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ABSTRACT 

The aim of this thesis was to gain a deeper understanding of the factors 
contributing to the fixation of bone-anchored implants, especially with regard 
to surface chemistry, surface topography and implant loading. The 
methodology used in the thesis ranges from systematic bench studies, 
computer simulations, experimental in vivo studies, to load cell 
measurements on patients treated with bone-anchored amputation prostheses. 

The bone response to the surface chemistry was the main factor of interest in 
paper I and II. It was evaluated by adding a low amount of Zr to electron 
beam melted Co–Cr–Mo implants in vivo using a rabbit model, and a novel 
Ti–Ta–Nb–Zr alloy was compared to cp–Ti in vivo using a rat model, 
respectively. Surface roughness parameters and factors related to the removal 
torque technique were identified in a systematic experimental study 
(Paper III). Finite element analysis was used to study the effect of surface 
topography and geometry on mechanical retention and fracture progression at 
the implant interface (Paper IV). In the last paper, site-specific loading of the 
bone-implant interface was measured on patients treated with bone-anchored 
amputation prosthesis. The effect of typical every-day loading for the bone-
implant system was simulated by finite element analysis. Evaluation of 
retrieved tissue samples from a patient undergoing implant revision was 
conducted to determine the interfacial condition after long-term usage 
(Paper V). 

It was concluded that the surface topography, the surface chemistry and the 
medium surrounding the implant were all found to influence the stability of 
the implant. A model of interfacial retention and fracture progression around 
an implant was proposed. Observations of bone resorption around an 
amputation abutment can partly be explained by the long-term effect of daily 
loading. 

In summary, the implant surface properties can be tailored for improved 
biomechanical anchorage and optimal load transfer, thus reducing the risk of 
implant failures and complications in patients. 

  



SAMMANFATTNING 

Infästning av proteser görs bland annat med benförankrade implantat som 
idag är en vanligt förekommande behandlingsmetod för att återställa 
förlorade kroppsfunktioner. Genom att förankra implantatet direkt i benet 
överförs effektivt påförda laster till skelettet vilket ställer höga krav på 
implantatmaterialen. Man ser en växande efterfrågan på nya material med 
optimerade egenskaper för tillämpningar ämnade för en snabbare och säkrare 
behandling. Samhällsbehovet växer allteftersom den förväntade livslängden 
fortsätter att öka med en växande åldrande befolkning som följd. 

Syftet med avhandlingen var att öka förståelsen för hur olika faktorer 
påverkar stabiliteten av benförankrade implantat, speciellt med avseende på 
implantatets ytkemi, yttextur och belastning. Metodiken varierade från 
bänkförsök, datorsimuleringar, experimentella djurförsök till belastnings-
mätningar på amputationspatienter med benförankrade proteser. 

Resultaten visade att ytkemin påverkar benbildning runt implantatet där en 
låg halt zirkonium (Zr) tillsatt till additivt tillverkade implantat av 
kobolt (Co), krom (Cr) och molybden (Mo) gav en stabilare förankring i 
kanin. Dessutom visades implantat tillverkade i en ny legering bestående av 
titan (Ti), tantal (Ta), niob (Nb) och Zr integrera likvärdigt med kommersiellt 
ren Ti i råtta. För att systematiskt undersöka vilken effekt ytstrukturrelaterade 
faktorer har på stabiliteten utvecklades en experimentell modell, där 
vridmomentet analyserades efter att implantaten gjutits in i härdplast. En 
tredimensionell datormodell av det experimentella försöket utformades där 
ytstrukturen varierades för att studera retention och frakturer i gränsskiktet 
mot implantatet. Analyserna visade att ytstrukturen såväl som det omgivande 
material har stor betydelse för stabiliteten. För att studera belastningens 
inverkan på benet utfördes belastningsmätningar på amputationspatienter 
med benförankrad protes då de utförde en vardagsaktivitet. Lastfördelningen 
kring benförankringen simulerades i en datormodell och visade på nivåer som 
kan orsaka benresorption i gränsskiktet mot distansen. Dessutom 
analyserades benvävnad uttagen från en patient vid implantatbyte för att 
fastställa gränsskiktets status efter långvarigt användande. 

