, leading to bone 

resorption and mechanical failure of the bone/implant contruct. 
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The design of an endoprosthesis is key to long-term stability of the bone/implant 

construct. A stable bone/implant interface is essential to bone ongrowth and ingrowth and 

to limb use.51 Poly(methyl methacrylate) (PMMA) has been widely used as bone cement 

to secure implants, particularly during joint replacement (arthroplasty). Failure of the 

cement-bone interfaces is relatively common in the long term. 

Cementless implants are an alternative to the use of bone cement. These are 

designed with textured surfaces to encourage bone ingrowth. This can improve the long-

term stability of the implant, though it requires a more precise fit since the implant and 

bone surfaces need to be in close proximity and implant to bone motion needs to be small 

(< 100 µm) for bone ingrowth to occur.51 

An additional challenge in designing any load-bearing bone implant is stress-

shielding. Implants need to be strong enough to bear a proportional amount of the normal 

bone loading without placing excessive stress on the remaining bone and without 

shielding that bone from stress. Most implants are made of metals such as cobalt 

chromium, titanium, or steel that are considerably stiffer and stronger than cortical 

bone.90 The implant thus takes on a disproportionate amount of the loading on the bone, 

so part of the bone around the implant is “shielded” from stresses. Mechanical loading 

stimulates bone repair and remodeling, and bone that is underloaded resorbs over time. 

The higher relative stiffness of solid metal implants thus results in stress shielding of the 

surrounding bone tissue, leading to weakening of the bone matrix and potential loosening 

of the implant.48 The bone near the end of the implant, in contrast, has a higher than 

normal stress placed upon it, placing it at risk of fracture.45  
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The use of low modulus implants to address these problems has received 

increasing interest as the science of designing bone implants has continued to progress. 

Low-modulus stems have been tried with hip implants using a variety of approaches, 

such as carbon fiber composites and porous scaffolds.48 Non-stochastic lattice structures 

have been examined for use with hip implants, and the stresses in the bone have been 

analyzed.119  

Porous metal materials in the form of metal foams have been available for several 

years. The properties of metal foams can be controlled during manufacturing but with 

very limited precision, due to the random distribution of pore sizes. The advent of 

additive manufacturing (AM) allows the manufacture of exact structures with precisely 

controlled properties and shapes. This allows the implant shape and properties to be 

tailored to the individual patient’s bone.  

 

The approach for this work is to use additive manufacturing to design non-random 

three-dimensional mesh implants of titanium alloy for limb-sparing procedures of the 

canine radius. Several unit cell types will be designed and tested to find those that 

approximate the modulus of cortical bone of the radius as closely as possible. 
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2. LITERATURE REVIEW 

2.1 OSTEOSARCOMAS & LIMB-SPARING PROCEDURES 

2.1.1 Osteosarcoma, Dogs vs. Humans 

Dogs as a model of spontaneous bone cancer. Spontaneously occurring tumors 

in pet dogs offer a useful model for studying the biology and treatment of human cancers, 

offering many advantages over lab animals such as mice. Dogs’ body size and cell 

kinetics are much closer to humans than that of mice. Dogs and humans have a 

considerable genetic homology useful for studying genetic disease factors. The canine 

genome is both diverse across the species and highly conserved within pure breeds.1 

Naturally occurring canine tumors resemble the behavior and biological traits of human 

tumors better than induced tumors in lab animals. Moreover, dogs live in the same 

environment as humans and so reflect many of the same environmental risk factors. 

Because of the greater similarity in size, surgical intervention techniques developed on 

dogs are more readily applied to humans.1,2 

Cancer occurs frequently in dogs so a large number of animals can potentially be 

included in studies; some types of cancer are even more common in dogs than in humans. 

Also, the cost of clinical trials is significantly less for veterinary patients than for human 

patients. Because of their shorter lifespan, disease progression is compressed into a 

shorter time frame, potentially yielding data on outcome and therapeutic effectiveness 

more rapidly.1,2 Treatment protocols for canine cancer patients are less standardized than 

for humans, which may allow more flexibility in clinical trials to improve treatment 
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regimens and trials of new approaches.1 Among the most promising canine cancers for 

comparative studies are lymphoma/leukemia, soft tissue sarcoma, melanoma, mammary 

tumors,3 and osteosarcoma.3,4 

 

Description. Osteosarcoma is a highly malignant tumor characterized by 

production of osteoid by the proliferating tumor cells,5,6 though it can also cause bone 

lysis, or both.7 In addition to aggressive and invasive local behavior it is also highly 

metastatic,8 and early development of micrometastases is typical.7 In humans it usually 

occurs as a high-grade primary bone cancer, though it can also occur secondary to certain 

unrelated pathologies such as Paget’s disease.1 

 

Epidemiology. Each year in the US there are approximately 1,000 new human 

cases5 and 8,000 new canine cases,4 making osteosarcoma the most common primary 

bone cancer in humans and dogs.2,5 In humans, classic osteosarcoma accounts for about 

15% of biopsied primary bone tumors and 0.2% of all malignant tumors. In children it is 

the most common solid malignant cancer.9 Worldwide incidence in humans is reported in 

the range of 1-3 cases per million per year.5 The human to dog ratio in the US is 

estimated at 4 to 1, which makes osteosarcoma 40-50 times more common in dogs than in 

humans,4 comprising up to 85% of canine primary skeletal malignancies.8 

 

 

 



7 
 
 

 

 

Demographics. 

Humans. In humans, osteosarcoma primarily affects children and young adults. 

The highest incidence coincides with peaks in growth rate. The most common age of 

onset is 14 years, striking girls a bit earlier and boys a bit later,6,10 corresponding to the 

earlier growth spurt in girls. Approximately 70-75% of patients are 10-25 years old. It is 

much less common in patients less than 6 years or greater than 60 years of age,4,11 though 

there is a smaller secondary peak in patients over 60, largely secondary to Paget’s 

disease.6 In some studies, higher incidence rates have been reported in African 

Americans12,13 and Hispanics12 compared to the general population. 

Dogs. In contrast to humans, osteosarcoma in dogs generally occurs late in life. 

The median age of onset of osteosarcoma in dogs is 7-8 years of age.2,14,15 Some studies 

report a bimodal age distribution with a secondary, smaller peak between 18 and 24 

months of age.2,8,16 The majority of canine osteosarcoma patients are large or giant 

purebreds, particularly Irish Wolfhounds, St. Bernards, Leonbergers, Great Danes, 

Rottweilers, Boxers, and Irish Setters,14,15,17-19 with only 5% of cases presenting in dogs 

less than 15 kg.1 It affects males about one and a half times more often than females in 

humans and dogs,6,11 with the exception of St. Bernards, where females have been 

reported to be more commonly affected.8 

 

Anatomical behavior. In both species, tumors most often affect anatomical 

locations associated with weight bearing and rapid growth rates,5,9 usually the metaphysis 

of long bones (77% for dogs, 90% for humans), particularly the metaphyses adjacent to 
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late-closing physes.2,4,11 In humans, the knee is most commonly affected, with 40% of 

tumors occurring in the distal femur, often near or crossing the growth plate, followed by 

the proximal tibia, proximal humerus, and proximal femur.6,9 In dogs, 70% of 

osteosarcomas develop in the four major weight-bearing bones (radius, humerus, tibia 

and femur). Approximately 66% affect the front legs, with the distal radius, followed by 

proximal humerus, having the highest incident rate, though the forelimb to hind limb 

ratio varies by breed.2,8 While this may seem a point of contrast, it is worth noting that 

60% of a typical dog’s weight is on the front legs.4 The elbow, a site of early physeal 

closure, is rarely affected in either species.2,8,12 The difference in age of onset is a notable 

contrast between the two species; in humans at the peak ages of onset the physeal plates 

are still open, whereas in dogs by the peak onset age they have been closed for some 

years.4 Despite its invasiveness, osteosarcoma rarely crosses joint surfaces.7 

 

Etiology and Risk factors. The exact etiology of osteosarcoma is not yet known, 

but is probably multifactorial. The peak incidence in humans during the adolescent 

growth spurt and occurrence near the growth plates suggests an abnormality of the 

normal bone growth process.9 Several risk factors have been identified, including genetic 

predisposition, certain viruses and chemicals, irradiation (e.g., to treat a preexisting 

tumor), and even electrical burns and trauma are thought to possibly contribute.1,6 In 

dogs, the association with certain breeds supports a genetic influence.15 Bone infarction 

has been observed before, during, or after detection of bone cancers in humans and dogs. 
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In dogs, bone fracture and metallic implants have been associated with the development 

of bone sarcomas,20 whereas this is rare in humans.21 

Height and weight as risk factors. A UK study30 of 364 human patients with 

osteosarcoma compared patients’ heights at diagnosis (standardized for age and sex) to 

the national average, and found that OSA patients were significantly taller (P = 0.001). A 

retrospective study17 of dogs examining height and weight as risk factors for 

osteosarcoma reviewed 3,062 cases compared to 3,959 matched controls. Because actual 

height had not been recorded for most patients, standardized heights based on breed were 

used and compared with standardized weights based on breed. For body weight alone, 

standardized weights produced results similar to actual body weights. Controlling for age, 

they compared the risk of osteosarcoma as a function of standardized weight and 

standardized height, and found that standardized height correlated better than weight with 

increased risk, particularly for appendicular osteosarcomas.  

 

Presentation and treatment. In both species, osteosarcoma initially presents as 

pain and swelling of the affected limb. At diagnosis, it is estimated that 80% of humans 

and 90% of dogs have metastases, most often to the lungs,6 though it is only detected in 

8-15% of cases at diagnosis,5,8 and pulmonary metastases is the most common cause of 

death in both species if amputation is the only treatment.1,8 

Treatment depends in part on the stage. In humans, for localized tumors, radical 

surgical treatment alone has proven inadequate to prevent spread in 85-90% of patients 

due to the high rate of micrometastases. In the last 25 years, aggressive multimodal 
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treatments including pre- and postoperative chemotherapy for humans have been 

developed to control micrometastases and reduce the primary tumor load even before 

surgery. Osteosarcomas are typically resistant to standard doses of radiation,5,22 so 

radiotherapy is not commonly used as a curative treatment, though it is sometimes used 

for palliative treatment in dogs.7 Complete surgical resection, with adequate margins, by 

amputation, limb salvage, or rotationplasty is essential for effective treatment. Without 

adequate surgical margins, the risk of local recurrence is high (about 25%) with a poor 

prognosis.4,11 In dogs, the standard treatment is surgical resection, either amputation or 

limb sparing, and chemotherapy, though the best treatment protocol has not been 

established.23,24 Even with amputation and chemotherapy, most dogs eventually succumb 

to metastatic disease within 2 years of diagnosis.3 

In humans and dogs, limb sparing has become increasingly common as an 

alternative to amputation for local control. Canine tumors typically are more advanced 

than in humans, and progress faster, making them a good test of the effectiveness of 

preoperative treatments to control the local disease.4 

 
Prognosis. Some important prognostic factors for both species are the presence of 

detectable metastases at the time of diagnosis,7 alkaline phosphatase (ALP) levels25,26 and 

histological grade.27 In humans, histological response to chemotherapy is also a 

significant prognostic factor.28 In humans, the addition of neoadjuvant chemotherapy 

(administered prior to surgery) to the standard of care (surgery followed by 

chemotherapy) leads to an overall five-year survival of 60%; 75% for those who present 

with localized disease only, but only 20% for those with metastases at the time of 
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diagnosis.1 For dogs, surgery followed by chemotherapy is still the standard of care, 

yielding a 50% 1-year survival rate and a 20% 2-year survival rate.1 A study comparing 

survival times of 102 dogs treated with chemotherapy starting 2 or 10 days 

postoperatively with a historic control group treated by amputation alone found median 

survival times (MST) in the treatment group of 11.5 and 11.0 months, respectively, 

compared to 5.5 months for the control group. The difference in MST between the 2 

chemotherapy groups was not significant.29 

Table 1. Osteosarcomas in Dogs versus Humans. 
 Dogs Humans 
Incidence4,5 >8,000/year 1,000/year 
Mean age2,6,10,14,15 7 years; older skeletally 

mature patients 
14 years; young skeletally 
immature patients 

Male:female6,11 1.5:1 1.5:1 
Breed/Race12-15,17,18,30 large/giant breeds, esp. 

Irish Wolfhounds, Saint 
Bernards, Great Danes 
Favors taller breeds? 

higher incidence in African-
American and Hispanic 
populations 
Favors taller individuals? 

Site4,5,9,11 77% long bones 
metaphyseal 
distal radius >  
proximal humerus >  
distal femur > tibia 

90% long bones 
metaphyseal 
distal femur >  
proximal tibia > 
proximal humerus 

% clinically confined 
to limb5,8 

80% - 90% 80% - 90% 

Metastatic rate 
without chemo4 

90% before 1 year 80% before 2 years 

Metastatic sites4 lung > bone > soft tissue lung> bone > soft tissue 
Improved survival 
with chemotherapy4 

yes yes 

Adapted from Withrow SJ, Powers BE, Straw RC, et al: Comparative aspects of osteosarcoma: Dog 
versus man, Clin Orthop 270:159-167 
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2.1.2 Limb-sparing versus amputation. 

Limb sparing in humans. 

As newer, more aggressive treatment protocols have improved survival rates, 

oncologists have become more interested in preserving limb function. Functional results 

of limb sparing have improved considerably in the past decade.4,11 Limb-sparing 

surgeries necessitate smaller surgical margins than amputation, raising the question of 

prognosis with respect to local recurrence, since local recurrence rates have been directly 

linked to surgical margins.9 Patients who develop local recurrence concomitant with 

metastases subsequent to surgery and chemotherapy tend to have a poorer prognosis than 

patients with metastases alone.28 In light of this concern, several studies have undertaken 

to compare the prognosis of patients undergoing limb-sparing surgery with those 

undergoing amputation in terms of survival and functional outcomes. 

Survival. A 2002 study28 in Italy compared outcomes in 570 human patients 

treated for appendicular osteosarcoma without metastases (at diagnosis) between 1983 

and 1995 at the Rizzoli Orthopaedic Institute in Bologna, Italy. Of these, 465 had limb-

sparing procedures and 95 had amputation or rotationplasty. Surgical margins were 

classified as ‘radical’ (bone and muscle removed en bloc), ‘wide’ (lesion plus buffer of 

normal tissue taken en bloc), ‘marginal’ (microscopic disease at the margin detected), or 

‘intralesional’ (dissection passed through the lesion). Histological response to 

chemotherapy was classified as ‘good’ (≥ 90% tumor necrosis) or ‘poor’ (< 90% tumor 

necrosis). Outcomes in terms of disease recurrence (local and metastases) and 5 year 

survival were analyzed in light of these factors. Of the 560 patients, 335 remained disease 
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free at a mean follow-up of 10 years, and 225 experienced disease recurrence. Of the 225 

with disease recurrence, 191 had metastases only, 32 had metastases with local 

recurrence and 2 had local recurrence only. The latter 2 were limb salvage patients who 

underwent subsequent amputation and remained disease free thereafter. The five-year 

survival of the first two groups was 23.6% (45/191) and 5.9% (2/34) (P < 0.03), 

respectively, reflecting the significantly poorer prognosis associated with local 

recurrence. In the multivariate analysis of recurrence rates, surgical margins (P < 0.001) 

and histological response to chemotherapy (P = 0.005) were found to be the only 

independent factors. In the multivariate analysis of the 5-year DFI, the histological 

response to chemotherapy (P < 0.001) and serum levels of ALP (P = 0.002) were the only 

significant factors. The authors concluded that, despite the greater number of inadequate 

surgical margins (‘marginal’ or ‘intralesional’) in the limb-sparing group, there was no 

significant difference in the incidence of local recurrence or disease-free survival 

between the two groups. 

A study31 in 2010 reviewed 251 human patients treated for high-grade 

osteosarcomas between 1980 and 2004 to determine whether increased rate of limb-

sparing surgery versus amputation affects survival by comparing rates of limb-sparing 

and survival rates for each decade. They found that the overall survival rate in the 1980s 

was significantly lower than in the 1990s (P = 0.002) or in the 2000 to 2004 period 

(P < 0.001), despite increased rates of limb sparing over amputation in the latter decades. 
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Functional results. A study by the Scandinavian Sarcoma Group32 in 2002 

followed up 118 human patients who had been treated for appendicular osteosarcoma or 

Ewing’s sarcoma (the second most common malignant primary bone cancer in children 

and adolescents33) to compare long-term function and quality of life (QOL). The mean 

age at follow-up was 31 (15 to 57) years and the mean follow-up time was 13 (6 to 22) 

years. Primary limb-sparing surgery had been performed on 67 of the 118, with 4 

secondary amputations. Patients were asked to fill out the Toronto Extremity Salvage 

Score (TESS)a and were evaluated according to the Musculoskeletal Tumor Society 

(MSTS)b score. They found no significant difference in health-related quality of life 

between the two groups; however, physical functionality as assessed by the MSTS score 

was significantly lower for the amputees (P < 0.001). They noted that location of the 

tumor above the knee resulted in a significantly lower median MSTS score in the 

amputee group but not in the limb-sparing group. They also noted that the lowest MSTS 

scores (< 50%) were almost entirely reported by amputees. 

 

Limb-sparing surgery in dogs. 

Until relatively recently, reports of limb sparing procedures in dogs have been 

sparse, with limited follow-up.7 Colorado State University Animal Cancer Center (CSU-

ACC) has reported on more than 600 limb-sparing procedures, finding good or excellent 

limb function in most dogs. They found no significant difference in survival between 

                                                
a The Toronto Extremity Salvage Score (TESS) is a questionnaire that asks the patient to rate the severity 
and importance of functional limitations in daily living, work/school and mobility.34 
b The Musculoskeletal Tumor Society (MSTS) score is designed to evaluate functionality of reconstructive 
and limb-sparing procedures subsequent to surgery for musculoskeletal tumors.35 
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dogs treated with amputation and chemotherapy versus dogs treated with limb sparing 

and chemotherapy.7,36 A review of 220 limb-sparing surgeries at CSSU-ACC found that 

76% of dogs were disease free at one year.36 The best candidates for limb sparing among 

dogs are those with osteosarcoma confined to the leg, with less than half the bone 

affected, and that are otherwise healthy. Limb sparing subsequent to resection of the 

distal radius or ulna tended to have some of the best functional outcomes.7 

 
2.2 BONE PROPERTIES 

2.2.1 Wolff’s Law and stress shielding. 

Wolff’s Law. In designing an endoprosthesis for use with bone, it is important to 

remember that bone is both a structural material and a living tissue. As with any 

structural material, when bone is loaded the resulting stresses are distributed throughout 

the bone as it deforms by some amount determined by its stiffness. If a structural 

component, such as an endoprosthesis or a bone plate, is added to the bone, the load is 

divided between the two components, with the stiffer one bearing the greater part of the 

load, so that the total stress experienced by the bone is reduced, a phenomenon known as 

stress shielding.37,38 This is an important concept in endoprosthetic design, because, as a 

living tissue, bone can sense and adapt to changes in stress by remodeling to alter its 

thickness, density and microarchitecture according to changes in loading patterns over 

time. When bone experiences increased stresses for extended periods it remodels to 

increase the density in that area.39 Conversely, when loads are reduced, resorptive 

remodeling leads to less dense, more porous bone. Bone’s response to its mechanical 
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environment is known as Wolff’s Law40 and is an important factor in the long-term 

success of limb-sparing surgery. When a diseased portion of bone is removed, the gap 

created must be filled with a suitable structural replacement. Ideally this replacement 

should match the mechanical properties of the resected bone to minimize adverse changes 

to the loading experienced by remaining bone. If the replacement causes stress shielding, 

resorptive remodeling can lead to loosening of the implant, increasing the risk of bone 

fracture near the implant or the need for surgical revision.41 

Stress shielding and endoprosthetic design. Stress shielding is a particular 

concern with any type of metal endoprosthesis or fracture fixation device such as a bone 

plate. Cementless stems for total hip arthroplasty (THA), for example, have raised 

concern about stress shielding in the proximal femur resulting from the use of canal-

filling stems (which are larger than cemented stems) that are much stiffer than the host 

bone. Bone ingrowth in the distal portion of the porous-coated portion of femoral stems 

has also been found to contribute to bone resorption.42,43 

Studies on femoral hip stems used in total hip arthroplasty—one of the most 

common and most studied types of bone implants—have demonstrated the reduction in 

proximal bone strain due to the hip stem.44,45 The reduced strain is believed to be a cause 

of bone resorption in the proximal portion of the femur, potentially resulting in a loss of 

adequate support for the stem, component loosening, and pain.41 Experiments have 

demonstrated that the use of more flexible fracture fixation plates reduces bone atrophy 

under the plate and yields stronger bony union at the site of the fracture.46,47 A clinical 

study of patients with a porous-coated CoCr stem found that bone resorption is often 
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evident radiographically, and significant in 20% or more of cases.42 Bobyn et al. noted 

that changes in bone mineral density of less than about 15% are difficult to detect by x-

ray; resorption evident radiographically is usually seen with bone mineral changes of 20-

50%.48 

Canine studies of stress shielding. Tonino et al.37 examined the effects of stress 

shielding on bone in a paired experiment comparing two bone plates of similar design but 

fabricated of materials with different elastic moduli. First, they compared bones from 

right and left sides of a group of normal dogs (15-25 kg) to establish symmetry of 

properties. They found average flexural moduli of 9.7 and 9.4 GPa for the right and left 

femora, respectively (n = 12) with an average difference of paired observations of 

0.31 ± 0.72 GPa. In a group of 20-30 kg dogs, they affixed a plate to each femur along 

the shaft, using a stainless steel plate on one side and on the opposite side using a similar 

plate made of the plastic polytrifluorochloroethylene (PTFCE). Dogs were sacrificed 

every 2 weeks from 10 to 18 weeks post-operatively and the paired femora examined for 

changes in density, cross sectional area, strength and stiffness. They found an average 

difference in bending strength between the steel plated and plastic plated femora of 0.57 

kN and average difference in flexural modulus (elastic modulus of bending) of 1.46 GPa, 

summarized in Table 2. (Values were not reported for each two-week interval.) 