Sammanfattningsvis, implantatets ytegenskaper kan modifieras för att uppnå 
en stabilare biomekanisk förankring och en fördelaktigare lastöverföring och 
minskar därmed risken för implantatförlust och komplikationer för patienten.
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1 INTRODUCTION 

1.1 Background 
The human skeleton is a unique living organ with a load-bearing capacity as 
its main function. Bone-anchored implants are nowadays a commonly used 
treatment to restore lost body functions by serving as anchorage points for 
prostheses. The direct fixation of implants in the bone enables an effective 
load-transfer to the surrounding skeleton. Examples of bone-anchored 
implant applications are oral and maxillofacial reconstructions, hearing aids, 
joint replacements and amputation prostheses. The most commonly used 
materials are different grades of titanium (Ti) depending on the load-bearing 
requirement. The demands imposed on the material are constantly raised 
stressing the development of new biomaterials with improved mechanical 
strength and advantageous surface properties. Devices with new complex 
designs intended to withstand high loads have been introduced as well as 
applications where reduced implant dimensions are needed. Furthermore, 
with an increasing life expectancy and a growing elderly population as a 
result we can expect the number of patients needing treatment to increase 
with time. This is a major challenge for the society and calls for efficient 
treatments with predictable, high success rates. Still, identifying the 
mechanisms controlling the tissue response to different surface properties and 
mechanical loads has proven quite difficult due to the large variety of 
available factors, emphasizing the need for systematic studies. A deeper 
understanding of how different factors influence the bone tissue and implant 
stability can help to optimize material and surface properties. This can in turn 
minimize the risk of implant failure, reduce rehabilitation time, pain and 
suffering for the patient with the benefit of reducing socioeconomic costs. 

1.2 Bone 
Bone has several functions including supporting the body, protecting organs, 
producing hormones and being a mineral reservoir. Bone continuously 
undergoes changes as a response to mechanical or hormone stimuli in order 
to maintain these body functions throughout life. Therefore the anatomy 
differs considerably in size, geometry and organization throughout the body. 
Bone is a composite material consisting of different types of cells and a 
mineralized extracellular matrix (ECM) composed of an organic and an 
inorganic phase. The organic phase of the ECM contains collagen fibers, 
mainly collagen type I, and non-collagenous proteins. The inorganic phase of 
the ECM is hydroxyapatite, a calcium phosphate mineral. The organic phase 
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provides tensile strength and elastic properties while the mineral phase gives 
the bone strength and rigidity. The tensile strength of bone is similar to that 
of cast iron but with one third its density and ten times more flexible.1 

 Bone cells 1.2.1
There are several types of specialized cells populating the bone responsible 
for maintaining the tissue. Osteoblasts are mononucleated cells that form new 
bone by depositing an immature bone matrix called osteoid, and later 
mineralizing it.2 Additionally, the osteoblasts mediate bone resorption by 
activation of osteoclasts,3 multinucleated cells that resorb bone. The 
osteoclasts have also been suggested to regulate osteoblast differentiation.4 
During bone formation osteoblasts become embedded within the bone 
structure, in lacunae, and gradually differentiate into osteocytes. The 
osteocytes are interconnected and communicate with each other and the 
surrounding medium through their extended plasma membrane. Therefore 
they are believed to act as mechanosensors, instructing the osteoclasts and 
osteoblasts where to resorb and form bone, respectively.5-9 At the end stage of 
bone formation the cuboid shaped osteoblasts will line up at the bone surface 
and differentiate into lining cells. These cells have a flattened morphology 
and expose the mineralized bone surface to osteoclasts during initiation of 
bone resorption.1,10 