Table 2. Differences in bone properties in steel plated vs. plastic plated canine 
femora, averaged over the 8-week period. 

 Avg. Bending 
Strength  

Avg. Flexural 
Modulus  

Steel plated femur 1.34 kN 5.85 GPa 
Plastic plated femur 1.91 kN 7.30 GPa 
Paired difference 0.57 kN 1.46 GPa 
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Bobyn et al. investigated the effects of stem stiffness on bone resorption in non-

cemented canine THA.38,48 They compared a solid CoCr stem with a more flexible 

hollow Ti-6Al-4V stem, both fully porous-coated and having the same external 

dimensions. The CoCr stem was 5.4 times stiffer axially and 3.6 times stiffer in bending 

and torsion than the hollow Ti-6Al-4V stem. Bilateral total hip arthroplasty was 

performed on 8 dogs, alternating which side received which stem. Dogs had unrestricted 

cage activity and access to a large run twice a week. Bone remodeling was assessed 

radiographically, by DEXA, and by thin-section histology. One dog developed a limp at 

four months; by six months radiolucency adjacent to the implant was visible so the dog 

was sacrificed prematurely at six months. Another dog showed severe bone resorption 

radiographically on the stiff stem side by four months post-operatively but did not 

develop a limp for two years. Four dogs were sacrificed at one year, one at two years, and 

one at three years. All dogs showed some bone resorption adjacent to both stems, but the 

side with the stiffer stem showed markedly more bone loss than the side with the more 

flexible stem in all dogs. Evidence of bone resorption in the region of the proximal 

medial femur was visible radiographically in the first 6-12 weeks after surgery. By six to 

nine months the difference in bone resorption between the two stems was clearly evident 

in 3 of the 4 one-year dogs, with no noticeable change after that. In one dog, the 

difference was evident by 3 months, prior to the onset of limping. By 6 months this dog 

showed full-thickness resorption of the cortical bone in parts of the femur on the stiff 

stem side so that the stem itself was visible through gaps in the cortex post mortem. The 

authors noted that disuse atrophy from limping, essentially a form of behavioral stress 
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shielding, exacerbated the effects of stress shielding from the stiffer CoCr stem so that 

the difference between the two sides was exaggerated in that dog. Postmortem 

examination found that two dogs had fibrous encapsulation around the acetabular 

component, whereas the other dogs had bony ingrowth. Fibrous encapsulation would not 

have stabilized the acetabular portion adequately, and this instability most likely led to 

the lameness. The one-year dogs all showed comparable bilateral cortical thickness distal 

to the stems, suggesting no disuse atrophy. This study was designed to exaggerate the 

effect of stress shielding for experimental purposes; a 10.5 mm diameter implant such as 

that used in the study would, in humans, typically be used with a much larger femur of 

25-30 mm or more, which would have a bending stiffness approximately three times that 

of the 10.5 mm CoCr stem over the more distal stem section.38 In contrast, the flexible 

stem used in the study had approximately the same bending stiffness as the dogs’ femora, 

and the stiffer stem was at least four times stiffer in bending. Axially the disparity 

between the femora and the implanted stems was even greater. Quantitative analysis 

showed that on average, the femur with the flexible stem retained 25% - 35% more 

cortical bone than the femur with the stiff stem, with the greatest difference noted in the 

diaphyses.  

Bone surface strain analysis was done on the stem-bone composite for the 3-year 

dog and compared with those from a normal dog using a rig designed to reproduce in vivo 

loading of the hip. Strain gauges were placed on the medial, lateral, anterior, and 

posterior aspects at 4 levels from the lesser trochanter (level 1) to just distal to the tip of 

the stem (level 4). Cranial strains on the stiff side were higher than those on the flexible 
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side proximally, but distally were similar between the two sides. Medially and caudally 

the strains were 1.5-2 times greater and 2-4 times greater, respectively, on the flexible 

side at levels 1-3, and similar at level 4. The authors noted that one of the challenges in 

designing metal implants to be mechanically compatible with bone is that greater 

flexibility means greater stress and deformation under loading, potentially leading to 

greater fatigue in the implant. Additionally, more flexible stems have a greater tendency 

for relative movement at the interface between the stem and the bone, which impedes 

bone ingrowth,50 resulting in fibrous tissue surrounding the stem.51 

Bobyn et al. also reviewed 411 non-cemented hip arthroplasties in humans, 

examining factors that could influence resorptive bone remodeling 2 years 

postoperatively.42,48 They found that stem size and extent of porous coating were the most 

significant factors affecting the extent of remodeling. Of the 411 cases, 213 were selected 

for further follow-up based on canal fill and bone ingrowth—factors that put them at the 

greatest risk for bone resorption. At 2 years, 28% had notable bone resorption; by final 

follow-up the number had risen to 33%. When this percentage was considered by stem 

size the incidence of significant resorption in patients with stem diameters of less than 13 

mm was 10%; in patients with stem sizes larger than 13 mm it was 44%. Most patients in 

the study reached a stable level of remodeling by about 2 years after surgery. In the 

canine study, this state was reached by 9 months to 1 year postoperatively. In discussing 

the ideal stiffness for an implant the authors pointed out that for a medullary filling 

implant such as a hip stem an isoelastic implant may not be sufficiently flexible to 

prevent bone resorption. Because the cortical bone surrounding the implant is still intact, 
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an isoelastic implant still would reduce the stress on the bone by as much as half. In the 

canine model, the distal portion of the more flexible stem was approximately isoelastic 

with the bone in bending and torsion, but notable bone resorption still occurred. The 

authors noted that in the human study bone resorption in 95% of the 10.5 mm porous-

coated stems was minor and that the distal part of that stem was about 1/3 the stiffness of 

the human femur in bending and torsion. Based on this they concluded that, for canal-

filling bone implants, a stiffness ratio of bone to implant of 2:1 to 3:1 is the best choice. 

Though they did not specify whether this was for bending or axial stiffness, most of the 

work that this was based on was done on bending stiffness.48 The authors did observe, 

however, that the greatest discrepancy in stiffness between the implant and bone was 

axially.38 This contrasts with the case of a limb-sparing implant where the implant 

completely replaces a section of the bone, and thus assumes the entire load that section 

would normally bear, in which case an isoelastic implant would be appropriate. 

In another study by the same authors, Engh and Bobyn’s data suggest that 

calculated stress shielding greater than 40% leads to a significantly increased incidence of 

proximal femoral resorption.42  

 

2.2.2 Bone structure and mechanical properties. 

Bone structure. Designing an effective prosthesis requires an understanding of 

the mechanical environment in which it will function. A complete description of this 

mechanical environment includes the material properties of the bone and the loads 

applied to it. Modeling the material properties of bone has proven challenging; not only is 
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bone anisotropic on both the macro and micro scale but considerable variation exists 

between individuals due to differences between species and differences in age and 

activity. Most of these differences correlate to variations in the apparent densityc of 

bone.52 The more porous the bone is, the lower its density. Mineralization level and 

organization of the solid matrix also influence bone’s mechanical properties.53 Because 

bone is anisotropic, properties vary according to orientation. 

 Bone’s structural hierarchy has several layers from macroscopic to microscopic, 

from overall geometry of a bone down to the molecular level, and it can exist in several 

forms, such as laminar, haversian, plexiform, and trabecular. 

Bulk geometry. The principal load-bearing long bones such as the femur are 

composed of a long, hollow, approximately cylindrical shaft (the diaphysis), separated by 

the physes (the growth plates) in skeletally immature animals, from the broader portions 

at each end (the epiphyses) where the bone articulates with adjoining bones. In adults, 

physes ossify and are remodeled away. The osseous tissue comprising the bone is of two 

types; cortical bone, a dense tissue with minimal porosity that comprises the major load-

bearing portions, and trabecular (cancellous) bone, a highly porous matrix found in the 

ends of the long bones (the epiphyses) and inside flat bones.  

Microstructure. At the fundamental level, bone is predominantly comprised of 

collagen molecules, 1.23 nm wide and up to about 1 µm long, impregnated with plate-

like crystals of hydroxyapatite, averaging 25 nm by 50 nm high and wide but only 2-3 nm 

thick. Other organic molecules include lipids and proteoglycans. The mineralized 
                                                
cApparent density is the bulk volume divided by the mass and is inversely proportional to the porosity, as 
opposed to relative density, which is the ratio of the apparent density of the cellular material to the density 
of the solid material. 
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collagen is arranged into fibrils that combine to form collagen fibers. These fibers are 

arranged in planar sheets called lamellae, typically about 3-7 µm wide. Lamellae may be 

arranged several ways; a common arrangement is in concentric layers about the central 

channel forming a cylindrical structure about 200-250 µm across called an osteon or 

haversian system, the principal element of haversian bone tissue. Lamellae may also be 

arranged in layers that are tangential to the surface of the bone forming lamellar bone 

tissue. In contrast, woven bone contains lamellae that are poorly organized. It is not as 

strong as haversian and lamellar bone tissue and is typical of immature or healing 

bone.53,54  

Anisotropy. Because bone responds to the stresses on it, it is not surprising that 

bone is an anisotropic material. Katz and Yoon54 examined the orthotropic properties of 

bone by ultrasonic wave propagation. By comparing the wave velocity through human 

and bovine femora at different orientations they found that the density and modulus of 

bone is transversely isotropic, with the long axis of the bone being the axis of symmetry. 

Comparing the radial and tangential properties in the transverse plane, they found 

differences between the anterior and posterior aspects of the bone. They noted that the 

anterior samples were largely plexiform or laminar with moduli that differed in the radial 

and transverse directions, whereas the posterior samples were primarily haversian bone 

and transversely isotropic.  

Modulus of Elasticity. Reilly and Burnstein55 compared the material properties 

of 19 different human femora. A total of 196 purely laminar or purely haversian samples 

were taken from the diaphysis of fresh frozen femora and tested in tension and 
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compression. The compressive and tensile moduli were determined for each femur and 

compared. The authors concluded there is no difference in tensile and compressive 

moduli for the femur, and reported a mean value of 17.1 ± 3.15 GPa. They also tested 20 

samples each of bovine laminar and haversian bone from the femur, and found means of 

28.9 ± 6.31 GPa and 23.9 ± 5.57 GPa, respectively. Bovine haversian samples from the 

tibia yielded an average modulus of 21.2 ± 4.15 GPa. In a separate experiment Reilly and 

Burnstein58 compared properties of cortical human and bovine femur bone in tension 

along three axes (longitudinal, radial, and circumferential). They found no significant 

difference in elastic modulus in the radial and circumferential directions, suggesting that 

compact bone is transversely isotropic. In compression they found human bone to have a 

longitudinal elastic modulus of 18.2 GPa with a transverse modulus of 11.7 GPa, while 

the bovine cortical bone showed elastic moduli of 10.1 GPa and 22.3 GPa in the 

transverse and longitudinal directions, respectively. 

A study of the changes in bone properties in canines following immobilization 

found that the control group (not immobilized) had an average compressive elastic 

modulus of 2.66 GPa in the humeral condyle with a yield stress of 12.89 MPa.57 Tonino 

et al. found average flexural moduli of 9.7 GPa and 9.4 GPa for the right and left canine 

femora, respectively.37 Carter and Smith found an average elastic modulus of 12.1 GPa 

(9.6 to 15.5 GPa) in the canine radius.62 

Trabecular bone. A study59 of the properties of trabecular bone found the bulk 

structural modulus (i.e., considering the trabecular section as a whole) of human 

trabecular bone to be between 0.96 and 2.17 GPa (vs. 12.7-13.1 GPa for material 
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modulus, considering individual trabecula, for trabecular bone) and 2.11 GPa for the 

structural modulus of bovine trabecular bone (10.9 GPa for material modulus). Rho et 

al60 used nanoindentation to test the modulus of individual vertebral trabecula, as well as 

individual osteons and interstitial lamellae from cortical tibial bone, both from humans. 

For the trabecula they found a modulus of 13.5 GPa, while the cortical osteons and 

lamellae showed moduli of 22.5 GPa and 25.8 GPa, respectively. 

Ligaments. A study at Colorado State University,61 aimed at developing an 

accurate finite element analysis (FEA) model of the forces on the radius, tested the 

mechanical properties of 6 of the carpal ligaments that attach to the distal end of the 

radius. Since these ligaments attach to the bone and transmit forces between it and the 

carpal bones, the forces these ligaments potentially apply to the bones would need to be 

taken into consideration in designing an endoprosthesis that would replace the distal end 

of the radius, if the radiocarpal joint were preserved. In that study, ultimate ligament 

strength ranged from approximately 15 MPa to approximately 63 MPa, representing the 

maximum stress those ligaments could place on the bone. 

 

Normal in vivo surface strains on the radius. Carter and Smith62 directly 

measured the surface strains on the canine radius and ulna in vivo by implanting rosette 

strain gauges on seven skeletally mature dogs weighing 24 to 36 kg. The strain gauges 

were bonded to the bone surface at the following locations: the cranial aspect of the mid-

radius (3 dogs), the cranial-medial aspect of the mid-radius (1 dog), the caudal aspect of 

the distal radius (1 dog) and the caudal-medial and cranial-lateral aspects of the ulna (2 
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dogs). Once the dogs’ gaits had returned to normal, strain values were recorded for each 

dog while walking. Surface strains were resolved into longitudinal (along the bone’s long 

axis) and transverse (circumferential, perpendicular to longitudinal). At the cranial aspect 

of the mid-radius, the longitudinal stress during the stance phase of the stride was 

primarily tensile, though a much smaller compressive peak was observed at paw-strake 

and the end of the stance phase. The cranial aspect of the radius is convex, so tensile 

stresses suggest the bone is at least partly loaded in bending while walking. Based on 

their graph, the peak compressive strain at paw-strike was close to 0.00025 with stress 

around 2.5 MPa, while the peak tensile strain in mid-stance phase was almost 0.0004, and 

the stress was close to 5 MPa. Cranial-medial stresses were similar but smaller. At the 

caudal aspect of the distal radius, compressive stress was calculated in the range of 2.5 

MPa. The choice of location at the distal rather than mid-radius for this gauge when all 

others were at mid-radius was not explained but may have been restricted by the 

proximity of the ulna. One sample also contained a significant amount of circumferential 

lamellar bone and yielded a modulus of 17.7 GPa. The authors concluded that the stress 

and strain patterns observed were consistent with what might be expected from the 

curved geometry of the radius and that their results were consistent with previous work 

showing that the compressive strains on the caudal aspect were consistently higher than 

the tensile strains on the cranial aspect. 

In a related experiment, Rubin and Lanyon63 measured the in vivo strains on the 

cranial and caudal aspects of the canine and equine radius and tibia at midshaft at a range 

of gaits and speeds. They surgically bonded strain rosettes to the radius and tibia of two 
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dogs, 29 and 32 kg, trained to use a treadmill at various speeds, and recorded the bone 

strains at various gaits. The peak compressive strains (caudal) they observed are listed in 

Table 3. They reported the principal strains on the cranial side were tensile and similar to 

but smaller than the compressive caudal strains. 

 
Table 3. Peak compressive strains on the caudal aspect of the canine radius and 

tibia as reported by Rubin and Lanyon. 
Peak Caudal 
Strains 

 
radius (dog B) 

 
tibia (dog A) 

Walk  
 

0.001503 (4.2 kph) 0.000702 (2.5 kph) 
0.001059 (5.7 kph) 

Trot  
 

0.001800 (4.2 kph) 
0.002384 (11.4 kph) 

0.001580 (5.7 kph) 
0.002006 (12.1 kph) 

Canter  
 

0.002087 (11.4 kph) 
0.002248 (14.5 kph) 
(non leading leg) 

0.001348 (12.1 kph) 
 
 

(Gallop)   0.002016 (22.5 kph) 
0.001998 (24.7 kph) 
(diagonal to leading leg) 

Abbreviation: kph, kilometer per hour. 

 

2.3 PROSTHETICS, IMPLANTS, BONE GRAFTING 

2.3.1 Limb-sparing considerations. 

Frequency. In the past 25 years, median survival of osteosarcoma in humans has 

increased significantly, from 11% with amputation alone to 60-92% with adjuvant 

chemotherapy.9,64,65 Improved imaging and surgical oncology methods, combined with 

the effectiveness of chemotherapy, may have contributed to the increased choice of limb 

sparing over amputation, so that now, more than 85% of osteosarcoma patients undergo 

primary limb sparing surgery.9 Neoadjuvant chemotherapy (administered prior to surgery 



28 
 
 

 

 

to reduce tumor load and limit micrometastasis), now standard practice, allows the 

assessment of tumor response to chemotherapy, a critical prognostic factor that can better 

inform the decision for or against limb-sparing, as well as reducing the tumor load prior 

to surgery and controlling micrometastases. With today’s increased frequency of limb 

sparing, amputation is seen by many patients and families as a treatment failure. 

Although children with amputations reportedly adjust rapidly and can have excellent 

functional results—especially with more distal amputations—limb-sparing offers better 

functional results overall.66,67 The more proximal the amputation, the greater the 

limitations imparted. Phantom limb sensation can also negatively impact outcomes.9 

Limb sparing in dogs has also seen an increase in frequency but still only 

comprises a minority of osteosarcoma cases. The primary decision owners face is 

whether to treat at all; the financial burden of treating a dog makes the choice prohibitive 

for some owners. Osteosarcoma’s predilection for older dogs also contributes to the 

choice of euthanasia over treatment. Nonetheless, a growing number of owners are 

choosing to treat osteosarcoma in their dogs, especially as survival times have increased. 

While most dogs adjust well to amputation, some contraindications to amputation might 

include existing disabilities in unaffected limbs, very heavy breeds or severe arthritis. 

Moreover, as comparative studies have found no difference in MST between amputation 

and limb sparing, some owners may see limb sparing as the preferred option. 

 

Challenge of growth plates. The ultimate goal of limb-sparing surgery is to 

preserve a useful limb while minimizing the risk of recurrence. Osteosarcoma’s 
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predilection for areas and ages of active growth (in human patients) presents extra 

challenges in this respect. Ideally the salvaged limb should be able to accommodate 

continued growth and the improved life expectancy of osteosarcoma survivors. The most 

common area affected by osteosarcoma in humans is the knee joint, with more than 40% 

of tumors occurring in the distal femur, usually at, or crossing, the growth plate.9 

Resection with adequate margins of tumors in regions of active growth will often 

necessitate removal of the growth plate, halting growth in that portion of the limb. If the 

resulting final discrepancy between limbs will be less than 30 mm, much of the length 

can be recovered by lengthening the affected limb during reconstruction by 10 to 20 mm, 

anticipating that the unaffected limb will eventually catch up and overtake it, leaving only 

a marginal disparity between limbs.9 If the discrepancy will be greater than 30 mm, 

however, reconstruction will have to make some provision for growth. In dogs, this is not 

an issue, as the vast majority of canine osteosarcoma patients are skeletally mature. 

 

Outcomes and Complications. In limb-sparing surgery, the resected portion of 

bone is replaced with a structural substitute. This can be a bone graft or one of various 

types of endoprosthetics, or a combination of both. In assessing the success of a particular 

approach, short-term and long-term functional outcomes need to be evaluated. Factors 

influencing outcome are fixation and stability, strength, and, when applicable, joint 

function. Infection is the most challenging complication to address, both in prevention 

and control, and persistent deep infections contribute to the incidence of secondary 

amputation. Interestingly, there have been various reports of improved survival times 
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associated with persistent infections in both human and canine patients.68,69 Studies of 

osteosarcoma in mice have found that chronic local infection can lead to systemic 

antitumor activity.70 Aseptic loosening requiring surgical revision can also occur,71 

particularly with cemented prosthesis, as the cement can degrade over time. 