 Bone structure 1.2.2
Bone is typically categorized as either cortical bone or cancellous bone with 
porosities approximately 10% or between 50–90%, respectively.1,11 Cortical 
bone is compact with a highly organized lamellar structure of interconnected 
osteons and accounts for about 75% of the total bone volume. The osteons 
are composed of concentrically organized layers, lamellae, surrounding a 
Haversian canal containing blood vessels and nerves. These canals are further 
interconnected by oblique Volkmann´s canals (Figure 1). Bone lamella 
consists of bundles of collagen fibrils that are organized in a repetitive 
formation and are embedded with mineral-phase.12 The osteocytes are 
interconnected by their filopodia, cytoplasmic processes, that project into 
small canals in between the lacunae called canaliculi.11 The cancellous bone 
structure is sponge-like and can be described as an open irregular cellular 
network of rods, called trabeculae. The trabeculae become plate-like and 
more closely packed as the bone density increases.13 The trabeculae also 
consist of a lamellar organization but lack the Haversian system. Most of the 
human bones consist of a cortical shell surrounding an inner cancellous 
structure occupied by bone marrow. The cancellous bone is more frequently 
observed closer to the joints.  
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Figure 1. Schematic drawing of the bone structure from macro to nanometer level.
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 Bone modeling 1.2.3
Bone modeling refers to morphological or structural changes which are the 
result of bone formation at sites that have not undergone prior resorption. 
This process occurs either by endochondral or intramembranous ossification, 
both common during embryonic development of different types of bones and 
natural healing of bone fractures.14-16 Briefly, endochondral bone formation 
consists of the following; a cartilage template is built by mesenchymal stem 
cells that differentiate into chondrocytes, after which osteoblasts 
subsequently replace the cartilage tissue by mineralized bone. 
Intramembranous bone formation begins in highly vascularized connective 
tissues and in hematoma during fracture healing, wherein mesenchymal stem 
cells cluster and start to differentiate into osteoblasts. The osteoblasts then 
produce osteoid and contribute to its mineralization.17 

 Bone remodeling 1.2.4
Bone remodeling refers to the coupling between bone resorption and bone 
formation within basic multicellular units at the bone surface. When the 
process is initiated, the lining cells will retract and expose the mineralized 
bone surface. Osteoclast precursors are recruited from the circulation, 
differentiate into multinucleated osteoclasts and attach to the bone surface. 
Osteoclasts will then start to degrade the bone matrix by lowering the local 
pH resulting in the release of growth factors (Figure 2 and 3).  

Figure 2. A schematic cross-section of bone during bone remodeling at the surface with 
coupled osteoclastic and osteoblastic activity. (Inspired by Seeman and Delmas,2006)18  
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These may recruit osteoblast progenitors and promote their differentiation to 
mature osteoblasts. The osteoblasts fill the resorption pits with newly formed 
osteoid, in which some osteoblasts become embedded as osteocytes while 
other transform into lining cells. Thereafter mineralization occurs and the 
remodeling is complete. The complex cross-talk between the cells within the 
unit is regulated by a coordinated exchange of signals. However, all the 
factors and mechanisms involved are yet not fully understood. This dynamic 
process is both constant and central to maintaining the mechanical integrity 
of the skeleton, which needs to adapt to variable mechanical loading, 
repairing damaged bone and acting as a storage facility for systemic mineral 
homeostasis. The metabolic rate of trabecular bone is about ten times that of 
cortical bone due to the higher bone surface to volume ratio of trabecular 
bone. This results in renewal of approximately 5–10% of the total bone per 
year.4,19-22 

Figure 3. A schematic cross-section of bone undergoing remodeling with coupled 
osteoclastic and osteoblastic activity during formation of a Haversian system.  
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1.3 Bone mechanics 

 Basic mechanical concepts 1.3.1
The strength of a material is its ability to resist deformation and failure when 
subjected to a load. To describe this relationship quantitatively, the terms 
strain and stress are used in mechanics. Stress (σ) is defined as the force (F) 
per unit cross-sectional area (A), according to Eq. 1.  

 σ = F / A (Eq. 1) 

The basic unit of force is newton (N) and that of length is meter (m) and thus 
the basic unit of stress is newton per square meter (N/m2) or pascal (Pa) 
expressed in the International System of Units (SI units). When stress is 
applied in vivo, it can generally be seen as the interaction between materials 
in different parts of the body.  

Strain (ε) describes the stress-related deformation of solids, and is defined as 
the relative length deformation (δ) per unit of the original length (L) over 
which the deformation occurred, and is according to Eq. 2 hence 
dimensionless. 

 ε = δ / L (Eq. 2) 

Figure 4. Schematic of specimens subjected to different type of loading. Dotted lines 
show the shapes prior to loading. Loads (F) are indicated by arrows, the area (A) is 
marked in grey. The initial length (L), deformation (δ) and angular displacement (θ) 
during shear loading has been indicated. 
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Tensile stress causes elongation while compressive stress causes compression 
of the material on which the stress is acting (Figure 4). Most engineering 
materials are Hookean elastic solids for which the stress is linearly 
proportional to the strain below the yield limit of the material. They obey 
Hooke’s law, Eq. 3, where the material constant (E) is called the elastic 
modulus or Young’s modulus, and reflects the material stiffness. Graphically 
it can be defined as the slope in the linear portion of the elastic region of the 
stress-strain plot (Figure 5). 

 σ = Eε (Eq. 3) 

Figure 5. Schematic stress-strain plot for elasto-plastic materials. 

The material will deform plastically when subjected to stresses above the 
yield limit and eventually fracture. When a structure is loaded in torsion, the 
applied load causes it to twist around its neural axis (Figure 4), resulting in 
shear stresses in the material. Shear stress (τ) is the result of force acting 
parallel to the area supporting it (Eq. 4) causing a dimensional change (δ) to 
occur. The shear strain (γ) is related to the angular displacement (Figure 4) 
and defined as the tangent of the angle (θ). For small deformations the 
tangent of the angle can be approximated to the angle, according to Eq. 5. 

 τ = F / A (Eq. 4) 

 γ = tan(θ) = δ / L ≈ θ (Eq. 5) 

The basic unit of shear stress is the same as for stress, newton per square 
meter (N/m2) or pascal (Pa). Shear strain is a relative quantity and hence 
dimensionless. The toughness of a material is defined as the work required 
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making the material to fracture, the area under the load-deformation plot, 
which reflects the energy absorption ability of the material. There are 
materials with more complex mechanical behavior such as decreasing stress 
magnitudes when subjected to constant strain, known as stress relaxation. 
Some materials continue to deform, they are said to creep, when subjected to 
a constant stress level. Hysteresis describes the phenomenon seen during 
cyclic loading for which the stress-strain relationship differs during the 
loading and unloading process. Phenomena which are features of 
viscoelasticity include stress relaxation, creep and hysteresis. 