 

2.3.2 Bone Grafts. 

Autografts. The optimal solution is to replace the resected bone with an autograft 

of expendable bone that completely fills the defect. The challenge in this approach is the 

general lack of expendable long bones. In humans the most suitable bone for this purpose 

is the fibula. It is most useful in the arm since in the leg it is not sturdy enough to be 

weight bearing immediately. As a living bone, it will strengthen in response to loading, 

but this process takes considerable time.9 

Allografts. An allograft is sterilized bone harvested from a tissue donor, and as 

such does not have the ability to grow new tissue,78 but does have the mechanical 

strength to replace major weight bearing bones. Allografts can be used alone or in 

conjunction with an endoprosthesis, and can even be used for osteoarticular replacements 

that include the bone and articulating joint surface.9 In theory, bone grafts would allow 

better function because it is easier to attach soft tissues to them, but in practice this has 

not been a reality.9 

Reconstructing tumor resections around the knee in children and adolescents is 

challenging due to the relatively large amount of bone and soft tissue resected, the effects 

of chemotherapy, the longer lifetime of use, and higher activity levels.72 Potential 
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advantages of allografts include the possible preservation of the growth plate (with 

intraarticular resection) and the potential for biologic incorporation of the 

reconstruction.72 Massive cortical allografts have long been used in humans73,74 and 

dogs75,76 for limb sparing procedures, but have been associated with a high complication 

rate. Infection rates up to 70% and construct failure rates as high as 60% have been 

reported.77 

Sterilized autograft. Another approach is to use the patient’s own resected bone 

by sterilizing it first by radiation, microwave or pasteurization and placing it back in its 

original location.81-83 This has the advantage of fitting the geometry and mechanical 

environment. It is noted that sterilization of the growth plate causes the bone to shear and 

break, so in younger patients this is only viable for resection of the diaphysis wall away 

from the epiphysis. This option is more viable in skeletally mature patients.9 This 

technique has been used with dogs. Limb function was reported to be good in most 

instances, with 15% local recurrence, 31% infection and 23% implant failure.84-86 

Autograft/allograft composites. An interesting solution to this problem is to use 

an autograft/allograft composite. The vascularized fibula is encased in a more substantial 

allograft, which provides structural support, giving the living bone inside time to grow 

and strengthen. Bone union is usually good, and this approach has shown promising 

results in terms of function, but approximately a quarter of patients’ function is still less 

than desirable.79 The fibular growth plate has been used in some cases to replace the 

growth plate in the arm and leg, with variable outcome.9,80 
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Mechanical advantage of bone grafts. An advantage of bone grafts, whether 

autograft or allograft, is that the mechanical properties are approximately the same as the 

replaced portion, providing the graft is similar in size. In the case of the vascularized 

fibular graft, size is reduced when used for leg grafts, but living bone’s responsiveness to 

its mechanical environment leads to favorable remodeling and improved strength. For the 

sterilized autografts, the inability to remodel is a potential disadvantage, as bone 

accumulates microfractures over time which healthy living bone would repair.77,78  

Outcomes with allograft. A 2003 review72 of 116 children and adolescents 

treated between 1976 and 1998 for high-grade sarcomas around the knee with resection 

and allograft looked at the 5 and 10 years survival rates of the allograft and the limb. The 

study included 72 osteoarticular grafts, 28 intercalary grafts (between the joints), 7 

allograft-prosthetic composites and 9 allograft-arthrodeses. Femoral reconstructions 

involving the joint had the poorest 10-year survival at less than 40%; once failure due to 

local recurrence was excluded,d intercalary reconstruction 10-year survival was 70%. 

Tibial reconstructions fared better with 68% for those involving the knee and 86% for 

those that did not. All allograft-arthrodeses failed by 5 years. Most failures were 

successfully salvaged, with only 14 secondary amputations. Complications included 

nonunion (34%), fracture (27%), and infection (16%). Degenerative disease requiring 

further revision affected the allograft-containing knee in 11 tibial and 3 femoral 

                                                
d While cases of local recurrence in limb sparing procedures cannot be considered successful outcomes 
medically, from an engineering perspective they do not represent failure of the graft or prosthesis. Not all 
reports distinguish them from other forms of failure, which may overestimate the failure rate of the 
prosthesis in question. 
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resections. High-dose chemotherapy can adversely affect the nonunion rate and overall 

success rate for osteoarticular allografts.87 

Canine allografts. Allografts are also used with dogs. For a distal radial site a 

proximal margin of 3 to 5 cm is selected; the radius distal to that is resected and any 

muscles attached to the tumor capsule are cut to give a 2-3 cm soft tissue margin. 

Allografts are fresh-frozen for banking and thawed when needed in an antibiotic saline 

solution. The allograft is cut to fit the defect and cleaned of fat and soft tissue.88,89 The 

graft is secured in place with a dynamic compression plate with at least three screws 

proximal and distal to the graft. To help support the screws on the graft the medullary 

canal can be filled with polymethylmethacrylate (PMMA) containing an antibiotic before 

final fit.7,77 Most dogs will use the limb reasonably well by 2 weeks after surgery. High 

infection rates are a problem, estimated to be 40-50%, and while usually controllable 

with antibiotics, are very difficult to fully resolve.7 Uncontrolled, infection, along with 

local recurrence or implant failure, can lead to secondary amputation. 

 

2.3.3 Endoprostheses. 

Originally the only option for limb sparing, endoprostheses have evolved 

considerably in the past two decades. Cementless femoral components were developed in 

the early 1980s by Engh due to concerns about the long-term stability of cemented 

fixation.90 Cementless fixation techniques now include hydroxyapatite coatings and 

porous surfaces designed to facilitate and encourage bone ingrowth and have shown good 

results.9 Extendable prostheses designed to accommodate growth have been available for 
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about 20 years, and recent versions even allow for non-invasive lengthening.9,91 

Nonetheless, failure rates remain higher than desirable, and the longevity of 

endoprosthetic reconstructions after sarcoma resection has been questioned.71,92 

A study of endoprosthetic outcomes. A study by Unwin et al.71 reviewed 1,000 

patients with cemented prostheses used for limb-sparing surgery due to bone tumors of 

the distal or proximal femur or proximal tibia. Prostheses used were custom made with 

Titanium 318 or Ti-6Al-4V stems with fully constrained CoCrMo alloy knee hinge and 

CoCrMo femoral heads and cemented in place with polymethylmethacrylate (PMMA). 

They found that aseptic loosening was the primary mode of failure overall, though this 

varied by location (e.g., infection was the leading cause of failure in the proximal tibia 

group). There were 71 cases of aseptic loosening in all, most occurring between 3 and 8 

years post operatively. Proximal femoral replacements had the lowest rate of aseptic 

loosening, at less than 20% for all ages at final follow-up. In the distal femoral group, 

aseptic loosening rates by 10 years post-op were less than 20% for the older patients 

(> 20 years) but nearly 60% for the younger patients (< 20 years). For the younger 

patients (< 20 years), this represents a failure risk of about 5% per year, 71 five times that 

for a conventional knee replacement.9 This difference may reflect in part the age 

difference between the average osteosarcoma patient and the average knee replacement 

patient due to the greater demands that younger patients place on endoprostheses, as well 

as the need to replace a larger amount of bone due to tumor resection. Certainly it shows 

room for improvement; nonetheless the results have been encouraging.  
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As with bone grafts, risk of infection has been the most challenging complication 

to address. Persistent deep infections are the leading cause of secondary amputation. 

Rates are estimated to range from 6 to 10%, much higher than for conventional joint 

replacement,9 though this difference is probably related to the greater complexity of the 

surgery and immunosuppression from chemotherapy. It has been thought that a 

biologically inert material such as is used for endoprostheses may improve the rate of 

infection by eliminating foreign body reactions to allogeneic proteins.93 Higher post-

operative infection rates have been reported in humans after allograft than 

endoprosthesis.94,95 Immune response to soluble proteins from the allograft are thought to 

contribute to this.94 

Canine endoprostheses. Metal endoprostheses are used with dogs as well, 

though the commercially available options are far more limited. Surgery is similar to that 

for an allograft, but with a metal implant secured with a modified bone plate as the load 

bearing spacer for the defect.7 This bypasses the need for bone harvesting and banking, 

which may not be as readily available for canine patients. A small 2006 study by Liptak 

et al. found no significant differences in the complication rate after endoprosthesis and 

allografts.77 

 

2.3.4 Endoprostheses vs. bone grafts. 

Comparing functional and psychological outcomes of the various surgical options 

is not straightforward. Assessing quality of life and functional outcome in children is 

somewhat more complicated than in adults, and fewer follow-up studies have been done 
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with children. Overall quality of life does not seem to differ between groups, but, as 

amputation does not increase survival, there is no reason to choose it if limb sparing is a 

viable option. The challenge with children is to reconstruct the limb so as to allow the 

child to grow up as normally as possible.9 

A prospective study77 comparing the outcomes of limb sparing procedures and 

chemotherapy for distal radial osteosarcomas in dogs using either cortical allografts 

(n = 10) or endoprostheses (n = 10) reported similar outcomes for the two techniques. 

The percent of the radius replaced was greater in the endoprosthesis group because only 

one size endoprosthesis was available at the time, but all other relevant factors were 

similar for the two groups. Rate of infection was 55% overall, with 6 in the allograft 

group and 5 in the endoprosthesis group. Average metastasis free interval and mean 

survival times were greater in dogs with post-operative infection (556 vs. 273 days, and 

685 vs. 289 days, respectively). Twelve dogs died of metastases and 3 of other tumors. 

Rates of infection, local recurrence, and construct failure were similar for the two groups. 

There were four construct failures in each group, primarily in the form of screw 

loosening. Allografts experienced distal or graft screw loosening whereas endoprostheses 

showed proximal screw loosening. Most dogs in both groups had good or excellent limb 

function. 
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2.4 MESHES & CELLULAR MATERIALS 

2.4.1 Introduction to cellular materials. 

Load bearing bone implants need to have high strength and fatigue resistance 

without being significantly stiffer than the adjacent bone. Metals best fulfill the first two 

requirements and are most often used for bone implants. Stiffness mismatch remains an 

issue with metals. More accurately, it is the difference in modulus of elasticity of metals 

versus bone that is mismatched. Overall stiffness of an object depends both on the 

intrinsic material property, elastic modulus, and the extrinsic property, geometry. The 

obvious solution, then, is to alter the geometry to reduce overall implant stiffness. As 

previously discussed, smaller diameter hip stems have been associated with reduced bone 

resorption.48 Removal of material to create structures that are not fully dense is another 

approach. Bobyn et al.38 used hollow stems to reduce stiffness. Perforations of various 

sizes and shapes have been added to implant designs to decrease stiffness.96 The use of 

cellular materials is another approach.97-101 

Use in nature. The use of cellular materials in designing implants could be 

considered a more natural approach to optimizing strength and stiffness in that most 

biological structural materials are cellular materials, such as wood, coral, and trabecular 

bone.102 Cellular materials are ideal in natural systems as they allow organisms to 

conserve resources and optimize the strength to weight ratio. By varying the cell size and 

wall thickness organisms can respond to their mechanical environment by strengthening 

areas that experience more stress while conserving material in areas that see less stress. 
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Thus a structure’s strength and stiffness can be fine-tuned to the organism’s needs as 

efficiently as possible. The open spaces can allow for transport or storage of nutrients. 

Types. Cellular materials are in essence comprised of a collection of “unit cells” 

that repeat to fill space. Two-dimensional cellular materials have individual units that are 

prisms, repeated along two axes, such as the hexagonal elements of a honeycomb. Three-

dimensional cellular materials have polyhedral unit cells that repeat along all three axes, 

like the elements of a foam. Closed-face cells are comprised of solid surfaces at each face 

of the prism or polyhedron so that each forms a closed compartment. Most foams are 

closed cellular materials. Open cells are comprised of struts that form the edges of the 

prism/polyhedron, such as with trabecular bone. Cells may be randomly distributed in 

size and arrangement, like a foam, or regular and orderly, with only one or two unit cell 

shapes repeating in regular arrangement, forming a non-random lattice. The mechanical 

properties of a cellular material can be isotropic, orthotropic, or anisotropic, depending 

on the shape, orientation and distribution of the unit cells. A truly random cellular 

material such as a foam, which includes most man-made cellular materials, will have 

approximately isotropic mechanical properties; however, most biologically produced 

cellular materials are neither random nor isotropic. Bone may differ in strength and 

stiffness by a factor of two in the longitudinal versus transverse directions; wood can 

differ by a factor of ten along versus against the grain.102 This trait is consistent with an 

organism’s need to optimize properties and resource use in response to loading. 

Bone as a cellular material. Because bone responds to its loading environment 

the density of trabecular bone depends on the magnitude of those loads, while the 
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orientation of the trabeculae is determined by the direction of loading. Low-density 

trabecular bone may be described as an open-cell foam, while higher density trabecular 

bone’s structure is progressively more plate-like.98 Because trabecular bone’s structure 

can vary independently of density, the strength and stiffness vary more widely than many 

other types of cellular materials.98 Models that include density and architecture can 

account for 70-95% of the variation in the elastic constants for trabecular bone.103,104 

Yield strains in compression are greater than those for tension105 and can vary between 

sites.106 Example values for compressive yield strains are 0.0084 for human vertebra and 

0.0109 for bovine tibia.105 

 

2.4.2 Biomedical applications. 

Cellular materials have found use in a variety of biomedical applications. In 

particular they are used in the field of tissue engineering to replace or facilitate 

regeneration of damaged or lost tissues. Open-cell materials are most useful as they allow 

for tissue growth into the cells, vascularization, and diffusion of nutrients. For bone 

implants open-cell titanium materials are being developed by a variety of approaches.  

Tissue engineering as a field aims to regenerate tissues and organs in vitro or in 

vivo to overcome the limitations of tissue grafting and alloplastic repair, typically by 

providing a scaffold that functions like the natural extracellular matrix for the given 

tissue. This scaffold functions to shape the growing tissue while providing a surface that 

supports cell attachment, migration and function for a variety of cells. Materials used 

should be biocompatible and promote cell adhesion and proliferation. Ideally, as cells 
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produce their natural extracellular matrix, the material should break down into non-toxic 

components that the body can eliminate through normal pathways, though this remains a 

long-term goal in fields such as orthopedics.98 Collagen based scaffolds designed to 

support skin regeneration are already being used to treat burn patients. Mineralized 

scaffolds for bone tissue engineering are being developed. The porosity of cellular 

materials is well suited for supporting the three dimensional tissue growth necessary for 

regenerating complex tissues and organs. Porosity should be sufficient to allow 

vascularization and nutrient flow. Pore size should be within an optimal range (in the 

hundreds of microns) to allow adequate cell growth while encouraging formation of a 

three dimensional structure.98 

Porous materials such as cellular materials have been used as scaffolds for tissue 

engineering since the 90s.107 Cells or proteins can be seeded into the pores to encourage 

and support cell growth and tissue development. Ideally the scaffold should be of a 

material that will degrade as the tissue develops, allowing a transition to a more normal 

tissue function.107 An optimal scaffold design might include hierarchical porous 

structures (unit cells) to provide mechanical support and facilitate mass transport (cell 

migration, diffusion of nutrients) in various complex anatomical shapes. 

Designed cellular materials, as opposed to random structures like foams, are ideal 

for tissue engineering because the shape can be tailored to support the needs of mass-

transport requirements for cell nutrition, channels to direct cell migration, surface 

features to encourage cell attachment and overall structure for mechanical support. 

Design of such cellular materials can be based on CAD unit cells which can be arranged 
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on the computer in various combinations, scales and orientations to create the desired 

scaffold. Alternatively, designs can be image-based, such as from CAT scans.107 

For a given porosity, stiffness and permeability can be varied based on the 

scaffold microstructures (e.g., the shape of the unit cell). Permeability is determined by 

the pore arrangement; mechanical properties depend on the strut arrangement. 

Appropriate mechanical support is an important aspect of scaffold design; if the scaffold 

flexes too much the deformation will prevent development of continuous tissue. This 

requires the scaffold modulus to be in the range of the target tissue, whether soft or hard 

tissues.  

The final stage of scaffold design is to create the bulk shape to fit the anatomic 

defect based on medical imaging. 

Pore sizes. Pore size is a critical aspect of tissue scaffold design. One group109 

had success with polycaprolactone (PCL) scaffolds produced by fused deposition 

modeling, a type of additive manufacturing (AM), with pore sizes between 300 and 

580 µm and seeded with chondrocytes and osteoblasts. Another group108 used HA 

scaffolds with pore sizes of 300 µm and 800 µm in a mouse model (seeded with human 

fibroblasts) and pore sizes ranging from 400 to 1,200 µm in a mini-pig model. All sizes 

supported bone growth with no statistical differences between them. This contrasts results 

from non-AM scaffolds, which suggests pore sizes from 200 to 600 µm are optimal. It is 

worth noting that these ‘non-designed’ scaffolds are random cellular materials with a 

range of pore sizes, which may affect the results.107 
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Designed scaffolds have shown considerable promise in the field of tissue 

engineering. Malda et al.110 compared designed scaffolds with those made by porogen 

leaching for supporting cartilage growth and found that the designed scaffolds performed 

better in terms of oxygen diffusion and production of cartilage matrix. 

A study111 using a degradable poly(propylene fumarate) (PPF) scaffold with an 

initial modulus of 140 MPa compared the mechanical properties of the scaffold seeded 

with fibroblasts with the empty scaffold after 8 weeks of degradation. After 8 weeks the 

empty scaffold’s modulus had been reduced to 38 MPa, whereas the seeded scaffolds had 

a modulus of 65 MPa after bone regeneration, demonstrating the growth of structurally 

functional tissue. Composite scaffolds have even been produced with different cell types 

on the different portions of the scaffold.112 

Designed scaffolds have shown better bone and cartilage regeneration compared 

to other scaffolds. This may be in part due to the highly interconnected porosity, which 

can improve the process of cell seeding, as well as the ability to direct cell migration and 

tissue growth with strategically placed channels.107 Cell guidance is thought to be 

particularly important for regeneration of neural tissues.113  

There is still considerable work to be done in terms of finding optimal scaffold 

design for tissue growth and best materials for individual tissue types. Currently scaffolds 

are manufactured at scales above 100 µm, but improvements are constantly being 

made.107 
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2.4.3 Properties of Cellular Materials. 

Relative density. Concerning mechanical properties of cellular materials, one of 

the most important quantities is the relative density, defined as ρ*/ρs, where ρ* is the 

apparent density of the cellular material, and ρs is the density of constituent solid 

material.102 Relative density can vary from 1 to as little as 0.01.102 Foamed plastics used 

for packing, for example, are typically around 0.05.102 For open cell foams ρ*/ρs is 

proportional to (t/l)2; for closed cell foams it is proportional to t/l .102 

A study by Woesz et al.114 looked at the failure stress, stiffness, and energy 

absorption efficiency (as an indicator of defect tolerance) for various possible cell 

designs, keeping relative density constant for the several designs. They found that even 

with constant relative density, failure stress correlated linearly with the stiffness for all 

structures tested, but could be varied independently of the energy absorption efficiency 

by a factor of nearly three. This shows the importance of the structure. For unit cells that 

were oriented so that struts were loaded primarily in bending, the failure stress and 

energy absorption efficiency were small compared to designs in which the unit cells were 

loaded along the struts. 

Mechanical properties. A typical stress-strain curve for a cellular material shows 

three characteristic regimes.98,102 In compression, there is initially a linear elastic portion 

corresponding to bending of the cell struts and/or stretching of the faces (for closed cells). 

This is followed by a stress plateau produced by progressive cell collapse through elastic 

buckling, plastic yielding or brittle crushing, depending on the solid material. Last is a 

region of increasing stress due to densification as collapsed cells throughout the material 
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begin compacting.98 Many cellular materials have low relative densities (10 to 20%) so 

that large strains (70 to 80%) may be reached before densification begins.98 Response to 

tensile loading begins with a similar linear elastic region for small strains, but as the 

strain increases cells become increasingly oriented with the loading direction, causing a 

sharp rise in stiffness until failure.98,102 

Mechanical behavior. Man-made foams (random cellular materials) typically 

behave mechanically like open-celled foams even if they are closed-face foams because 

surface tension tends to draw much of the solid material to the cell edges during 

fabrication.102 Studies of the deformation modes at the cellular level have focused on 

two-dimensional hexagonal cells115,116 whose geometry is simple enough to allow a 

complete analysis. The analysis of the more complex three-dimensional foams102 is based 

on two-dimensional analysis. While the deformation behavior of two-dimensional foams 

can be accurately analyzed at the cellular level, three-dimensional foams are far more 

complex and not so easily modeled in detail mathematically. It is easier to use 

dimensional arguments to produce some general equations relating properties and 

mechanical behavior with a single constant of proportionality that can then be determined 

experimentally. Studies of model foams show four deformation modes in cellular 

materials: linear elastic, nonlinear elastic, plastic collapse, and fracture of various sorts. 

Based on an idealized, open-face cubic unit cell with square struts of thickness t 

and length l, dimensional arguments can be used to find a relationship between the elastic 

modulus and the relative density in compression. For an open-cell foam, the relative 
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density, ρ*/ρs, of the cellular material is proportional to the volume of the struts, lt2, 

divided by the volume of the unit cell, l3, giving 

      
 [2.1]

 

When loaded by a force, F, the non-vertical struts bend first,102,116 deflecting by δ, given 

by single beam theory as  

      
 [2.2]

 

where C1 depends on the geometry of the cell, Es is the elastic modulus of the solid 

material, and I is the second moment of area, which is proportional to t4 (i.e., I = t4/12). 

Stress, σ, is proportional to F/ l
2 (so F ∝ σl2) and strain, ε, is proportional to δ / l (so 

εl ∝ δ ). This gives 

      

[2.3]

 

or 

      
[2.4]

 

Since σ/ε is the elastic modulus, E*, of the cellular material for small strains, this 

combines with equation [2.1] to give a relationship between E* and the relative density: 
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where C2 is a constant. C2 = 1 gives a good approximation to a wide range of cellular 

materials. The range of linear elastic behavior described by equation [2.2] is restricted to 

small strains, usually around 5% in compression or a little more in tension.102 By varying 

the relative density, geometry and material the elastic modulus can be varied over a range 

of 104.102 

If the cell walls are made of a plastic material (e.g., metals and many polymers) 

then the cellular material will show plastic behavior. Plastic collapse (of the cell) occurs 

when the moments on the cell struts created by the force, F, surpasses the fully plastic 

moment of those struts, i.e., the moment at which the yield stress for the struts is reached. 

When this happens, the struts develop plastic hinges and the cell begins to collapse.102,116 

For the square struts of thickness t, the fully plastic moment is 

     [2.7] 

where σy is the yield stress of the solid material. Since the moment on a beam of length l 

due to a force, F, is proportional to Fl, the fully plastic moment, Mp is proportional to the 

force at plastic collapse, Fpl . Since Fp is proportional to σpl
* l2 (σpl

* ∝ Fpl / l
2) where σpl

* 

is the plastic yield stress of the cellular material (vs. σpl, the yield stress of the solid 

material), Mp is proportional to σpl
* l3, or 
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Combined with σy ∝ Mp
 /t3 from equation [2.7] 

       
[2.9]

 

which combines with equation [2.1] to give 

     
[2.10]

 

A graph of equation [2.10] with C3 = 0.3 describes a range of materials fairly well as 

long as the relative density is low. At relative densities of greater than about one third 

struts are too short and thick to bend plastically.102 

Brittle foams such as ceramics collapse by brittle crushing (in compression)117 or 

brittle fracture (in tension).102 An analogous dimensional analysis gives a similar result 

for the relationship between relative density and the ratio of stress for the cellular 

material to solid material. For a cellular material made of a solid material with ultimate 

strength, σf, an individual strut will fail when the moment on the strut exceeds  

       [2.11] 

so σf  ∝ Mf
 /t3. As before, the moment on a strut at collapse, Mf, is proportional to σf

*l3, 

where σf
* is the crushing strength of the cellular material. Combined with equation [2.1] 

this leads to  

      
[2.12]
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The graph for C4 = 0.65 approximates the data. This does predict that the ultimate 

strengths in tension and compression should be the same. It is important to note, 

however, that, while compressive strength is insensitive to defects such as cracks, the 

tensile strength is not. In tension, a crack creates stress concentrations in the adjoining 

cells. As cells are pulled apart the crack creates a bending moment on the struts of 

adjoining cells, raising the stress on those struts and contributing to failure. 

Metal foams. Metal foams, made of randomly repeating closed cells, are a type of 

metallic cellular material that has been around for some time. The cell size is randomly 

distributed over a range of values determined by the manufacturing process. Metal foams 

have found a wide range of applications where strong, lightweight materials were needed, 

but because of the randomness of structural elements, properties cannot always be 

controlled as precisely as might be desired. Recent advancements in rapid prototyping 

technology have made manufacture of open celled, non-random three-dimensional metal 

meshes a possibility. Such meshes can be fabricated based on precisely designed unit 

cells of various shapes and sizes, allowing a wide range of structural properties to be 

achieved. 

 

2.4.4 Previous work done at NCSU. 

A previous study118 in our laboratory at NCSU looked at some of the important 

factors in designing a metal mesh using electron beam melting of a Ti-6Al-4V alloy. 

Using build layers 0.1 mm thick, it was found that constructs whose unit cells had struts 

oriented at less than 40° with respect to the build plane had significantly reduced 
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structural integrity, due to insufficient overlap between the successive layers. The 

smallest practical strut diameter using the predetermined parameters was 0.7 mm.  

Using these settings, constructs made with a hexagonal unit cell, with bulk 

dimensions of 4, 5, and 6 mm were designed and tested in compression, both parallel and 

perpendicular to the build direction. Parallel to the build direction, parts were stiffer and 

stronger, but required less work to failure. When compressed perpendicular to the build 

direction, parts were not as stiff or strong, but took more work to fail. In three point bend 

testing, with a relative density of 11%, the 4 mm unit cell constructs showed an average 

compressive modulus of 211 MPa when loaded parallel to build direction, with values 

more than halved for loading perpendicular to build direction. At a relative density near 

5%, the 6 mm unit cell constructs had a compressive modulus around 50 MPa. This 

shows that a wide range of mechanical properties can be obtained by varying the design 

of the unit cells used in the mesh, allowing a great deal of freedom to customize 

properties to match individual needs.  

Another study in the NCSU lab119 compared the in vitro performance of prosthetic 

hip stems made of a low-modulus titanium alloy mesh to a more traditional solid cobalt 

chromium stem in paired canine cadaver femurs. Nine paired stem-bone constructs were 

loaded axially at 800 and 1600 N while measuring transverse tensile strains on the 

surface of the bone. At loads of 1600 N, bone strains were higher in the cobalt chromium 

constructs for 2 of the 4 medially placed strain gauges. Subsidence did not differ between 

the two groups. This suggests that the lower modulus mesh constructs are a viable option 

for reducing the stress concentrations that can occur at the distal end of stiffer implants. 



50 
 
 

 

 

2.5 BIOCOMPATIBILITY & METAL PROPERTIES  

In selecting a material for biomedical applications, two requirements must be 

addressed. One is the functional requirements of the material’s ability to perform the 

goals needed, and depends primarily on the mechanical properties of the material. The 

other requirement is the material’s biocompatibility, that is, its ability to perform its job 

within the body without causing problems such as toxicity, inflammation, or the trigger 

of a immune response, whether due to the metal itself or due to products of wear or 

corrosion. 

 

2.5.1 Metal properties. 

For orthopedic implants, the functional requirements are acceptable mechanical 

properties: high strength and fracture toughness with an appropriate elastic modulus.120 

While a range of metals and alloys are available to address the mechanical requirements, 

only a few have been satisfactorily inert in the physiological environment in which they 

are used.120 Three groups of alloys account for the majority of orthopedic implants: 

stainless steels, cobalt-chromium alloys and titanium and its alloys. These three are 

comparable in terms of strength (depending on treatment), however, titanium alloys have 

a lower elastic modulus (110 GPa for Ti-6Al-4V vs. 200 GPa for stainless steel and 

240 GPa for cobalt-chromium) that is more compatible mechanically with bone. 

Mechanical factors, high resistance to corrosion, and excellent ingrowth performance 

make Ti alloys the metal of choice for many orthopedic applications.90,120,121 
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Titanium does not perform as well as cobalt-chromium in bearing surfaces due to 

poorer wear resistance90 and so is not the best choice for articulating surfaces. For non-

articulating endoprosthetics, this is not a consideration.  

 

2.5.2 Biocompatibility. 

 Of the two requirements, biocompatibility is by far the limiting factor in material 

selection among metals. The physiological environment in which implants must function 

is highly reactive to foreign materials.120 To function in this environment a material must 

be relatively inert to resist degradation by the wide range of organic and inorganic 

molecules present and to avoid causing inflammatory reactions. Corrosion particles from 

metallic implants can cause local inflammation and osteolysis.122  

Historically, stainless steel has been the metal most used for orthopedic implants, 

as it has relatively good biocompatibility compared to most metals, but it undergoes slow 

corrosion in the body.123 Today cobalt chromium alloys, and more recently titanium 

alloys, have largely replaced it for use in orthopedic implants due to superior corrosion 

resistance and biocompatibility.120 These metals’ passivity in vivo is due to the formation 

of a stable, non-reactive oxide layer on the surface. Of these three, stainless steel is 

relatively prone to breakdown of the oxide film, leading to localized corrosion. In 

contrast, the oxide layers formed by cobalt chromium alloys and titanium and its alloys 

have excellent corrosion resistance.  

There is considerable evidence supporting titanium alloys as the better choice for 

many applications due to its lower elastic modulus and biocompatibility.90 Not only have 
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titanium and its alloys shown excellent biocompatibility in both in vitro and clinical 

studies, they perform very well with respect to osseointegration. Studies have 

demonstrated that bone can bond directly with pure titanium.38 It has been reported that 

bone cells adhere better to TiAlV alloy than to cobalt chromium in tissue culture124,125 as 

well as in vivo data suggesting TiAlV better supports bony ingrowth.90 Good ingrowth 

into porous titanium surfaces is a consistent finding in retrieved implants.90 

The biocompatibility of titanium alloys in vivo has been well studied on a range of 

commercially manufactured products, but the effect of freeform fabrication (discussed in 

the next section) methods on this biocompatibility has only recently come into question. 

A study126 at NCSU’s cell mechanics lab compared the biocompatibility of commercially 

produced Ti-6Al-4V discs to discs manufactured by electron beam melting (EBM) using 

the same alloy. The study compared the response of human adipose-derived stem cells to 

solid polished, solid unpolished, and porous EBM discs with their response to 

commercially available discs. Biocompatibility was assessed based on proliferation, cell 

viability, and production of the cytokines IL-6 and IL-8e. It was found that on days 2, 3 

and 7, cell proliferation was greater on the porous EBM discs compared to the 

manufactured discs. It was also found that cytokine levels were lower for the porous discs 

on day 7 than for the other discs. This suggests the rough surface typical of EBM 

manufactured parts is better suited for supporting bone ingrowth. 

                                                
e The interleukins (e.g., IL-6 and IL-8) are proinflammatory cytokines involved in the inflammatory 
response to foreign materials. 
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2.6 ADDITIVE MANUFACTURING 

2.6.1 Overview. 

 Until recently, fabrication of CAD designed, non-random cellular materials was 

difficult to impossible. Complex tailored architecture cannot be built using traditional 

methods. The development of additive manufacturing (AM) technologies has opened new 

possibilities in the fabrication of complex cellular materials.98,107 These new 

manufacturing methods can produce scaffolds for tissue engineering from polymers, 

ceramics, metals,107 and even hydrogels with living cells embedded.127,128 Scaffolds 

produced by additive manufacturing techniques have successfully supported cell 

attachment in vitro129-131 and even (re)generation of single tissues in vivo.132-135 

Moreover, custom designed scaffolds have significantly better mechanical properties than 

those produced with traditional methods, which is particularly significant for bone-tissue 

engineering.107 

Additive manufacturing (AM), also called layered manufacturing, solid freeform 

fabrication (SFF) or rapid prototyping (RP), refers to a variety of relatively new 

manufacturing technologies that allow the direct fabrication of complex three 

dimensional parts one layer at a time based on a computer file, analogous to the way a 

printer produces an image one line a time. Rapid prototyping allows the custom design of 

complex anatomical shapes as well as cellular architecture. It uses a computer controlled 

manufacturing process (CAM, computer aided manufacturing) to produce parts based on 

a CAD file (computer aided design), 3D scanning procedure, or 3D result of CT or 

MRI.97 This allows a much more direct CAD to CAM approach to production.  
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A wide range of additive manufacturing technologies has been developed, which 

can be variously grouped by energy source (e.g., laser, electron beam, plasma arc), by 

material feed stock (e.g., powder bed, wire feed), etc. The American Society for Testing 

and Materials (ASTM) defines seven categories of additive manufacturing, but only a 

few of these will be presented here, grouped by material feed stock. One type involves 

extrusion of the build material from a nozzle that is free to move in three dimensions. The 

nozzle heats the material to just above its melting point as it is extruded in a continuous 

stream into the shape of each layer to be built. Material is deposited only where needed to 

build the part. Similar to this method is a powder feed system that uses a nozzle to 

deposit powder in place, which is melted by the energy source on deposition.  

An alternative approach involves spreading a thin layer of powder over the work 

area and selectively melting the powder in the shape of the part. Afterward, unused 

powder is reclaimed and reused. Electron beam melting (EBM) uses this approach.  

Additive manufacturing, as opposed to subtractive manufacturing (where a shape 

is created from a solid block by removing material) reduces the amount of wasted 

material, and allows creation of very complex shapes, particularly those with complex 

cavities. It is very useful for models and prototypes, custom designs, small production 

runs, and parts of unusual complexity that would be difficult to impossible to produce by 

traditional means.136 

Common types of additive manufacturing. Fused Deposition Modeling (FDM) 

uses a movable nozzle to deposit a continuous thread of molten material into the shape of 

the part. The material, typically a polymer, is fed from a spool into the nozzle, which 
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heats it to just above the melting point so that it solidifies almost immediately after 

extrusion. The nozzle traces the cross section of the part for each layer, depositing each 

layer directly on the previous layer. Overhanging parts require support material that is 

removed after the build is completed. Some systems use two nozzles, using separate 

materials for the build and for support structures. Materials used in FDM include 

thermoplastics, polylactic acid (PLA), investment casting wax, elastomers, and a wide 

range of biopolymers. A modified technique called fused deposition of ceramics (FDC) 

uses a polymer-ceramic composite as the feedstock; the polymer is burned off in post 

processing to produce a ceramic end product.137 The process requires a steady nozzle 

speed and extrusion rate. The layer thickness is determined by the thickness of the 

extruded bead of material; the thicker the layer, the faster the build, but lower the 

resolution. Advantages of FDM are that it can use inexpensive, non-toxic materials; 

disadvantages are poor surface finish and the need to use a relatively thick nozzle to 

achieve reasonable build times, thus reducing resolution. Strut thickness of any cellular 

material would be restricted to multiples of the thread thickness; moreover FDM cannot 

produce a perfectly vertical strut.97,138 

Selective laser sintering (SLS) is a type of additive manufacturing that fabricates 

each layer by selectively melting a layer of powder with a CO2 laser. The build takes 

place inside an enclosed chamber that may be preheated to minimize thermal distortion 

and facilitate bonding to the previous layer, depending on the material being used. The 

process starts by spreading a thin layer of powder with a roller. The laser then scans the 

powder to selectively melt or sinter the portions where the part is to be built. The 
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unsintered powder can support overhangs so that additional supports are not needed.97 

Unused powder is removed from the part after the build. A wide range of materials can 

be used in this type of rapid prototyping, so long as they can withstand the preheating 

stage without decomposing. Nylons, polystyrenes, polycarbonates, and metals have been 

used in selective laser sintering. Ceramics can be used, if coated with a meltable binder.97 

The resolution of SLS is determined by powder size and focal point of the laser. Surface 

finish tends to be somewhat coarse as unmelted powder adheres to the outer layer of the 

melt pool,97 though this aspect is not a disadvantage for tissue engineering applications 

since cells prefer a rougher surface. Removal of the unsintered powder from the pores is 

challenging when pores are small or when the scaffold is particularly large.97 

Similar to SLS is electron beam melting, which uses an electron beam in place of 

a laser to selectively melt a layer of metal powder. 

 

2.6.2 Electron Beam Melting. 

With electron beam melting, the build takes place inside an unheated build 

chamber under vacuum to reduce losses due to beam scattering from collisions with gas 

molecules. 
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Figure 1. Diagram of EBM machine. 

 
 

The EBM machine comprises an electron gun chamber above and the build 

chamber below. At the top of the electron gun, a tungsten filament produces an unfocused 

electron beam that passes through three computer-controlled electromagnetic coils to 

focus and direct it. The focus coil directs the beam to a more or less focused point, 

depending on whether a fine point is needed for melting or a broader one for pre-heating. 

The deflection coil bends the beam to the correct location on the build platform, while the 
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astigmatism coil corrects for the distortion of the focus point that results when the beam 

is deflected farther away from center. 

The build platform is located below the electron gun in the build chamber. It 

forms the bottom of the build tank, and is lowered as the build progresses. On each side 

of the platform is a powder hopper that supplies the metal powder for the build. For each 

new layer, the platform is lowered slightly into the build tank and a rake spreads a new 

layer of powder over the platform. A removable build plate is placed on the platform 

initially, and the platform is recessed into the build tank by the thickness of the build 

plate.  

At the start of the process an unfocused, low-current electron beam scans the 

build plate to heat it to working temperature. The platform is then lowered by one layer 

thickness (50 to 100 µm) and a uniform layer of powder is raked over the build plate. An 

unfocused, low current beam scans the powder to preheat it to slightly below the melting 

point. This sinters the powder, improving the flow of electrons through the powder to the 

build plate, providing support for overhanging parts, and reducing residual stresses. Next 

a high current, focused beam selectively melts the powder where the part is to be built, 

according to the CAD file. The build platform is then lowered and the process repeated 

until the build is complete. Once the part is finished, it is allowed to cool inside the 

machine for several hours before the chamber is opened, and the part, now embedded in a 

block of sintered powder, is moved to a grit blaster for cleaning. The same metal powder 

used in the build is used in the grit blaster as the blasting media so that all removed 

powder is recovered, filtered, and reused for future builds.  
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At this time, the EBM process is an open-loop process. Process parameters such 

as beam focus, current level, beam sweep speed and acceleration are optimized for each 

type of metal powder by process modeling, experience, and trial and error.  

 

 
Figure 2. Inside the build chamber of the Arcam A-2 EBM machine used. 
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3. METHODOLOGY 

In designing an orthopedic endoprosthesis that will reduce the effects of stress 

shielding, mechanical behavior in compression and bending are key properties of 

consideration. In this study several unit cell designs were first built and tested in 

compression. The unit cell that best compared to bone in compression was used to design 

several cylindrical specimens for testing in four point bending. 

 

3.1 COMPRESSION TESTING.  

3.1.1 Design. 

Unit cell design. In the first stage of design three unit cells were selected to cover 

a range of properties and were designed in SolidWorks (SolidWorks Corporation, 

Waltham, MA, USA). The unit cells chosen were a rhombic dodecahedron (RD), an 

elongated rhombic dodecahedron (ERD), and a modified cubic cell based on a Gibson-

Ashby design (GA) (Figure 3). Unit cells were designed using struts with a square cross 

section to minimize file size. 
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Figure 3. The three unit cells used.  

RD - Rhombic Dodecahedron, ERD - Elongated Rhombic Dodecahedron, GA - 
Gibson-Ashby (based on a unit cell from Cellular Solids, by Gibson and Ashby) 

 

A strut thickness of 0.12 mm was used—less than the minimum electron beam 

width—in order to obtain minimal strut size. In the actual build, the size and shape of the 

struts is determined by the size and shape of the melt pool, which is approximately 

circular, and by the angle of the struts with respect to the build direction. Based on 

previous builds, it was anticipated that strut thickness would range from 0.7 to 1 mm, so 

an anticipated strut thickness of 0.85 mm was used in designing unit cells for pore sizes 

of 400, 600, and 800 µm, for each of the three shapes. Due to software limitations, 

generating the three dimensional lattice from the unit cells had to be done in Magics 

(Materialise, Plymouth, MI). The nine unit cell size/shape combinations were exported as 

STL files to Magics. Dimensions for the three unit cells used for the four mesh designs 

are illustrated in Figure 4 and listed in Table 4. 
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Figure 4. Unit cell designs with dimensions labeled.  

Build direction is along z-axis. Note that all angles are with respect to the xy-plane, 
not the x-axis, as may appear in the 2-D images (RD, ERD-0°, ERD-30°).  

 
 

Table 4. Designed Dimensions of Unit Cells 
 w (mm) h (mm) p (mm) θ  (°) 

RD 
400 µm 
600 µm 
800 µm 

 
2.2928 
2.6392 
2.9856 

 
2.6476 
3.0476 
3.4476 

 
0.4 
0.6 
0.8 

 
30° 
30° 
30° 

ERD-0° 
400 µm 
600 µm 
800 µm 

 
1.3238 
1.5238 
1.7238 

 
4.5856 
5.2784 
5.9712 

 
0.4 
0.6 
0.8 

 
60° 
60° 
60° 

ERD-30° 
400 µm 
600 µm 
800 µm 

 
1.3238 
1.5238 
1.7238 

 
4.5856 
5.2784 
5.9712 

 
0.4 
0.6 
0.8 

* 
30°, 48.6°, 90° 
30°, 48.6°, 90° 
30°, 48.6°, 90° 

GA 
400 µm 
600 µm 
800 µm 

 
2.4 
2.8 
3.2 

 
1.2 
1.4 
1.6 

 
0.4 
0.6 
0.8 

 
35.26° 
35.26° 
35.26° 

Abbreviations: w, width; h, height; p, pore width; θ, strut angle from build 
plate (xy-plane). 
*Note that, while the angle, θ, of the struts with respect to the build plate 
(xy) for RD, ERD-0° and GA designs is the same for all struts, for the ERD-
30° unit cell three different angles are seen within the unit cell. 