 Mechanical properties of bone 1.3.2
Bone is a complex, highly organized tissue with a non-homogeneous 
anisotropic composite structure23. It consists primarily of collagen and 
mineral, for which the amount, arrangement and molecular structure 
determines the mechanical properties of the bone.24,25 Consequently, the 
properties vary with the orientation, size and shape of the ultimate bone 
structure.26,27 With time, bone adapts to the load situation by optimizing the 
size and geometry to achieve more advantageous stress and strain levels in 
the bone.24,28,29 Several mechanical quantities have been found to influence 
the bone modeling and remodeling e.g., the load magnitude, frequency and 
strain rate.30-35 Most bones are stronger in compression than in tension and 
even weaker in shear.36 The laminar structure of cortical bone gives it much 
higher strength and modulus of elasticity than that of cancellous bone.37 The 
mechanical properties of bone have also been shown to vary with the 
anatomical site26,38, age39-41, density38 and depend on the mechanical test, 
sample condition and geometry.42 The cortical bone typically has a density of 
approximately 1.8 g/cm3 whereas the density of cancellous bone varies in the 
range 0.1–1.0 g/cm3. The strength and modulus of cancellous bone have been 
shown to vary approximately with the square of the apparent density,31,43 
typically corresponding to values in the range 0–17 MPa and 0.1–1 GPa, 
respectively.38,44 The elastic modulus of the femur diaphyseal cortical shell 
has been reported to approximately 11.5 and 17 GPa in the transverse and 
longitudinal direction, respectively.26,27,45,46 Moreover, the bone has been 
shown to be viscoelastic i.e., time dependent,47 where the response is 
dependent on the rate at which the loads are applied. When loaded at high 
rates the bone can withstand greater loads before it fractures compared to 
when it is subjected to slowly applied loads. Several physical processes have 
been proposed to contribute to the viscoelasticity of bone e.g., the motion of 
fluids in bone canals, inhomogeneous deformation of osteons, lamellae, 
cement lines, fibers and molecular modes in collagen.48 Bone behaves similar 
to Hookean elastic solids under certain conditions namely, low loading rates 
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and below specific stress and strain limits. Materials are generally affected by 
fatigue, which reflects the interplay between the load and the number of 
repetitions. Fracture may occur for a few high loads or for relatively low 
loads repeated several times.49 Bone fractures results from crack propagation 
following extensive microdamage to the bone matrix.50-53 However, the 
remodeling process of living bone constantly repairs microdamage in the 
matrix11,54 but fatigue fractures will result if the damage out-paces the 
remodeling process.55,56 More information about the general biomechanical 
aspects of bone can be found in other sources.24,57-59 

1.4 Biomaterials in bone 
A biomaterial is a material used in a device, intended to interact with a 
biological system.60 These materials need to be safe, biocompatible and meet 
the requirements of their specific applications to be successful in vivo and in 
the clinic. When introduced in bone tissue some materials have the ability to 
be integrated, a phenomenon referred to as osseointegration.61 It has been 
defined as the direct anchorage of an implant by the formation of bony tissue 
around the implant without the growth of fibrous tissue at the bone-implant 
interface.62 Metallic biomaterials are commonly used in medical devices to 
replace or restore lost body parts and functions, primarily in the fields of 
orthopedic surgery and oral and maxillofacial surgery.63 Metallic materials 
are favorable in these applications due to their high strength, toughness and 
durability. Corrosion- and wear resistance of the materials used in vivo are 
important requirements since metal ion dissolution or wear debris might 
induce toxicity.64,65 In the specified fields pure Ti, Ti based alloys such as Ti–
6Al–4V made of Ti, aluminum (Al) and vanadium (V), Co–Cr–Mo alloys 
made of cobalt (Co), chromium (Cr) and molybdenum (Mo), and high grade 
316 stainless steel are currently the most commonly used materials.66 

 Material properties 1.4.1
Titanium has several material properties that are advantageous for medical 
devices e.g., a high strength/weight ratio, biocompatibility, inert character 
and excellent corrosion resistance. Additionally, Ti has an elastic modulus 
that is approximately half that of Co–Cr and stainless steel. Consequently, it 
is less likely to cause stress shielding in bone applications.67,68 The 
introduction of alloying elements such as Al, V, niobium (Nb), tantalum (Ta), 
Mo and zirconium (Zr) to Ti, changes the material properties. Depending on 
the resulting microstructure, the Ti alloys are categorized as either α, β or α–β 
type.69-71 The Ti–6Al–4V is a commonly used alloy of α–β type with 
enhanced strength and workability compared to pure Ti, and it is commonly 
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used in the medical field. Modified Ti alloys are constantly finding new 
applications in medical devices.69 One characteristic of Ti is that it is a very 
reactive material that spontaneously forms a stable oxide film (TiO2) when in 
contact with water molecules or air. Different surface modifications and 
oxidation treatments can be used to further enhance the biological, chemical 
and mechanical properties of the material.72 Stainless steel is an iron (Fe) 
based alloy (<50 wt% Fe) with at least 12–13 wt% Cr addition. By 
incorporating other elements such as nickel (Ni) and Mo to the composition 
the corrosion resistance is improved while the strength is decreased. The 
latter can, however be counteracted by working, heat treatment and 
hardening. In contrast to Ti based materials, stainless steels possess excellent 
torsion and elongation properties that are well suited for sternal and bone 
fixation wires applications.66 Co–Cr alloys have excellent wear resistance 
which makes the material well suited for sliding parts in joint implants, in for 
example the knee and hip.67,73 The metal is typically cast, due to its low 
plasticity which makes it difficult to work. However, heat treatment and cold 
working can improve the strength and elongation attributes of Co–Cr alloys 
to similar levels or higher than those of stainless steels used in applications 
such as orthodontic arch wires, clips and catheters.66,74  