 

Three dimensional mesh design. In Magics, unit cells were duplicated into rows, 

columns, and layers to create a three dimensional lattice (Figure 5). 
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Figure 5. Designing the 3D mesh.  

Unit cells (a) were duplicated into rows (b), columns (c), and layers (d) to create a 
three dimensional lattice. 

 

The bulk shape needed for testing was then cut from the lattice in Magics by 

imposing the desired shape on the lattice and taking the intersection. For compression 

testing, this was a 20 mm cube. The ERD lattice was used in two orientations, 0° 

(upright) and 30° (from vertical) to create the ERD-0° and ERD-30° cubes. Since strut 

angles need to be at least 30° from horizontal, no significant rotation was possible for the 

RD and GA designs, so they were used only in the upright orientation. Overhanging 

struts were removed and the RD and ERD-0° lattices trimmed of incomplete unit cell 

layers.  

Three samples of each of the 12 shape/size/rotation combinations (see Tables 1-4) 

were created for a total of 36 samples. Cubes were uniformly arranged in random order in 

a circular area 210 mm in diameter, representing the 210 mm square build plate. A 

circular region is used to avoid the corners of the build plate, where some astigmatism of 

the electron beam may still occur. The 36 design cubes were merged into a single file, 

which was then exported to the EBM machine for fabrication. 
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3.1.2 Fabrication of compression samples. 

Fabrication took place on an Arcam A2 EBM machine (Arcam AB, Sweden) as 

outlined in section 2.6.2. The computer of the Arcam EBM machine digitally sliced the 

file into 50 µm layers for building. Fabrication took place under a vacuum of 

approximately 2 x 10-3 mbar and began with scanning the steel build plate at high power 

to heat it to 300°C. This temperature was maintained by scanning at low power for 30 

minutes to evaporate any remaining water vapor in the build chamber. High power 

scanning then resumed until the build plate reached a temperature of 760°C (as measured 

by a thermocouple underneath the plate).  

Fabrication of each layer began by lowering the build platform 50 µm and 

spreading a layer of Ti-6Al-4V powder, (45-105 µm particle size) over the build plate. 

The powder was preheated by scanning with an unfocused beam to lightly sinter it, which 

improves the flow of electrons and heat for the melting step. A focused high power beam 

then selectively melted the powder for part construction. This process was repeated for 

each layer until the parts were completely built.  

After fabrication was complete the parts were allowed to cool to room 

temperature before removal from the machine.  

 

3.1.3 Cleaning and measuring compression samples. 

After cooling, the build plate and attached parts were removed to a sandblasting 

chamber for cleaning. At this stage the parts were encased in a block of lightly sintered 
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Ti-6Al-4V powder, which was removed and recovered by blasting with the same powder 

used for building (Figure 14). At this stage individual samples were labeled and removed 

from the build plate. Two of the GA 800 µm cubes suffered significant structural failure 

during removal from the plate, shearing apart diagonally across a portion of the cube so 

that they were unusable for testing. 

 

 
Figure 6. Compression test samples attached to the build plate. 

 
 

Once removed from the build plate, individual samples were further cleaned of 

residual powder by blasting with silicon carbide powder. Cubes with smaller pores 

required considerably more cleaning to remove all powder from the center of the cube 

than those with larger pores. 

Measurements. After cleaning, samples were weighed and bulk measurements 

taken to calculate apparent density. Strut thicknesses and pore sizes were measured on a 
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digital microscope (Hirox KH 7700, Hackensack, NJ) (Figures 20 - 23). Struts were 

measured in several locations on each face of each sample. Pore sizes were also recorded 

for the RD and ERD designs. In the GA designs, the angle of pores with respect to the 

viewing angle made accurate measurements of pore sizes extremely difficult. 

 

 
Figure 7. Rhombic Dodecahedron (RD) cubes  

in 400, 600, and 800 µm pore sizes (left to right). 
 
 
 
 

 
Figure 8. Elongated Rhombic Dodecahedron, unrotated (ERD-0°) cubes  

in 400, 600, and 800 µm sizes (left to right). 
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Figure 9. 30° Rotated Elongated Rhombic Dodecahedron (ERD-30°) cubes  

in 400, 600, and 800 µm pore sizes (left to right). 
 

 
Figure 10. Gibson-Ashby (GA) cubes  

in 400, 600, and 800 µm pore sizes (left to right), viewed from the front (a) and 
from the corner (b) to show cell orientation. 

 



68 
 
 

 

 

3.1.4 Compression testing. 

Samples were tested in compression using an ATS 1620 universal materials 

testing machine (Applied Test Systems, Butler, PA) in the build direction at 

1.27 mm/min. One sample of each size/shape combination was tested to failure without a 

deflectometer in order to obtain the yield stress. 

 

  
Figure 11. Compression testing rig.  

Deflectometer (left) set up with MTS for measuring deflection during compression 
testing. 

 

The other two were tested to half of the maximum stress with the deflectometer in 

order to determine the elastic modulus. At approximately half of the maximum stress the 

deflectometer was removed and the specimen was tested to failure. Modulus was 

calculated from the linear portion of the stress-strain data obtained with the deflectometer 
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in place. Only one of the GA 800 µm specimens was usable for testing so no value for the 

modulus was obtained for that mesh size 

 

3.2 BEND TESTING. 

3.2.1 Mesh Design. 

Based on the results of the compression test, the ERD unit cell was selected for 

four point bend testing. Beams for testing were designed as hollow elliptical cylinders. 

Shape and dimensions were chosen to approximate the size and shape of canine radii 

used in previous work testing mechanical properties of canine bones. (Figure 12). 

 

 
Figure 12. Cross sectional dimensions of samples designed for bend testing. 

 
 

Two approaches were taken to patterning the elliptical shape with the square 

(viewed from above) unit cells. One approach was to cut a cylinder out of a block of the 

mesh in Magics, and then trim incomplete unit cells from the edges. This produced a 

"squarish" cylinder (Figure 13, (d)-(f)). To maintain as much consistency as possible 
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between designs, a maximum radial thickness of 3 unit cells was maintained along the 

short axis of the ellipse for all three unit cell sizes and both design approaches. 

The other approach was to follow the contour of the ellipse by rotating, 

repositioning, and resizing the individual unit cells along the perimeter. The outermost 

row of cells was approximately the same spacing as normal (compare the unit cell widths 

of outermost rows of (a)-(c), Figure 13, with the corresponding unit cells in (d)-(f)), with 

cells narrowing in each successive row moving inward. Height of individual layers was 

unaffected. Consequently the rounded designs have a higher apparent density than the 

corresponding square designs. This design alternated 3 and 2.5 unit cells thick radially for 

all three sizes. One quarter of each cylinder was patterned 2 layers high (due to design 

methods one layer is half a unit cell high) by hand and then mirrored twice to produce a 

complete ellipse. The two layers were then duplicated and stacked to produce beams 

approximately 127 mm in height. 
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Figure 13. Top view of bending beams designs.  

Rounded designs are (a)-(c), "square" designs are (d)-(f). 400 µm (a) & (d), 
600 µm (b) & (e), 800 µm (c) & (f). 

 

 3.2.2 Fabrication and measurements.  

Seven samples were printed of each size/pattern combination. Due to file size 

limitations, the parts were built in three builds, as described in section 3.1.3. Parts were 

removed from the build plate and cleaned by blasting with air and Ti-6Al-4V powder 

(Figure 14). 

Struts and pore sizes were measured on a digital microscope (Hirox KH 7700), as 

well as the cross sectional area and bulk dimensions of the hollow center. External bulk 

dimensions were taken with calipers. Cross sectional area was also measured on the 

microscope and samples were weighed to determine apparent density. 
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Figure 14. Cleaning of cylindrical beams in the grit blasting chamber.  

Parts are embedded in a block of sintered powder when first removed from the 
EBM machine (a) & (b). The sintered block is blasted with powder to reveal the 

parts (c). 
 

 

 
Figure 15. Top view of cylinders for bend testing.  

400 (a), 600 (b), and 800 µm (c) nominal pore sizes. 
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3.2.3 Bend Testing.  

Samples were tested nondestructively in 4 point bending with 101 mm outer span 

and 25 mm (4:1) and 50.8 mm (2:1) inner spans. Samples were strained to 1.27 mm (4:1) 

0.6 mm (2:1) and back at 1.27 mm/min three times per sample.  

Flexural Modulus was calculated from data according to the formula:  

 

    [3.1] 

where P is the force at each of the inner span contact points (half the total force), a is the 

distance between the outer support and inner support, L is the distance between the outer 

supports, δ is the vertical deflection measured at the inner contacts, and I is the cross-

sectional area moment of inertia, with respect to the neutral axis (Figure 16). Area 

moment of inertia, I, was calculated by subtracting the hollow center from the outside 

dimensions, (Itotal = Iouter – Iinner) where Iouter was calculated from the moment formula for 

an ellipse,  

      [3.2] 

where α and β are the long and short axis radii, respectively, as shown in Figure 17(a)) 

and Iinner was either calculated from the formula for an ellipse (rounded samples, Figure 

17 (a)) or from the formula for a rectangle, 

      [3.3] 

using several small rectangles (square samples, Figure 17(b)). 
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Several specimens of each size/design type were then selected for testing to 

failure. 

 

 

Figure 16. Relevant dimensions for calculating flexural modulus. 
P is the force applied at each of the inner supports (half the total force), R is the 
reaction force at each of the outer supports, L is the distance between the outer 

supports, δ  is the vertical deflection measured at the inner supports, and a is the 
distance from the outer support to the inner support. 

 

 

 

Figure 17. Dimensions used to calculate cross-sectional area moment of inertia of 
bending samples with respect to the neutral axis (x-axis). 
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Figure 18. Four point bend testing with 25.4 mm inner span. 

 
 
 
 

 
Figure 19. Four point bend testing with 50.8 mm inner span. 
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4. 4. RESULTS & DISCUSSION 

In evaluating the results of compression and bend testing, the strength and 

modulus of elasticity of bone were used as the target values. Compression test results are 

presented in section 4.2, where it was found that the ERD cubes’ elastic moduli were 

closest to bone, while the RD and GA cubes had much lower strength and elastic moduli. 

The results for the ERD beams are presented next in section 4.3. 

 

4.1 CLEANING AND MEASUREMENTS. 

Thirty-six parts (three samples of three sizes of four designs) were fabricated for 

compression testing. Struts and pore sizes were measured on a digital microscope as 

shown in Figure 23. Values are summarized in Table 5 (complete data sets are listed in 

Appendix A). Comparison of Figure 20 and Figure 21 shows the effect of strut angle with 

respect to build direction on the resulting strut thickness. Struts in the rhombic 

dodecahedron mesh (Figure 20) are at 60° from vertical, whereas the struts of the 

unrotated elongated rhombic dodecahedron mesh (Figure 21) are at 30° from vertical. 

The smaller angle from vertical means greater overlap from layer to layer, creating a 

thicker strut (Figure 25). This effect is also visible in the rotated elongated rhombic 

dodecahedron (Figure 22). Some of the struts are vertical (parallel to build direction), 

whereas some struts are approximately 60° from vertical. The vertical struts are 

noticeably thicker than the angled struts, as reflected in Figure 27 and Table 5. This is 

why strut angles should be no more than 60° from vertical for minimally-sized struts; at 
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angles greater than this the overlap between layers is too small to maintain adequate 

structural integrity. 

The effects of cleaning can also been seen in Figure 22. In order to remove 

remaining powder from the middle of the cubes it was necessary to direct the grit blaster 

through the pores from the side for the dodecahedral cubes. The GA design had to be 

cleaned from the corner shown in Figure 10 (b) (the orientation shown in Figure 23 (d)-

(f)), but the higher porosity of the GA unit cell made it the easiest design to clean. In the 

RD and unrotated ERD cubes, cleaning could be done from all four sides, but not from 

the top or bottom. In the rotated ERD cleaning could only be done from two sides (the 

side shown in Figure 9 and opposite side), so these two sides received approximately 

twice as much blasting as on the RD and unrotated ERD cubes of the same sizes. 

Moreover, cubes with smaller pores required more cleaning to remove all the powder, so 

the 400 µm rotated ERD cells are visibly smoother due to significantly longer time being 

cleaned from the side in the grit blaster. The 600 µm rotated ERD is not as smooth as the 

400 µm, but still smoother than seen in other cubes. This effect can also be seen in the 

data given in Table 5. Comparison of the vertical struts’ thicknesses (parallel to build 

direction, z) reveals that the 400 µm cubes averaged 411 ± 43 µm, compared to 

439 ± 37 µm for the 600 µm cubes and 474 ± 49 µm for the 800 µm cubes. A similar 

trend is clearly evident for ERD 30° struts that were 60° from vertical between the 

400 µm and 600 µm sizes, though the 600 µm and 800 µm strut thicknesses are similar. 

In contrast, the GA cubes had the highest porosity and so were most easily cleaned, in 

spite of the odd orientation of the pores. This is reflected in the rougher texture seen on 
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the struts in Figure 23, particularly (c). The 800 µm GA cubes required minimal cleaning, 

so the texture of these struts best shows the typical surface roughness of an EBM 

manufactured part. Because the outermost struts would have been most affected by 

cleaning, the rougher struts probably better represent the average strut thickness 

throughout the cube. The rough texture contributed to the large variability in strut sizes. 

The range of thicknesses varied by as much as ± 50% of the mean thickness. Figure 27 

shows the strut thickness versus the strut angle for the 800 µm cubes. Only the 800 µm 

cubes were included in the graph to minimize the effects of cleaning on the data. A few 

strut defects were observed (Figure 26) under the microscope, but most cubes had no 

visible defects on the sides. Several cubes had small defects on the bottom, which could 

be attributed to removal from the build plate. 

 

 
Figure 20. Close-up of struts on the RD cubes.  

RD400 (a), RD600 (b), RD800 (c). Blue arrow indicates build direction. Scale bar 
is 1,000 µm. 
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Figure 21. Close-up of struts on the ERD-0° cubes.  

ERD400 (a), ERD600 (b), ERD800 (c). Blue arrows indicate build direction. 
Scale bar is 1,000 µm. 

 
 
 
 

 
Figure 22. Close-up of struts on the ERD-30° cubes.  

ERD400 (a), ERD600 (b), and ERD800 (c). Blue arrows indicate build 
direction. Scale bar is 1,000 µm. 

 
 
 



80 
 
 

 

 

 
Figure 23. Close-up of struts on the GA cubes.  

GA400 (a) & (d), GA600 (b) & (e), GA800 (c) & (f). Side view in (a), (b), 
and (c). Blue arrow shows build direction. (d), (e), and (f) show diagonal 

view from a corner (build direction is approximately 35° out of the 
image). Scale bar is 1,000 µm. 

 
 
 

 
Figure 24. Close-up of ERD600-0° cube illustrating 

the layer thickness. Scale bar is 1,000 µm. 
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Figure 25. Effect of strut angle on strut thickness, where tmp is the width of the melt 

pool and ts is the strut thickness. The strut thickness is determined by the 
overlapping portion of the melt pool (tmp) from each layer. As the angle from the 
build plate decreases, the overlapping area between each layer decreases, so the 

strut thickness, ts decreases. 
 
 

 
Figure 26. Strut defects. RD600 #1 (a) RD800 #2 (b) ERD400-30° #3 (c) GA800 #3 
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Table 5. Summary of measurements of compression samples. Strut measurements 
for the ERD-30° are summarized by the average for all sides, followed by the 

average for struts oriented parallel to build direction (z) and strut oriented 30° 
from build direction, measured on two opposite sides, to show the effect of 

orientation on thickness. (Standard deviations are pooled.) 

  Strut Thickness, 
mean ± SD (range)  

Pore size, 
mean ± SD  
(short axis): 

Pore size, 
mean ± SD  
(long axis): 

Apparent 
Density 

  µm µm µm g/cm3 
RD 400 329 ± 49 (211-532) 847 ± 38 1510 ± 56 0.613 
RD 600 333 ± 48 (181-572) 1069 ± 50 1879 ± 58 0.474 
RD 800 336 ± 43 (233-521) 1261 ± 46 2246 ± 65 0.384 
ERD-0° 400 440 ± 52 (315-608) 747 ± 61 1185 ± 93 1.311 
ERD-0° 600 444 ± 52 (320-605) 927 ± 66 1575 ± 87 1.02 
ERD-0° 800 443 ± 59 (305-639) 1174 ± 69 1940 ± 98 0.808 
ERD-30° 400 395 ± 64 (227-542) 825 ± 73 1434 ± 99 1.212 

Parallel to z:    411 ± 43 (300-542)     
60° from z:    314 ± 54 (227-474)     

ERD-30° 600 419 ± 68 (222-665) 1024 ± 47 1745 ± 65 0.958 
Parallel to z:    439 ± 36 (338-545)     
60° from z:    333 ± 51 (222-478)     

ERD-30° 800 423 ± 77 (226-599) 1179 ± 45 2077 ± 79 0.772 
Parallel to z:    474 ± 49 (368-599)     
60° from z:    336 ± 57 (226-500)     

GA 400 375 ± 65 (200-541) 768 ± 63 
 

0.16 
GA 600 378 ± 58 (244-488) 935 ± 65 

 
0.12 

GA 800 373 ± 59 (239-545) 1138 ± 43   0.41 
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Figure 27. Strut thickness vs. strut angle for 800 µm compression samples.  

Only the 800 µm cubes were used because the larger pore size resulted in shorter 
cleaning times and less thickness lost to grit blasting. 

 
Cleaning of bending samples was similar to compression cubes. Because the 

bending samples were not as thick as the compression samples, and were hollow, 

removal of sintered powdered was significantly easier. Strut measurements on the 

bending samples were similar to those for the ERD samples. Average strut diameter was 

only slightly larger (~18 µm) for the bending samples, most likely due to reduced 

cleaning time. Cross sectional area was measured on the microscope. Measurements are 

summarized in Table 6. (Full data given in Appendix A.) 

Table 6. Summary of measurements of bending samples. (Standard deviations 
based on pooled variances.) 

 

Strut Thickness, 
mean ± SD (range) 

Cross Section Area, 
mean ± SD 

Apparent Density, 
mean ± SD  

  µm mm2 g/cm3 
4R 441 ± 67 (305-622) 147.4 ± 1.6 1.59 ± 0.05 
4S 449 ± 52 (322-661) 141.8 ± 3.3 1.32 ± 0.03 
6R 455 ± 61 (293-602) 134.9 ± 1.6 1.28 ± 0.03 
6S 472 ± 65 (332-663) 146.2 ± 2.4 1.06 ± 0.03 
8R 468 ± 67 (323-666) 147.0 ± 2.6 1.08 ± 0.01 
8S 468 ± 58 (297-669) 141.7 ± 1.2 0.89 ± 0.02 
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4.2 COMPRESSION TESTING. 

Stress-strain curves from compression testing of the 34 samples tested (two 

GA800 cubes were unusable for testing, as previously discussed) are shown in Figures 

28, 30, 32, and 34. Figure 36 shows a comparison of representative samples for all design 

type/size combinations. All four designs showed an approximately linear curve initially 

that rounded off before peaking at the ultimate strength. Failure of a few individual struts 

was typically audible prior to visual sample failure, though these were not reflected in the 

data, and were probably outside the sensitivity of the load cell. Sample failure took the 

form of layer collapse or layer shearing between rows, vertically between columns, or 

diagonal shearing (Figures 29, 31, 33, and 35). Behavior after that was variable but 

typically included a series of smaller peaks and valleys as subsequent sections were 

compressed and failed by brittle collapse or shearing, until the sample was reduced to 

clumps of unit cells which were increasingly compressed in the densification phase, most 

noticeable in Figure 34 with the GA400 cubes.  

 Compressive yield strengths and elastic moduli are summarized in Tables 7 and 

8, respectively. The elongated rhombic dodecahedron (ERD) samples had the highest 

strength and modulus, with the unrotated designs being slightly higher in both. This is 

likely due to the narrower, more vertically oriented unit cell, which allows for a higher 

packing density in the xy-plane (11.5 unit cells on a side for ERD-0° 800 vs. 8.5 unit cells 

for RD400 in the 20 mm cube) and so yields a higher apparent density, as well as the 

increased strut thickness in the ERD cells. Additionally, the more vertical orientation of 

the struts in the ERD-0° cubes would lead to loading of individual struts that is more 
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compressive and less in bending relative to the ERD-30°, RD and GA designs. By 

contrast, the greater strut angle from vertical in the RD and GA unit cells leads to struts’ 

being loaded primarily in bending. Bending moments on struts more often led to struts’ 

shearing from attachment points rather than breaking in the middle. Because shearing 

between layers was a common failure mode, the increased number and thickness of strut 

attachments between layers is likely a significant factor, particularly for the rotated ERD 

cubes, which failed primarily by diagonal shearing. Figure 37 graphs relative yield 

strength, σ*/σs, versus relative density to the 1.5 power, (ρ*/ρs)1.5, based on equation 2.12, 

      
[2.12] 

Regression lines for each of the four design types give values of C4 ranging from 0.18 

and 0.28 for GA and RD, respectively, to 0.57 and 1.04 for ERD-30° and ERD-0°, 

respectively. Figure 38 shows the relative elastic modulus, E*/Es, versus the relative 

density squared, (ρ*/ρs)2, based on equation 2.5: 

      
[2.5]

 

Calculated values for C2 are less varied than those for C4, ranging from 0.09 and 0.12 for 

GA and RD, respectively, to 0.37 and 0.39 for ERD-0° and ERD-30°, respectively.  

Some residual powder was recovered after testing from many of the 

dodecahedron cubes (RD and ERD), particularly the small-pore samples; however the 

amount was small and unlikely to have affected density measurements significantly. 

None was noted with the GA cubes.  
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Figure 28. Compressive stress-strain graph for RD cubes  

of 400 (blue), 600 (green) and 800 µm (red) nominal pore sizes. 
 

 
Figure 29. RD 800  cube in compression testing.  

Beginning of compression (a), initial, mostly elastic compression (b), partial row 
collapse (c), diagonal crushing (d), various brittle collapse and densification 
(e) & (f). 
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Figure 30. Compressive stress-strain graph for ERD-0° cubes  

of 400 (blue), 600 (green) and 800 µm (red) nominal pore sizes. 
 
 

 
Figure 31. ERD-0° 800 cube in compression.  

Before compression (a), initial, mostly elastic compression (b), failure by 
vertical shearing between columns and partial row collapse (c), (d) & (e), 

further collapse and densification (f). 
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Figure 32. Compressive stress-strain graph for ERD-30° cubes  
of 400 (blue), 600 (green) and 800 µm (red) nominal pore sizes. 

 
 

 
Figure 33. ERD-30° 800 cube in compression. 

Beginning of compression (a), initial compression (b), initial failure by diagonal 
crushing (c) & (d), further failure by diagonal crushing, with columns starting to 

shear off (e) & (f), onset of densification (g). 
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Figure 34. Compressive stress-strain graph for GA cubes  

of 400 (blue), 600 (green), and 800 µm (red) nominal pore sizes. 
 
 

 
Figure 35. GA 800 µm cube in compression. 

Beginning of compression (a), initial compression (b), scattered failure near the 
base (c), continued failure primarily through strut shearing (d) – (f). 
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Figure 36. Comparison of compressive stress vs. strain for selected samples 
of each size/design. RD (red), ERD-0° (blue), ERD-30° (green), GA (purple). 
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Table 7. Yield strengths for compression samples. 

 RD 
MPa 

ERD-0° 
MPa 

ERD-30° 
MPa 

GA 
MPa 

400     1 10.9 138.3 70.5 10.5 
2 11.7 137.4 69.9 9.8 
3 11.3 132.5 67.8 9.2 

600     1 6.8 83.7 55.8 4.7 
2 6.8 83.4 42.8 5.0 
3 6.8 82.2 46.6 5.1 

800     1 4.7 54.8 34.8 3.5 
2 3.8 52.6 30.8 - 
3 4.3 53.0 28.0 - 

 
 

 
Figure 37. Relative yield strength, σ*/σ s, as a function of relative density to the 1.5 

power (ρ*/ρ s)1.5, with best fit lines. 
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Table 8. Elastic moduli for compression samples. 

 RD 
GPa 

ERD-0° 
GPa 

ERD-30° 
GPa 

GA 
GPa 

400    2 0.239 4.520 3.210 0.247 
3 0.232 4.597 2.940 0.242 

600    2 0.125 3.169 1.515 0.120 
3 0.129 3.248 1.593 0.119 

800    2 0.071 2.210 1.250 - 
3 0.078 2.390 1.172 - 

 
  

 
 

 
Figure 38. Relative Modulus as a function of relative density squared,  

with best fit lines, for compression tests. 
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4.3 FOUR POINT BENDING 

Four point bend testing was used as it was considered more representative of 

physiological loading compared to three point bending. Figure 39 shows several sample 

curves from testing to failure. Behavior in bending was less complex than for 

compression. Individual strut failures could sometimes be heard singly or in small 

clusters prior to complete sample failure. In some cases these partial failures are reflected 

in the data, as seen in Figure 39. Failure took the form of sudden brittle fracture at or near 

the center of the test sample across a single or adjacent layers. Figure 40 shows the load 

vs. displacement at failure for each sample.  

 

 
Figure 39. Bending load versus displacement for several samples, showing 

premature strut failures prior to complete failure.  
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Figure 40. Load vs. displacement at failure for all bending samples. 

 
 

Flexural moduli calculated from testing with a 25.4 mm inner span (4:1) and with 

a 50.8 mm inner span (2:1) are summarized in Table 9, and graphed against apparent 

density in Figure 41. Table 9 also gives the yield strengths determined with the 50.8 mm 

inner span, which are graphed against apparent density in Figure 42.  

 
Table 9. Apparent density, flexural modulus and flexural yield strength for samples 

tested in bending, mean ± standard deviation. 
 Apparent 

Density 
Modulus of 
flexure (4:1) 

Modulus of 
flexure (2:1) 

Yield 
strength 

 g/cm3 GPa GPa MPa 
E4R 1.59 8.79 ± 0.21 8.60 ± 0.44 98.2 ± 9.7 
E4S 1.32 7.98 ± 0.22 7.73 ± 0.40 88.0 ± 4.4 
E6R 1.28 6.34 ± 0.19 5.49 ± 0.18 79.8 ± 7.7 
E6S 1.06 6.31 ± 0.32 5.91 ± 0.37 70.8 ± 6.5 
E8R 1.08 4.51 ± 0.27 3.70 ± 0.20 66.0 ± 4.5 
E8S 0.89 3.59 ± 0.09 2.87 ± 0.30 51.0 ± 4.9 
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The two different inner spans were used to determine whether the number of unit 

cells spanning the inner supports affected behavior in bending significantly. For all sizes, 

the 50.8 mm inner span gave lower flexural moduli, though the effect was not statistically 

significant for the 400 µm unit cell (P = 0.37 and P = 0.13 for E4R and E4S, respectively, 

paired Student t-tests). For the two larger sizes, the difference was significant (P < 0.003) 

for round and ‘square’ designs. Table 10 gives the number of unit cells spanning the inner 

supports during testing for each of the two testing ratios (4:1 and 2:1). Figure 43 

illustrates the difference for the 800 µm size designs. At small scales, relative to the size 

of the unit cell, the behavior of a cellular material is dominated by the behavior of the 

unit cell. As the scale is increased, the behavior of individual unit cells averages out so 

that the material behaves more like a continuous, bulk solid. This is reflected in Figure 41 

as the regression lines for the 2:1 and 4:1 tests begin to converge with decreasing cell size 

(increasing scale relative to cell size). While this makes smaller unit cells a more ideal 

choice for small structures, such as endoprosthetics for medium to small dog bones, in 

practice this creates some difficulties relating to the small strut size. At these strut sizes, 

the inherent roughness of the EBM-produced surface means struts varied in thickness by 

as much ± 50% of the average, which contributes to inconsistent mechanical properties. 

A strut section with thickness reduced by 50% would decrease the cross section by 75%, 

increasing the stress by a factor of 4. Working at the minimal strut size also increases the 

chances of full thickness flaws. Defect tolerance of cellular materials is greatly affected 

by how the struts are loaded. Behavior in compression is not especially sensitive to 
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defects; in tension and bending, however, defects create stress concentrations that can 

lead to failure. 

Comparing the rounded and squared designs of each size, it is not surprising that 

the square designs have a lower modulus and yield strength, since they have lower 

apparent densities. Comparing the two design types in Figure 41, however, it can be seen 

that where the apparent densities overlap, the square design has a higher modulus. This is 

likely because the overlap is between the square design of one cell size and the rounded 

design of the larger cell size (E4S overlaps E6R, E6S overlaps E8R). This is consistent 

with equation [2.4], which can be expressed as 

      [2.4b] 

Strut lengths increased with cell size, while strut thickness remained constant. Equation 

[2.4b] predicts that this will result in a decrease in the modulus (since Es is constant). 

Despite the difference in the apparent density, the modulus of the 600 µm size did 

not differ significantly between the round and square designs when tested at 4:1. At 2:1 

the square design had a slightly higher average modulus, though the difference was not 

significant (P = 0.02, Student t-test). For all sizes the square design had a lower yield 

strength, though the difference was not significant for the smaller two sizes (P = 0.03 and 

0.04 for 400 µm and 600 µm, sizes, respectively). For the 800 µm size the difference was 

strongly significant (P < 0.001). Figure 41 shows the flexural moduli for all samples 

plotted against the apparent density, with regression lines for all rounded samples and all 

square samples at each testing ratio (4:1 and 2:1). Despite the spread seen in the rounded 

t4
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400 µm data, correlation with apparent density was high (R2 = 0.97 for both). Correlation 

for the square samples was slightly lower (R2 = 0.93 and 0.92 for 4:1 and 2:1, 

respectively). Figure 42 plots yield strength against apparent density for all samples with 

regression lines for rounded and for square designs. Correlation was not very high, with 

R2 = 0.80 for rounded and 0.88 for square designs. Greater scatter in yield strength data 

may be influenced by the sensitivity to manufacturing defects in tensile loading. 

Premature failure of individual struts, visible in Figure 39 for some samples (particularly 

the two 8S samples), may be influenced by such surface flaws. Some premature strut 

failures were audible during non-destructive testing, which may have contributed to the 

greater scatter seen in yield strength. Premature strut failures that could be seen in the 

data would have caused stress concentrations that may have led to complete failure, 

though there were not enough such failures visible in the data to determine whether a 

trend was present.  

 



98 
 
 

 

 

 
Figure 41. Modulus of flexure vs apparent density with regression lines for all 4:1 

(all R), 2:1 (all R), 4:1 (all S), and 2:1 (all S). 
 
 

 
Figure 42. Yield strength versus apparent density with regression lines. 
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Table 10. Number of unit cells spanning the inner supports during bend testing. 

Nominal 
pore size 

25.4 mm 
inner span 

50.8 mm 
inner span 

400 
600 
800 

5.6 
4.9 
4.3 

11.2 
9.8 
8.6 

 
 
 
 

 
Figure 43. Bending moment and number of unit cells spanning the inner supports 

for 25.4 mm (a) and 50.8 mm (b) inner span bend testing. Illustration shows 
square 800 µm designs under 1000 N total load. 
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5. CONCLUSION AND FUTURE WORK 

Titanium alloy mesh structures are a promising approach to reducing the stiffness 

of orthopedic endoprostheses, though this approach requires balancing various factors. 

On the one hand is the need for small pore sizes to support bone attachment by tissue 

ingrowth. On the other hand is the importance of consistent properties, which would be 

better achieved with thicker struts. In this experiment the highest modulus observed, 

obtained from the smallest cell sizes, was approximately half that of bone. This would be 

an acceptable range to use for a stem designed to be inserted in the shaft of the intact 

portion of a bone as anchor for a joint replacement. For replacement of the entire bone, 

however, strength and modulus need to be comparable to the bone being replaced. 

Further increasing the density by decreasing the unit cell size presents some challenges. 

Because variation in strut thickness is largely due to surface roughness, working with 

minimal strut thicknesses means that thickness varies by as much as ± 50% of the 

average. Moreover, had the pore sizes been as small as originally planned, removal of 

residual powder would have been extremely difficult. A possible compromise would be 

the use of much larger unit cells with a greater strut diameter for the central part of the 

design with an outer layer of smaller unit cells to support tissue ingrowth. This layer 

would only be needed where the implant connects to the remaining bone, and could be 

customized to the patient. This approach would be similar to the porous coatings used on 

cementless implants. 
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Another balance that must be reached is between the need for a sufficiently 

flexible design that has a good fatigue life. Further experiments would be needed to 

determine the fatigue behavior of the elongated rhombic dodecahedron design at various 

cell sizes and strut thicknesses. While orthopedic implants for canines may only need to 

last for two to three years, implants for humans would need to have a much longer 

working life. Larger struts would help improve the fatigue life of cellular designs. 

Surface treatments such as chemical etching could be used to decrease surface flaws that 

can initiate crack formation. This would be best used with larger struts, as such 

treatments would decrease the strut thickness. Larger struts would allow for a balance 

between loss of strength due to reduced strut thickness and improved fatigue resistance 

due to better surface quality. 

The ERD unit cell performed well in compression and bending tests, though the 

range of elastic moduli obtained in these tests was below the target range of bone. Larger 

cell sizes with thicker struts would be a logical next step in development. The narrow size 

of the ERD cell would still allow a reasonable number of cells to be used in a small 

implant. Fatigue testing will also need to be studied. Designs for attaching a layer of 

smaller sized unit cells to the outside would also need to be studied to ensure long-term 

attachment strength.   



102 
 
 

 

 

REFERENCES 

1. Mueller F, Fuchs B, Kaser-Hotz B. Comparative biology of human and canine osteosarcoma. 

Anticancer Res. 2007;27:155-164. 

2. Brodey RS. The use of naturally occurring cancer in domestic animals for research into human 

cancer: General considerations and a review of canine skeletal osteosarcoma. Yale J Biol Med. 

1979;52(4):345-361. 

3. Vail DM, Macewen EG. Spontaneously occurring tumors of companion animals as models for 

human cancer. Cancer Invest. 2000;18(8):781-792. 

4. Withrow SJ, Powers BE, Straw RC, Wilkins RM. Comparative aspects of osteosarcoma: Dog 

versus man. Clin Orthop. 1991;270:159-168. 

5. Goorin AM, Abelson HT, Frei E. Osteosarcoma: Fifteen years later. N Engl J Med. 

1985;313(26):1637-1643. http://dx.doi.org.prox.lib.ncsu.edu/10.1056/NEJM198512263132605. 

doi: 10.1056/NEJM198512263132605. 

6. Lane JM, Hurson B, Boland PJ, Glasser DB. Osteogenic sarcoma. Clinical Orthopaedics and 

Related Research®. 1986;204:93. 

7. Ehrhart NP, Ryan SD, Fan TM. Tumors of the skeletal system. In: Withrow SJ, Vail DM, Page 

RL, eds. Small animal clinical oncology. St. Louis, Missouri: Elsevier; 2013:463-503.  

8. Brodey RS, Riser WH. Canine osteosarcoma: A clinicopathologic study of 194 cases. Clin 

Orthop. 1969;62:54-64. 

9. Grimer RJ. Surgical options for children with osteosarcoma. The Lancet Oncology. 

2005;6(2):85-92. 

10. Larsson S, Lorentzon R. The incidence of malignant primary bone tumours in relation to age, 

sex and site. A study of osteogenic sarcoma, chondrosarcoma and Ewing's sarcoma diagnosed in 



103 
 
 

 

 

Sweden from 1958 to 1968. Journal of Bone & Joint Surgery, British Volume. 1974;56(3):534-

540. 

11. Picci P. Osteosarcoma (osteogencic sarcoma). J Rare Dis. 2007;2(6). 

12. Ottaviani G, Jaffe N. The epidemiology of osteosarcoma. In: Pediatric and adolescent 

osteosarcoma. Springer; 2010:3-13. 

13. Mirabello L, Troisi RJ, Savage SA. Osteosarcoma incidence and survival rates from 1973 to 

2004. Cancer. 2009;115(7):1531-1543. 

14. Egenvall A, Nodtvedt A, von Euler H. Bone tumors in a population of 400 000 insured 

Swedish dogs up to 10 y of age: Incidence and survival. Can J Vet Res. 2007;71(4):292-299. 

15. McNeill C, Overley B, Shofer F, et al. Characterization of the biological behaviour of 

appendicular osteosarcoma in rottweilers and a comparison with other breeds: A review of 258 

dogs. Veterinary and Comparative Oncology. 2007;5(2):90-98. 

16. Misdorp W, Hart AA. Some prognostic and epidemiologic factors in canine osteosarcoma. J 

Natl Cancer Inst. 1979;62(3):537-545. 

17. Ru G, Terracini B, Glickman L. Host related risk factors for canine osteosarcoma. The 

Veterinary Journal. 1998;156(1):31-39. 

18. Liu S, Dorfman H, Hurvitz A, Patnaik A. Primary and secondary bone tumours in the dog. J 

Small Anim Pract. 1977;18(5):313-326. 

19. Anfinsen KP, Grotmol T, Bruland OS, Jonasdottir TJ. Breed-specific incidence rates of 

canine primary bone tumors--a population based survey of dogs in Norway. Can J Vet Res. 

2011;75(3):209-215. 

20. Sinibaldi K, Rosen H, Liu S, Deangelis M. Tumors associated with metallic implants in 

animals. Clin Orthop. 1976;118:257-266. 



104 
 
 

 

 

21. Berry M, Jenkin R, Fornasier V, Rideout D. Osteosarcoma at the site of previous fracture. A 

case report. Journal of bone and joint surgery. American volume. 1980(7):1216-1218. 

22. Link M. Osteosarcoma. In: New directions in cancer treatment. Springer; 1989:585-589. 

23. Mauldin GN, Matus RE, Withrow SJ, Patnaik AK. Canine osteosarcoma. treatment by 

amputation versus amputation and adjuvant chemotherapy using doxorubicin and cisplatin. 

Journal of Veterinary Internal Medicine. 1988;2(4):177-180. 

24. Shapiro W, Fossum TW, Kitchell BE, Couto CG, Theilen GH. Use of cisplatin for treatment 

of appendicular osteosarcoma in dogs. J Am Vet Med Assoc. 1988;192(4):507-511. 

25. Garzotto CK, Berg J, Hoffmann WE, Rand WM. Prognostic significance of serum alkaline 

phosphatase activity in canine appendicular osteosarcoma. Journal of Veterinary Internal 

Medicine. 2000;14(6):587-592. 

26. Ehrhart N, Dernell WS, Hoffmann WE, Weigel RM, Powers BE, Withrow SJ. Prognostic 

importance of alkaline phosphatase activity in serum from dogs with appendicular osteosarcoma: 

75 cases (1990-1996). J Am Vet Med Assoc. 1998;213(7):1002-1006. 

27. Kirpensteijn J, Kik M, Rutteman GR, Teske E. Prognostic significance of a new histologic 

grading system for canine osteosarcoma. Vet Pathol. 2002;39(2):240-246. 

28. Bacci G, Ferrari S, Lari S, et al. Osteosarcoma of the limb. amputation or limb salvage in 

patients treated by neoadjuvant chemotherapy. J Bone Joint Surg Br. 2002;84(1):88-92. 

29. Berg J, Gebhardt MC, Rand WM. Effect of timing of postoperative chemotherapy on survival 

of dogs with osteosarcoma. Cancer. 1997;79(7):1343-1350. 

30. Cotterill SJ, Wright CM, Pearce MS, Craft AW. Stature of young people with malignant bone 

tumors. Pediatric blood & cancer. 2004;42(1):59-63. 



105 
 
 

 

 

31. Ayerza M, Farfalli G, Aponte-Tinao L, Luis Muscolo D. Does increased rate of limb-sparing 

surgery affect survival in osteosarcoma? Clinical Orthopaedics and Related Research®. 

2010;468(11):2854-2859. doi: 10.1007/s11999-010-1423-4. 

32. Aksnes L, Bauer H, Jebsen N, et al. Limb-sparing surgery preserves more function than 

amputation: A scandinavian sarcoma group study of 118 patients. Journal of Bone & Joint 

Surgery, British Volume. 2008;90(6):786-794. 

33. Grier HE. The Ewing family of tumors: Ewing's sarcoma and primitive neuroectodermal 

tumors. Pediatr Clin North Am. 1997;44(4):991-1004. 

34. Davis A, Wright J, Williams J, Bombardier C, Griffin A, Bell R. Development of a measure 

of physical function for patients with bone and soft tissue sarcoma. Quality of Life Research. 

1996;5(5):508-516. 

35. Enneking WF, Dunham W, Gebhard MC, Malawar M, Pritchard DJ. A system for the 

functional evaluation of reconstructive procedures after surgical treatment of tumors of the 

musculoskeletal system. Clin Orthop. 1993;286:241-246. 

36. Straw RC, Withrow SJ. Limb-sparing surgery versus amputation for dogs with bone tumors. 

Vet Clin N Am : Small Anim Pract. 1996;26(1):135-143. 