 Bone healing and remodeling around implants 1.4.2
Bone regeneration around implants resembles the intramembranous bone 
formation with succeeding phases of inflammation, regeneration and 
remodeling. The initial response when a foreign material is introduced in the 
body involves the following: protein adsorption, platelet activation, 
coagulation and inflammation. The surgical trauma following the implant 
insertion causes damage and thermal necrosis of the bone. A blood clot is 
formed at the bone-implant interface promoting the establishment of a well-
vascularized, immature connective tissue followed by osteogenesis. The bone 
forms either on the implant surface by contact osteogenesis or it forms from 
the existing bone towards the implants surface by distance osteogenesis. The 
implant can act as an osteoconductive substrate and its surface has been 
shown to influence the biological components and thus the healing events. 
More details can be found in the referred reviews.75-77 Additionally, 
mechanical loading can stimulate the healing process as previously described 
in the paragraph “mechanical properties of bone”. However, excessive 
micromotions at an implant interface will disturb the osseointegration process 
and result in formation of a fibrous tissue capsule around the implant and 
may eventually lead to implant failure.78,79 
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 Selected biomaterial interfaces 1.4.3
Since Professor Per-Ingvar Brånemark introduced Ti in the 1960’s it has 
found ever-increasing application in medical devices in the oral,61 
maxillofacial80,81 and orthopedic field.82 Implants generally initiate a transient 
inflammatory response when introduced in the tissue followed by a fibrous 
encapsulation in soft tissue and osseointegration in bone.83 Dental implants, 
hearing aids and amputation prostheses are all examples of percutaneous 
bone-anchored applications where the implant system penetrates the mucosa 
or the skin, the body’s external barriers. These interfaces are unique since 
they are in contact with both bone and soft tissues and facing the challenge to 
maintain the barrier while restoring the lost body function. Based on natural 
penetrations like teeth, the percutaneous implant is more likely to be 
successful if the implant-soft tissue interface is tight, in good health and 
minimize relative motions. However, a detailed understanding of how 
different material/implant surface properties affect the tissue response is yet 
lacking. Despite high success rates, skin or mucosa penetrating implants are 
associated with certain failure modes84: 

- Marsupialization: encapsulation by epidermal downgrowth along 
the implant interface, generally not occurring around Ti implants 

 
- Permigration: formation of an immature connective tissue not able 

to nourish the downward migrating epidermis into the structure of 
porous implants 

 
- Avulsion: mechanical disruption of the skin surrounding the 

implant followed by microhematoma and subsequent inflammation 
 
- Infection: invasion and multiplication of microorganisms, typically 

bacteria, triggering an adverse host tissue reaction. 