37. Tonino A, Davidson C, Klopper P, Linclau L. Protection from stress in bone and its effects. 

experiments with stainless steel and plastic plates in dogs. Journal of Bone & Joint Surgery, 

British Volume. 1976;58(1):107-113. 

38. Bobyn J, Glassman A, Goto H, Krygier J, Miller J, Brooks C. The effect of stem stiffness on 

femoral bone resorption after canine porous-coated total hip arthroplasty. Clin Orthop. 

1990;261:196-213. 

39. Jones HH, Priest JD, Hayes WC, Tichenor CC, Nagel DA. Humeral hypertrophy in response 

to exercise. J Bone Joint Surg Am. 1977;59(2):204-208. 



106 
 
 

 

 

40. Frost HM. Wolff's law and bone's structural adaptations to mechanical usage: An overview 

for clinicians. Angle Orthod. 1994;64(3):175-188. 

41. Bauer TW, Schils J. The pathology of total joint arthroplasty. Skeletal Radiol. 

1999;28(9):483-497. 

42. Engh CA, Bobyn JD. The influence of stem size and extent of porous coating on femoral bone 

resorption after primary cementless hip arthroplasty. Clin Orthop. 1988;231:7-28. 

43. Engh CA, Bobyn JD, Glassman AH. Porous-coated hip replacement. the factors governing 

bone ingrowth, stress shielding, and clinical results. J Bone Joint Surg Br. 1987;69(1):45-55. 

44. Crowninshield R, Pedersen D, Brand R. A measurement of proximal femur strain with total 

hip arthroplasty. J Biomech Eng. 1980;102(3):230-233. 

45. Oh I, Harris WH. Proximal strain distribution in the loaded femur. An in vitro comparison of 

the distributions in the intact femur and after insertion of different hip-replacement femoral 

components. J Bone Joint Surg Am. 1978;60(1):75-85. 

46. Claes L. The mechanical and morphological properties of bone beneath internal fixation 

plates of differing rigidity. Journal of Orthopaedic Research. 1989;7(2):170-177. 

47. Uhthoff HK, Finnegan M. The effects of metal plates on post-traumatic remodelling and bone 

mass. J Bone Joint Surg Br. 1983;65(1):66-71. 

48. Bobyn JD, Mortimer ES, Glassman AH, Engh CA, Miller JE, Brooks CE. Producing and 

avoiding stress shielding: Laboratory and clinical observations of noncemented total hip 

arthroplasty. Clin Orthop. 1992;274:79-96. 

49. Page A, Jasty M, Bragdon C, Ito K, Harris WH. Alterations in femoral and acetabular bone 

strains immediately following cementless total hip arthroplasty: An in vitro canine study. Journal 

of orthopaedic research. 1991;9(5):738-748. 



107 
 
 

 

 

50. Cameron HU, Pilliar RM, Macnab I. The effect of movement on the bonding of porous metal 

to bone. J Biomed Mater Res. 1973;7(4):301-311. 

51. Pilliar R, Lee J, Maniatopoulos C. Observations on the effect of movement on bone ingrowth 

into porous-surfaced implants. Clin Orthop. 1986;208:108-113. 

52. Wirtz DC, Schiffers N, Pandorf T, Radermacher K, Weichert D, Forst R. Critical evaluation 

of known bone material properties to realize anisotropic FE-simulation of the proximal femur. J 

Biomech. 2000;33(10):1325-1330. 

53. Rho J, Kuhn-Spearing L, Zioupos P. Mechanical properties and the hierarchical structure of 

bone. Med Eng Phys. 1998;20(2):92-102. 

54. Katz JL, Yoon HS, Lipson S, Maharidge R, Meunier A, Christel P. The effects of remodeling 

on the elastic properties of bone. Calcif Tissue Int. 1984;36(1):S31-S36. 

55. Reilly DT, Burstein AH, Frankel VH. The elastic modulus for bone. J Biomech. 

1974;7(3):271-275. 

56. Vahey JW, Lewis JL, Vanderby Jr R. Elastic moduli, yield stress, and ultimate stress of 

cancellous bone in the canine proximal femur. J Biomech. 1987;20(1):29-33. doi: DOI: 

10.1016/0021-9290(87)90264-8. 

57. Kaneps AJ, Stover SM, Lane NE. Changes in canine cortical and cancellous bone mechanical 

properties following immobilization and remobilization with exercise. Bone. 1997;21(5):419-423. 

doi: DOI: 10.1016/S8756-3282(97)00167-1. 

58. Reilly DT, Burstein AH. The elastic and ultimate properties of compact bone tissue. J 

Biomech. 1975;8(6):393-396, IN9-IN11, 397-405. doi: DOI: 10.1016/0021-9290(75)90075-5. 

59. Ashman RB, Rho JY. Elastic modulus of trabecular bone material. J Biomech. 

1988;21(3):177-181. 



108 
 
 

 

 

60. Rho J, Tsui TY, Pharr GM. Elastic properties of human cortical and trabecular lamellar bone 

measured by nanoindentation. Biomaterials. 1997;18(20):1325-1330. 

61. Shetye SS, Malhotra K, Ryan SD, Puttlitz CM. Determination of mechanical properties of 

canine carpal ligaments. AJVR. 2009;70(8):1026-1030. 

62. Carter D, Smith D, Spengler D, Daly C, Frankel V. Measurement and analysis of in vivo bone 

strains on the canine radius and ulna. J Biomech. 1980;13(1):27-38. 

63. Rubin CT, Lanyon LE. Limb mechanics as a function of speed and gait: A study of functional 

strains in the radius and tibia of horse and dog. J Exp Biol. 1982;101:187-211. 

64. Bielack SS, Kempf-Bielack B, Delling G, et al. Prognostic factors in high-grade osteosarcoma 

of the extremities or trunk: An analysis of 1,702 patients treated on neoadjuvant cooperative 

osteosarcoma study group protocols. J Clin Oncol. 2002;20(3):776-790. 

65. Wilkins RM, Cullen JW, Odom L, et al. Superior survival in treatment of primary 

nonmetastatic pediatric osteosarcoma of the extremity. Annals of surgical oncology. 

2003;10(5):498-507. 

66. Renard AJ, Veth RP, Schreuder H, van Loon CJ, Koops HS, van Horn JR. Function and 

complications after ablative and limb-salvage therapy in lower extremity sarcoma of bone. J Surg 

Oncol. 2000;73(4):198-205. 

67. Rougraff BT, Simon MA, Kneisl JS, Greenberg DB, Mankin HJ. Limb salvage compared 

with amputation for osteosarcoma of the distal end of the femur. A long-term oncological, 

functional, and quality-of-life study. J Bone Joint Surg Am. 1994;76(5):649-656. 

68. Lascelles BDX, Dernell WS, Correa MT, et al. Improved survival associated with 

postoperative wound infection in dogs treated with limb-salvage surgery for osteosarcoma. 

Annals of surgical oncology. 2005;12(12):1073-1083. 



109 
 
 

 

 

69. Jeys L, Grimer R, Carter S, Tillman R, Abudu A. Post operative infection and increased 

survival in osteosarcoma patients: Are they associated? Annals of surgical oncology. 

2007;14(10):2887-2895. 

70. Sottnik JL, U’Ren LW, Thamm DH, Withrow SJ, Dow SW. Chronic bacterial osteomyelitis 

suppression of tumor growth requires innate immune responses. Cancer immunology, 

immunotherapy. 2010;59(3):367-378. 

71. Unwin PS, Cannon SR, Grimer RJ, Kemp HB, Sneath RS, Walker PS. Aseptic loosening in 

cemented custom-made prosthetic replacements for bone tumours of the lower limb. J Bone Joint 

Surg Br. 1996;78(1):5-13. 

72. Brigman BE, Hornicek FJ, Gebhardt MC, Mankin HJ. Allografts about the knee in young 

patients with high-grade sarcoma. Clin Orthop. 2004;421:232-239. 

73. Gebhardt MC, Flugstad DI, Springfield DS, Mankin HJ. The use of bone allografts for limb 

salvage in high-grade extremity osteosarcoma. Clin Orthop. 1991;270:181-196. 

74. Alman BA, De Bari A, Krajbich JI. Massive allografts in the treatment of osteosarcoma and 

ewing sarcoma in children and adolescents. J Bone Joint Surg Am. 1995;77(1):54-64. 

75. LaRue SM, Withrow SJ, Powers BE, et al. Limb-sparing treatment for osteosarcoma in dogs. 

J Am Vet Med Assoc. 1989;195(12):1734-1744. 

76. Kirpensteijn J, Steinheimer D, Park R, et al. Comparison of cemented and non-cemented 

allografts in dogs with osteosarcoma. Vet Comp Orthop Traumatol. 1998;11(4):20-26. 

77. Liptak JM, Dernell WS, Ehrhart N, Lafferty MH, Monteith GJ, Withrow SJ. Cortical allograft 

and endoprosthesis for limb-sparing surgery in dogs with distal radial osteosarcoma: A 

prospective clinical comparison of two different limb-sparing techniques. Veterinary Surgery. 

2006;35(6):518-533. doi: 10.1111/j.1532-950X.2006.00185.x. 



110 
 
 

 

 

78. Wheeler DL, Enneking WF. Allograft bone decreases in strength in vivo over time. Clin 

Orthop. 2005;435:36-42. 

79. Manfrini M. The role of vascularized fibula in skeletal reconstruction. Chir Organi Mov. 

2003;88(2):137-142. 

80. Innocenti M, Delcroix L, Manfrini M, Ceruso M, Capanna R. Vascularized proximal fibular 

epiphyseal transfer for distal radial reconstruction. J Bone Joint Surg Am. 2004;86-A(7):1504-

1511. 

81. Uyttendaele D, De Schryver A, Claessens H, Roels H, Berkvens P, Mondelaers W. Limb 

conservation in primary bone tumours by resection, extracorporeal irradiation and re-

implantation. J Bone Joint Surg Br. 1988;70(3):348-353. 

82. Uyttendaele D, Van Der Borght P, Claessens H. Limb conservation in primary bone tumors 

by resection, extracorporeal irradiation and reimplantation: Results and complications of the 

technique in 27 patients. In: Limb salvage. Springer; 1991:627-638. 

83. Manabe J, Ahmed AR, Kawaguchi N, Matsumoto S, Kuroda H. Pasteurized autologous bone 

graft in surgery for bone and soft tissue sarcoma. Clin Orthop. 2004;419:258-266. 

84. Buracco P, Morello E, Martano M, Vasconi ME. Pasteurized tumoral autograft as a novel 

procedure for limb sparing in the dog: A clinical report. Veterinary Surgery. 2002;31(6):525-532. 

85. Morello E, Vasconi E, Martano M, Peirone B, Buracco P. Pasteurized tumoral autograft and 

adjuvant chemotherapy for the treatment of canine distal radial osteosarcoma: 13 cases. 

Veterinary Surgery. 2003;32(6):539-544. 

86. Sabo D, Brocai D, Eble M, Wannenmacher M, Ewerbeck V. Influence of extracorporeal 

irradiation on the reintegration of autologous grafts of bone and joint STUDY IN A CANINE 

MODEL. Journal of Bone & Joint Surgery, British Volume. 2000;82(2):276-282. 



111 
 
 

 

 

87. Hazan EJ, Hornicek FJ, Tomford W, Gebhardt MC, Mankin HJ. The effect of adjuvant 

chemotherapy on osteoarticular allografts. Clin Orthop. 2001;385:176-181. 

88. Morello E, Buracco P, Martano M, et al. Bone allografts and adjuvant cisplatin for the 

treatment of canine appendicular osteosarcoma in 18 dogs. J Small Anim Pract. 2001;42(2):61-

66. doi: 10.1111/j.1748-5827.2001.tb01993.x. 

89. Tomford WW, Doppelt SH, Mankin HJ, Friedlaender GE. 1983 bone bank procedures. Clin 

Orthop. 1983;174:15-21. 

90. Head WC, Bauk DJ, Emerson Jr RH. Titanium as the material of choice for cementless 

femoral components in total hip arthroplasty. Clin Orthop. 1995;311:85-90. 

91. Mavrogenis AF, Papagelopoulos PJ. Expandable prostheses for the leg in children. 

Orthopedics. 2012;35(3):173-175. doi: 10.3928/01477447-20120222-03 [doi]. 

92. Grimer R, Carter S, Tillman R, et al. Endoprosthetic replacement of the proximal tibia. 

Journal of Bone & Joint Surgery, British Volume. 1999;81(3):488-494. 

93. VandeVord PJ, Nasser S, Wooley PH. Immunological responses to bone soluble proteins in 

recipients of bone allografts. Journal of orthopaedic research. 2005;23(5):1059-1064. 

94. Mankin HJ, Hornicek FJ, Raskin KA. Infection in massive bone allografts. Clin Orthop. 

2005;432:210-216. 

95. Mankin HJ, Gebhardt MC, Jennings LC, Springfield DS, Tomford WW. Long-term results of 

allograft replacement in the management of bone tumors. Clin Orthop. 1996;324:86-97. 

96. Glassman A, Bobyn J, Tanzer M. New femoral designs: Do they influence stress shielding? 

Clin Orthop. 2006;453:64-74. 

97. Woesz A. Rapid prototyping to produce porous scaffolds with controlled architecture for 

possible use in bone tissue engineering. In: Virtual prototyping & bio manufacturing in medical 

applications. Springer; 2008:171-206. 



112 
 
 

 

 

98. Gibson LJ. Biomechanics of cellular solids. J Biomech. 2005;38(3):377-399. 

99. Heinl P, Müller L, Körner C, Singer RF, Müller FA. Cellular Ti–6Al–4V structures with 

interconnected macro porosity for bone implants fabricated by selective electron beam melting. 

Acta Biomaterialia. 2008;4(5):1536-1544. 

100. Heinl P, Rottmair A, Körner C, Singer RF. Cellular titanium by selective electron beam 

melting. Advanced Engineering Materials. 2007;9(5):360-364. 

101. Harrysson OLA, Cansizoglu O, Marcellin-Little DJ, Cormier DR, West II HA. Direct metal 

fabrication of titanium implants with tailored materials and mechanical properties using electron 

beam melting technology. Materials Science and Engineering: C. 2008;28(3):366-373. doi: 

10.1016/j.msec.2007.04.022. 

102. Ashby MF. The mechanical properties of cellular solids. Metallurgical Transactions A. 

1983;14(9):1755-1769. 

103. Van Rietbergen B, Odgaard A, Kabel J, Huiskes R. Relationships between bone morphology 

and bone elastic properties can be accurately quantified using high-resolution computer 

reconstructions. Journal of Orthopaedic Research. 1998;16(1):23-28. 

104. Turner CH, Cowin SC, Rho JY, Ashman RB, Rice JC. The fabric dependence of the 

orthotropic elastic constants of cancellous bone. J Biomech. 1990;23(6):549-561. 

105. Kopperdahl DL, Keaveny TM. Yield strain behavior of trabecular bone. J Biomech. 

1998;31(7):601-608. 

106. Morgan EF, Keaveny TM. Dependence of yield strain of human trabecular bone on 

anatomic site. J Biomech. 2001;34(5):569-577. 

107. Hollister SJ. Porous scaffold design for tissue engineering. Nature Materials. 2005;4(7):518-

524. 



113 
 
 

 

 

108. Hollister SJ, Lin C, Saito E, et al. Engineering craniofacial scaffolds. Orthodontics & 

craniofacial research. 2005;8(3):162-173. 

109. Cao T, Ho K, Teoh S. Scaffold design and in vitro study of osteochondral coculture in a 

three-dimensional porous polycaprolactone scaffold fabricated by fused deposition modeling. 

Tissue Eng. 2003;9(4, Supplement 1):103-112. 

110. Malda J, Woodfield T, Van Der Vloodt F, et al. The effect of PEGT/PBT scaffold 

architecture on the composition of tissue engineered cartilage. Biomaterials. 2005;26(1):63-72. 

111. Lin C, Schek RM, Mistry AS, et al. Functional bone engineering using ex vivo gene therapy 

and topology-optimized, biodegradable polymer composite scaffolds. Tissue Eng. 2005;11(9-

10):1589-1598. 

112. Schek RM, Taboas JM, Segvich SJ, Hollister SJ, Krebsbach PH. Engineered osteochondral 

grafts using biphasic composite solid free-form fabricated scaffolds. Tissue Eng. 2004;10(9-

10):1376-1385. 

113. Friedman JA, Windebank AJ, Moore MJ, Spinner RJ, Currier BL, Yaszemski MJ. 

Biodegradable polymer grafts for surgical repair of the injured spinal cord. Neurosurgery. 

2002;51(3):742-752. 

114. Woesz A, Stampfl J, Fratzl P. Cellular solids beyond the apparent density – an experimental 

assessment of mechanical properties. Adv Eng Mater. 2004;6(3):134-138. doi: 

10.1002/adem.200300529. 

115. El-Sayed FA, Jones R, Burgess I. A theoretical approach to the deformation of honeycomb 

based composite materials. Composites. 1979;10(4):209-214. 

116. Gibson L, Ashby M, Schajer G, Robertson C. The mechanics of two-dimensional cellular 

materials. Proceedings of the Royal Society of London.A.Mathematical and Physical Sciences. 

1982;382(1782):25-42. 



114 
 
 

 

 

117. Rusch K. Load-compression behavior of brittle foams. J Appl Polym Sci. 1970;14(5):1263-

1276. 

118. Cansizoglu O, Harrysson O, Cormier D, West H, Mahale T. Properties of Ti–6Al–4V non-

stochastic lattice structures fabricated via electron beam melting. Materials Science and 

Engineering: A. 2008;492(1-2):468-474. doi: DOI: 10.1016/j.msea.2008.04.002. 

119. Marcellin-Little DJ, Cansizoglu O, Harrysson OL, Roe SC. In vitro evaluation of a low-

modulus mesh canine prosthetic hip stem. Am J Vet Res. 2010;71(9):1089-1095. 

120. Gotman I. Characteristics of metals used in implants. Journal of endourology. 

1997;11(6):383-389. 

121. Niinomi M. Mechanical biocompatibilities of titanium alloys for biomedical applications. 

Journal of the Mechanical Behavior of Biomedical Materials. 2008;1(1):30-42. 

122. Jacobs JJ, Hallab NJ, Urban RM, Wimmer MA. Wear particles. The Journal of Bone & Joint 

Surgery. 2006;88(suppl 2):99-102. 

123. Santavirta S, Konttinen Y, Lappalainen R, et al. Materials in total joint replacement. Current 

Orthopaedics. 1998;12(1):51-57. 

124. Sinha RK, Morris F, Shah SA, Tuan RS. Surface composition of orthopaedic implant metals 

regulates cell attachment, spreading, and cytoskeletal organization of primary human osteoblasts 

in vitro. Clin Orthop. 1994;305:258-272. 

125. Shah A, Sinha R, Hickok N, Tuan R. High-resolution morphometric analysis of human 

osteoblastic cell adhesion on clinically relevant orthopedic alloys. Bone. 1999;24(5):499-506. 

126. Haslauer CM, Springer JC, Harrysson OLA, Loboa EG, Monteiro-Riviere NA, Marcellin-

Little DJ. In vitro biocompatibility of titanium alloy discs made using direct metal fabrication. 

Med Eng Phys. 2010;32(6):645-652. doi: DOI: 10.1016/j.medengphy.2010.04.003. 



115 
 
 

 

 

127. Cohen D, Maher S, Rawlinson J, Lipson H, Bonassar L. Direct freeform fabrication of living 

cell-seeded alginate hydrogel implants in anatomic shapes. Trans.Orthopaedic Res.Soc. 

2005;51:1781. 

128. Khalil S, Nam J, Sun W. Multi-nozzle deposition for construction of 3D biopolymer tissue 

scaffolds. Rapid Prototyping Journal. 2005;11(1):9-17. 

129. Ciardelli G, Chiono V, Cristallini C, et al. Innovative tissue engineering structures through 

advanced manufacturing technologies. J Mater Sci Mater Med. 2004;15(4):305-310. 

130. Koegler WS, Griffith LG. Osteoblast response to PLGA tissue engineering scaffolds with 

PEO modified surface chemistries and demonstration of patterned cell response. Biomaterials. 

2004;25(14):2819-2830. 

131. Sherwood JK, Riley SL, Palazzolo R, et al. A three-dimensional osteochondral composite 

scaffold for articular cartilage repair. Biomaterials. 2002;23(24):4739-4751. 

132. Chu TG, Orton DG, Hollister SJ, Feinberg SE, Halloran JW. Mechanical and in vivo 

performance of hydroxyapatite implants with controlled architectures. Biomaterials. 

2002;23(5):1283-1293. 

133. Woodfield TB, Malda J, De Wijn J, Peters F, Riesle J, van Blitterswijk CA. Design of 

porous scaffolds for cartilage tissue engineering using a three-dimensional fiber-deposition 

technique. Biomaterials. 2004;25(18):4149-4161. 

134. Rohner D, Hutmacher DW, Cheng TK, Oberholzer M, Hammer B. In vivo efficacy of bone-

marrow-coated polycaprolactone scaffolds for the reconstruction of orbital defects in the pig. 

Journal of Biomedical Materials Research Part B: Applied Biomaterials. 2003;66(2):574-580. 



116 
 
 

 

 

135. Roy TD, Simon JL, Ricci JL, Rekow ED, Thompson VP, Parsons JR. Performance of 

degradable composite bone repair products made via three-dimensional fabrication techniques. 

Journal of Biomedical Materials Research Part A. 2003;66(2):283-291. 

136. Dinwiddie RB, Dehoff RR, Lloyd PD, Lowe LE, Ulrich JB. Thermographic in-situ process 

monitoring of the electron-beam melting technology used in additive manufacturing. 

2013:87050K-87050K-9. 

137. Agarwala M, Weeren R, Bandyopadhyay A, Whalen P, Safari A, Danforth S. Fused 

deposition of ceramics and metals: An overview. 1996. 

138. Zein I, Hutmacher DW, Tan KC, Teoh SH. Fused deposition modeling of novel scaffold 

architectures for tissue engineering applications. Biomaterials. 2002;23(4):1169-1185. 

139. Cormier D, Harrysson O, Mahale T, West H. Freeform fabrication of titanium aluminide via 

electron beam melting using prealloyed and blended powders. Research Letters in materials 

Science. 2007;2007. doi: 10.1155/2007/34737. 

 

  



117 
 
 

 

 

APPENDIX 

  



118 
 
 

 

 

APPENDIX A 

Table 11. Summary of data for rhombic dodecahedron compression samples. 

  
Strut thickness 

mean ± SD Volume Mass 
Apparent 
Density Strength Modulus 

  µm cm3 g g/cm3 (MPa) GPa 
RD 400             

R4-1 335 ± 56 7.809 4.8388 0.620 10.9 - 
R4-2 334 ± 49 7.803 4.8399 0.620 11.7 0.239 
R4-3 319 ± 41 7.760 4.6564 0.600 11.3 0.232 

RD 600             
R6-1 327 ± 48 7.992 3.8338 0.480 6.81 - 
R6-2 339 ± 54 8.050 3.7994 0.472 6.81 0.125 
R6-3 332 ± 42 7.989 3.7468 0.469 6.78 0.129 

RD 800             
R8-1 344 ± 51 7.279 2.9213 0.401 4.74 - 
R8-2 336 ± 35 7.389 2.7624 0.374 3.80 0.071 
R8-3 328 ± 40 7.343 2.7752 0.378 4.28 0.078 

 
 
 

Table 12. Summary of data for unrotated elongated rhombic dodecahedron 
compression samples. 

  
Strut thickness 

mean ± SD Volume Mass 
Apparent 
Density Strength Modulus 

  µm cm3 g g/cm3 (MPa) GPa 
ERD 0° - 400           

E0-4-1 441 ± 56 7.406 10.0724 1.360 138.3   
E0-4-2 444 ± 52 7.353 9.5672 1.301 137.4 4.520 
E0-4-3 433 ± 48 7.356 9.3572 1.272 132.5 4.597 

ERD 0° - 600           
E0-6-1 466 ± 55 7.469 7.7158 1.033 83.72   
E0-6-2 427 ± 44 7.473 7.6014 1.017 83.42 3.169 
E0-6-3 438 ± 57 7.513 7.5918 1.011 82.18 3.248 

ERD 0° - 800           
E0-8-1 447 ± 54 7.23 5.9195 0.819 54.78   
E0-8-2 450 ± 61 7.30 5.9162 0.811 52.61 2.210 
E0-8-3 432 ± 62 7.37 5.8426 0.793 53.01 2.390 
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Table 13. Summary of data for 30° rotated elongated rhombic dodecahedron compression samples. These were the only 
samples with struts at several angles to the build direction (z). The 3rd and 4th columns show strut thicknesses for struts 

parallel to the build direction and struts 30° to the build direction, respectively, measured on 2 opposing faces of the cube, to 
show the effect of strut angle on thickness. The 2nd column shows the average thickness for all sides. 

 

Strut 
Thickness 
mean ± SD 

Parallel to 
build 

direction (z) 
mean ± SD 

30° from 
build 

direction (z) 
mean ± SD Volume Mass 

Apparent 
Density Strength Modulus 

 µm µm µm cm3 g g/cm3 (MPa) GPa 
ERD-30° 400        

E30-4-1 409 ± 68 429 ± 42 323 ± 56 7.892 9.780 1.24 70.5  
E30-4-2 386 ± 64 394 ± 34 300 ± 46 7.914 9.533 1.20 69.9 3.210 
E30-4-3 391 ± 60 410 ± 52 321 ± 60 7.924 9.448 1.19 67.8 2.940 

ERD-30° 600        
E30-6-1 429 ± 71 460 ± 40 334 ± 59 8.053 7.945 0.99 55.8  
E30-6-2 413 ± 68 424 ± 30 329 ± 50 8.188 7.745 0.95 42.8 1.515 
E30-6-3 415 ± 64 434 ± 39 335 ± 44 8.123 7.653 0.94 46.6 1.593 

ERD-30° 800        
E30-8-1 429 ± 85 520 ± 53 332 ± 56 7.982 6.344 0.79 34.8  
E30-8-2 417 ± 73 452 ± 44 336 ± 55 8.045 6.201 0.77 30.8 1.250 
E30-8-3 424 ± 73 450 ± 49 339 ± 60 8.055 6.050 0.75 28.0 1.172 
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Table 14. Summary of data for Gibson-Ashby compression samples. 

  
Strut thickness 

mean ± SD Volume Mass 
Apparent 
Density Strength Modulus 

  µm cm3 g g/cm3 (MPa) GPa 
GA 400             

G4-1 388 ± 68 8.123 6.1413 0.756 10.5   
G4-2 381 ± 59 8.153 5.9341 0.728 9.8 0.247 
G4-3 358 ± 62 8.165 5.6821 0.696 9.2 0.242 

GA 600             
G6-1 384 ± 58 8.153 4.345 0.533 4.73   
G6-2 379 ± 63 8.216 4.3135 0.525 5.01 0.120 
G6-3 367 ± 50 8.057 4.1349 0.513 5.14 0.119 

GA 800             
G8-1 377 ± 71 8.01 3.2864 0.410 3.52 - 
G8-2 381 ± 72 - 2.5938 - - - 
G8-3 359 ± 69 - 2.8877 - - - 
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Table 15. Summary of measurements for round and 'square' 400 µm nominal pore size bending samples. 

  

Strut 
Thickness 

 mean ± SD Area Volume Mass 
Apparent 
Density 

2nd 
Moment 
of area 

Modulus 
of Flexure 

(4:1) 

Modulus 
of Flexure 

(2:1) 
Yield 

strength 
  µm mm2 cm3 g g/cm3 mm4 GPa GPa MPa 

400, Round 
        4R-1 436 ± 53 149.9 19.09 31.063  1.63  1191.9 8.71 8.95 111.4 

4R-2 457 ± 69 149.2 19.00 31.942  1.68  1196.7 8.80 8.30 97.8 
4R-3 428 ± 49 146.5 18.67 29.055  1.56  1191.4 8.56 8.69 109.2 
4R-4 423 ± 62 146.4 18.68 28.938  1.55  1187.8 9.15 8.19 100.3 
4R-5 454 ± 81 146.9 18.68 30.041  1.61  1189.9 8.58 8.73 94.5 
4R-6 432 ± 61 145.8 18.51 28.591  1.54  1193.7 8.73 8.07 88.4 
4R-7 454 ± 85 146.8 18.67 29.414  1.58  1188.4 8.99 9.29 85.7 

400, Square-ish 
        4S-1 437 ± 63 141.7 18.68 24.930 1.33 994.7 8.14 7.94 91.6 

4S-2 479 ± 74 142.3 18.79 25.471 1.36 1002.0 8.30 7.84 92.4 
4S-3 437 ± 53 141.5 18.69 23.962 1.28 995.4 7.71 6.96 86.1 
4S-4 426 ± 57 140.5 18.59 24.283 1.31 994.9 8.09 7.94 84.7 
4S-5 443 ± 50 139.7 18.46 24.006 1.30 994.0 7.99 7.65 92.7 
4S-6 447 ± 33 140.0 18.45 23.918 1.30 982.9 7.73 8.20 87.5 
4S-7 474 ± 33 139.2 18.34 24.588 1.34 1005.6 7.89 7.57 81.1 
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Table 16. Summary of measurements for round and 'square' 600 µm nominal pore size bending samples. 

 

Strut 
Thickness 
mean ± SD Area Volume Mass 

Apparent 
Density 

2nd 
Moment 
of area 

Modulus 
of Flexure 

(4:1) 

Modulus 
of Flexure 

(2:1) 
Yield 

strength 
 µm mm2 cm3 g g/cm3 mm4 GPa GPa MPa 

600, Round         
6R-1 457 ± 59 137.6 17.49 22.568 1.29 1159.0 6.55 5.65 85.1 
6R-2 460 ± 62 137.8 17.46 22.228 1.27 1142.2 6.29 5.72 65.5 
6R-3 451 ± 56 135.3 17.17 21.918 1.28 1152.5 6.19 5.41 79.1 
6R-4 440 ± 74 134.3 17.04 21.707 1.27 1125.6 6.55 5.39 80.0 
6R-5 475 ± 49 136.3 17.31 23.146 1.34 1157.9 6.53 5.64 86.4 
6R-6 448 ± 56 133.9 17.01 21.302 1.25 1112.9 6.08 5.22 74.8 
6R-7 447 ± 65 134.7 17.11 21.694 1.27 1123.9 6.23 5.37 87.5 

600, Square-ish         
6S-1 464 ± 64 146.8 18.65 20.450 1.097 973.1 6.72 6.55 75.0 
6S-2 485 ± 53 149.2 18.94 20.041 1.058 981.4 6.26 6.01 73.3 
6S-3 458 ± 74 149.2 18.80 19.828 1.055 954.7 6.77 6.09 81.0 
6S-4 466 ± 62 145.3 18.49 19.082 1.032 963.1 6.02 5.68 66.3 
6S-5 456 ± 72 145.3 18.47 19.007 1.029 969.2 5.99 5.60 71.5 
6S-6 491 ± 45 142.6 18.14 19.752 1.089 960.7 6.37 6.02 67.8 
6S-7 484 ± 76 145.0 18.40 19.366 1.053 974.6 6.05 5.44 60.9 
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Table 17. Summary of measurements for round and 'square' 800 µm nominal pore size bending samples 

 

Strut 
Thickness 
mean ± SD Area Volume Mass 

Apparent 
Density 

2nd 
Moment 
of area 

Modulus 
of Flexure 

(4:1) 

Modulus 
of Flexure 

(2:1) 
Yield 

strength 
 µm mm2 cm3 g g/cm3 mm4 GPa GPa MPa 

800, Round         
8R-1 458 ± 58 148.9 18.95 20.640 1.089 1191.9 4.90 3.68 66.7 
8R-2 473 ± 86 146.8 18.67 20.420 1.094 1176.3 4.34 3.80 69.8 
8R-3 470 ± 71 144.8 18.46 19.746 1.070 1190.4 4.44 3.56 68.7 
8R-4 477 ± 52 142.5 18.14 19.663 1.084 1173.6 4.19 3.44 68.8 
8R-5 462 ± 63 149.4 18.97 20.471 1.079 1173.7 4.86 3.91 68.6 
8R-6 469 ± 68 149.2 18.95 20.228 1.067 1173.1 4.48 3.99 58.3 
8R-7 498 ± 64 147.1 18.66 19.901 1.066 1184.5 4.37 3.56 61.2 

800, Square-ish         
8S-1 463 ± 45 141.0 17.91 16.121 0.9003 1278.5 3.46 2.67 50.9 
8S-2 466 ± 60 143.4 18.22 16.829 0.9238 1328.9 3.62 3.02 54.8 
8S-3 452 ± 66 142.7 18.17 15.871 0.8733 1287.9 3.49 2.62 55.3 
8S-4 455 ± 52 142.9 18.18 16.038 0.8821 1297.8 3.62 2.86 43.8 
8S-5 470 ± 44 141.6 18.05 15.823 0.8767 1291.5 3.70 2.82 47.0 
8S-6 469 ± 73 141.1 17.95 15.813 0.8808 1294.6 3.70 2.62 56.9 
8S-7 501 ± 63 140.3 17.80 15.461 0.8686 1250.1 3.56 2.67 48.5 
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GLOSSARY 

Abbreviations: pl. plural; adj. adjective; v. verb 

acetabulum The cup-shaped cavity on the side of the pelvis where the femoral head 

articulates with the hip. 

alkaline phosphatase (ALP) An enzyme that removes phosphate groups from a variety 

of molecules. Among other things, it is associated with osteoblast activity and so can 

be an indicator of increased bone formation. 

anisotropic Having different properties in different directions/along different axes. 

apparent density The density of the cellular material based on total mass and bulk 

volume, as opposed to the density of the constituent solid material. 

appendicular Pertaining to the appendages (limbs), versus axial which refers to the 

trunk and head. 

arthrodesis The surgical fixation of a joint to promote bone fusion. Also called artificial 

ankylosis, syndesis. 

arthroplasty surgical repair of a joint, often by reconstruction with an artificial joint.  

aseptic Free from infection or septic material. 

atrophy A loss of tissue or organ mass; can be physiological (e.g., muscle loss from 

decreased exercise) or pathological in nature. 

chondrocyte Cells found within cartilage involved in its production and maintenance. 

condyle Rounded portion of an articular surface, such as femoral, tibial, or humeral 

condyle. 
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contraindication Any condition that makes the use of a particular treatment or procedure 

inappropriate or inadvisable. 

cytokine A broad category of small proteins involved in cell signaling, particularly by the 

immune system. 

diaphysis (pl. diaphyses) The shaft of a long bone, comprised of a hollow tube of 

cortical bone surrounding the medullary cavity. 

dodecahedron A 12 sided polyhedron. A rhombic dodecahedron has faces that are 

equilateral parallelograms. 

dual energy x-ray absorptiometry (DEXA) A type of medical imaging used to measure 

bone mineral density. 

endoprosthesis (pl. endoprostheses) A prosthesis entirely inside the body. 

epiphyseal plate The growth plate; a thin layer of cartilage located between the diaphysis 

and epiphysis of the long bones that is the site of active bone growth as the bone 

lengthens. It disappears after epiphyseal closure once skeletal maturity is reached. 

epiphysis (pl. epiphyses) The end of a long bone, typically wider than the shaft; includes 

the articular cartilage and weight-bearing surface. 

extramedullary Situated or occurring outside the medulla, e.g., outside the medullary 

cavities of the bones. 

fibroblast Cells that produce collagen and other components of connective tissues. 

finite element analysis (FEA) is a computerized method of modeling the mechanical 

behavior of complex systems to predict stresses, deformation, etc. 
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flexural modulus The modulus as measured in bending. In a homogeneous, isotropic 

material this is expected to be equal to the elastic modulus as measured in 

longitudinal stress. 

grade. see tumor grade 

histology The science dealing with the microscopic identification of cells and tissue. 

hydroxyapatite A mineral with the formula Ca5(PO4)3(OH) comprising the mineral 

portion of bone 

infarction A region of necrotic tissue caused by impaired blood supply. 

intercalary Occurring between two others, such as the middle part of a bone between the 

proximal and the distal parts 

interleukin (IL) A group of cytokines that are involved in regulating various aspects of 

the immune response, including inflammation. 

intraarticular Within the cavity of a joint. 

intramedullary Occurring inside the medulla, e.g., the medullary cavity of bone. 

intraosseous Within a bone; sometimes used to refer to the bone marrow cavity in place 

of intramedullary. 

isotropic Having the same properties in all directions. 

Kaplan-Meier survivorship analysis Estimates survival rates and hazard from patient-

derived data. 

laminar Arranged in plates or layers. 

lesion A broad term referring to a defect in a tissue of traumatic or pathological origin, 

such as a sore, ulcer, wound, tumor, cataract, rash, etc. 
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lysis The dissolution or destruction of cells, such as blood cells or bacteria, as by the 

action of a lysin (a specific type of antibody); often named for the specific tissue 

destroyed, e.g., hemolysis, osteolysis, etc. 

malignant Tending to metastasize; cancerous. Used of a tumor. 

medulla The innermost part of a structure or organ, such as the medullary cavity of bone 

where the marrow is. 

metaphysis The wider portion at the end of the shaft of a long bone, located between the 

diaphysis (the shaft) and the epiphysis (the end); includes the area of active growth. 

metastasis (pl metastases, v metastasize) Process by which tumor cells spread to other 

parts of the body distant from the primary site. Micrometastases are metastatic 

tumors too small to detect clinically by physical exam or imaging techniques. These 

can only be detected by histological examination, such as from a biopsy.  

modulus of elasticity (Young’s modulus) An intrinsic material property describing how 

the material deforms in response to compressive or tensile stress. In contrast, the 

extrinsic property, stiffness, depends both on the material property, elastic modulus, 

and the bulk property, geometry. 

neoadjuvant Chemotherapy or radiation administered prior to cancer surgery. 

neoplasia The formation of a neoplasm 

neoplasm A tumor; an abnormal tissue resulting from cellular proliferation that is 

uncontrolled and faster than the normal rate for that tissue; may be benign or 

malignant. 

orthotropic Having different properties along different orthogonal planes. 
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osseointegration A direct structural connection between bone and a implant resulting 

from the growth of bone onto the surface without an intervening fibrous layer. 

osteoarthritis Degenerative joint disease, caused by gradual loss of articular cartilage 

leading to inflammation and joint pain. 

osteoblast A specialized bone-producing cell. 

osteoblastic Relating to the osteoblasts (bone producing cells); describes any region of 

increased radiographic bone density, in particular, metastases that stimulate 

osteoblastic activity 

osteoid The organic matrix of bone; young bone that has not undergone calcification. 

osteolysis (adj. osteolytic) Softening, absorption, and destruction of bony tissue, a 

function of the osteoclasts. 

osteon Also called a haversian system, the osteon consists of a central haversian canal 

containing blood capillaries surrounded by concentric layers of osseous lamellae and 

forms the basic structural unit of compact bone. 

Paget's disease A chronic disorder that can result in enlarged and misshapen bones. 

Paget's is caused by the excessive breakdown and formation of bone, followed by 

disorganized bone remodeling. This causes affected bone to weaken, resulting in pain, 

misshapen bones, fractures and arthritis in the joints near the affected bones. Rarely, 

it can develop into a primary bone cancer known as Paget's sarcoma. Rare in people 

less than 55 years of age. 

palliative Providing relief of symptoms but not curing . 

physis The epiphyseal plate. 
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plexiform Weblike, or resembling a plexus. 

plexus A network or tangle (e.g., of nerves or of veins). 

polymethylmethacrylate (PMMA) A widely used transparent thermoplastic polymer 

with good biocompatibility. In orthopedic surgery it has been used as a bone cement 

to stabilize prosthetic implants within the bone. 

porogen Particles used to create pores in molded structures in tissue engineering. Once 

the structure has set, the porogens are leached out leaving pores of predefined sizes 

and shapes. 

prism A polyhedron whose ends are polygons of the same size and shape and are 

parallel; the sides connecting the ends are thus parallelograms.  

radiograph An x-ray image. 

radiolucency A region of increased exposure on a radiograph corresponding to a region 

of decreased tissue density in the subject. 

relative density (of a cellular material) The ratio of the density of the cellular material to 

the density of the solid material comprising it. 

resection Excision; removal, e.g., surgically. 

rosette strain gauge Comprises three uniaxial strain gauges oriented so that the first and 

third are perpendicular, and the middle gauge is 45° with respect to the other two. 

rotationplasty Surgical procedure where a bone is rotated and used in a different 

position. For reconstructing femoral defects due to osteosarcoma rotationplasty 

involves replacing the defect with the tibia, which is rotated so the ankle replaces the 

knee joint and facilitates use of a lower-leg prosthesis. 
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sarcoma A tumor derived from connective tissue such as bone, cartilage, or muscle; 

often highly malignant.t 

STL file A file format commonly used in CAD to describe the surface geometry of an 

object as a collection of triangles.  Each triangle is defined by three vertices and a unit 

normal vector. 

stochastic random 

stress-shielding A reduction in the normal stresses experienced by bone  

subsidence (implant subsidence) Sinking or settling in the bone. 

transversely isotropic A special case of orthotropy having a plane of isotropy normal to 

an axis of symmetry.  

trochanter One of two bony processes on the proximal end of the femur. 

tumor grade The grade assigned to a tumor is based on the degree of differentiation seen 

in the cells and the cellular organization. The more differentiated and closer to normal 

tissue the cells are, the more slowly the tumor is likely to grow and spread, and the 

lower the tumor grade. Tumors with poorly differentiated cells are classified as high 

grade and are more likely to grow quickly. 

Wolff’s law The principle that any change in a bone’s function leads to a change in its 

internal architecture. 