Oral implants 
Oral implants serve as anchorage points to replace missing teeth aiming to 
restore the masticatory and phonetic function as well as esthetics. Stable 
fixations and success rates up to 99% have been reported at 20 years follow-
up.85-87 Implants retrieved after up to 16 years showed 56–85% bone-implant 
contact and 79–95% bone area around the implant.88 Challenging clinical 
situations such as compromised bone conditions are associated with higher 
failure rates.89 However, by using planning and carefully performed surgery 
the most severe complications can be avoided.90 The main difference between 
natural dentition and oral implants is the lack of a periodontal ligament in the 



On the role of surface properties for implant fixation 

 

12 

latter. In contrast, the soft tissue surrounding the oral implant consists of 
mucosa covered by epithelium and connective tissue nearer the bone 
crest.14,91 An implant-tissue attachment is preferred since it resembles the 
natural dentition and the soft tissue serves as a defense barrier against 
bacterial colonization. It has been hypothesized that rougher surfaces might 
be advantageous for tissue-implant ingrowth. However, certain surface 
roughness has been reported to be more susceptible to bacterial 
colonization.92 The biomechanics associated with oral implants is another 
important determinant for clinical success;93 the loads induced during 
mastication vary in orientation, magnitude, rate and distribution pattern 
which in turn depends on the dental prosthesis, implant design, surface 
properties and the bone interface.94 The mechanical condition might influence 
the observed marginal bone loss around the implant.95 Finite element studies 
around oral implants have shown that the implant design, surface properties, 
bone and interface condition influence the load distributions around oral 
implants.96-98 The most widely used commercial dental implants show a 
variety of surface properties which need to be thoroughly characterized in 
order to elucidate their role for clinical success.77,99-102 

Amputation prostheses 
Bone-anchored amputation prostheses have proven very successful82,103 as an 
alternative treatment to the conventional socket prostheses since its 
introduction in the early nineties.104 In comparison to the socket-type 
treatment a direct fixation in the bone offers increased quality of life.105 Some 
advantages are reduced pain, soft tissue irritation, improved prosthetic usage, 
range of motion, sitting comfort106,107 and enhanced osseoperception: the 
ability to perceive the environment through the prosthesis.108 The implant 
system comprises an abutment connecting the prosthesis to the bone-
anchored fixture. During surgery the soft tissue is sutured to the bone around 
the abutment. In a comparative study, the orthopedic implants were shown to 
induce less intense inflammatory reaction compared with craniofacial 
implants.109 The inflammatory cells were mainly located in the nearest 
vicinity of the implant interface and in the epidermis. Despite the presence of 
colonizing bacteria, the occurrence of infections that lead to disability or 
implant removal were few in number.110 The follow-ups have revealed a 
stable fixation several years after implantation even though some 
observations of bone resorption around the implant have been reported.111,112 
The amputation and treatment results in altered loading conditions of the 
bone. Different techniques are available for measuring the weight bearing of 
implants, all with their own advantages and limitations.113 Techniques that 
utilize a load cell directly-fixed to the implant system have proven very 
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useful as tools for unrestricted measurement of the loads imposed on lower 
limb prostheses.114-116 The loads show good agreement with the physiological 
loads applied to the femur during activities of daily living.117 However, to 
understand how these loads affect the bone tissue the load distribution and its 
effect on the tissue needs to be determined. Finite element analysis is well 
suited to estimate the mechanical condition around complex geometries and 
have been applied in a limited number of studies of trans-femoral amputation 
prostheses.112,118-123 

1.5 Implant stability 
Implant stability can be defined as the immobility of an implant. Primary 
stability relates to the state immediately after placement of the implant, while 
secondary stability relates to the state achieved after healing has occurred. 

 Evaluation methods 1.5.1
There exist several methods, both invasive and noninvasive, to evaluate 
implant stability. Clinically, the primary stability can be assessed either by 
the implants cutting resistance or the insertion torque during implant 
placement. Additionally, different noninvasive analysis techniques exist e.g., 
subjective evaluation of the sound from percussion of an implant, analysis of 
the contact time during tapping of the implant and analysis of the resonance 
frequency124 of a probe connected to the implant. Examples of invasive 
techniques are the following: removal torque (RTQ), pull-out and push-out 
tests mainly used in experimental work to evaluate the implant stability.125,126 

Removal torque analysis  
The technique is used to determine the stability of an implant by measuring 
the torque required to break the bone interlocking at the implant surface. The 
technique typically involves fixation of the test sample so that the implant 
axis aligns with the torque actuator in order to ensure the application of pure 
axial torsion. The test specimen should be kept hydrated during the whole 
testing procedure, minimizing risks of altering the bone properties. Testing is 
then performed by rotating the implant counterclockwise at a rate of typically 
0.1 degree per second while continuously collecting the torque and angle 
data. Analysis of the torque versus angle plot gives the interfacial stiffness 
and the maximum removal torque value, for which the latter can be used as a 
measure of implant stability. The technique is applicable in experimental 
studies and has proven suitable in several different species.127,128     
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Additional examples on stability evaluation by removal torque analysis are 
described in the following paragraphs.  

The finite element method (FEM) 
Finite element modeling is based on simulations in a computer. The method 
is a powerful numerical tool that enables analysis and simulation of 
engineering concepts such as load distributions and displacements at the 
implant interface. By dividing models with complex geometries in smaller 
volume elements the intricate mechanical interactions can be resolved by 
analyzing each element separately. The properties (stiffness) of all elements 
and the boundary constraints between them need to be defined. During the 
analysis, loads or prescribed displacements are typically applied for which 
the displacements of individual nodes, connecting the elements together, are 
calculated so that equilibrium is fulfilled. Strain, stress and force distributions 
can then be derived. More information about the applicability of the 
technique in dental and orthopedic research for modeling of load distribution, 
bone tissue fractures and healing can be found in the referred reviews.129-132 

 Factors affecting implant stability 1.5.2
The implant and interface related factors will determine the mechanical 
condition and affect the biological response when introduced into the bone. 
These are therefore vital for the implant stability, which is a prerequisite for 
clinical success. 

Implant design 
Implants are designed to facilitate placement and achieve a strong fixation 
that distributes the load appropriately. By using theoretical and numerical 
analysis the implant design has been shown to affect the interfacial shear 
stress levels and distribution in the bone surrounding the implant. The studies 
revealed that excessive magnitudes might cause bone loss and hence reduce 
the implant stability.133-137 Finite element analysis has been used to show that 
a more homogenous load distribution can be achieved by changing the thread 
design138 or reducing the implant stiffness.139,140 Additionally, implant 
modifications such as increased diameter, tapered shape, or changed thread 
design have been shown to improve the mechanical fixation 
experimentally.141-144 Bone ingrowth into porous designs increase the implant 
stability and have been shown to be pore size dependent.145,146 
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Surgical protocol and precision 
The surgical technique was found to affect the primary stability when the 
implant site was prepared by either press-fit or undersized technique.147-149 
FEA shows that the applied torque values strongly influence the stress 
patterns in the bone.150 Higher insertion torques have been shown to increase 
the primary stability of implants without causing necrosis of the bone or 
implant failure.151,152 

Bone status and interface condition 
Contact between the implant and bone is a prerequisite to prevent movement 
at the interface and hence achieve a stable integration. Bone density has been 
thoroughly evaluated and correlates with the primary implant stability.153,154 
The secondary stability measured by removal torque was found to correlate 
with the bone-implant contact in vivo using a rat tibia model with a healing 
period of 16 weeks.127 Additionally, in studies using FEA the stress and strain 
distribution around dental implants were influenced by the osseointegration 
level,155 contact situation and bone properties.96,98. 

Surface topography 
Over the years various approaches to improve and interpret the biological 
response to surface modifications have evolved. The role of surface 
roughness156 on interfacial shear strength has been defined mathematically 
using theoretical models in order to optimize the mechanical response.157-160 
The importance of surface topography for mechanical retention has also been 
evaluated experimentally.161 Increased surface roughness correlates with the 
bone-implant contact162,163 indicating contact osteogenesis, and resulted in 
stiffer bone164 and higher removal torque values after healing in vivo both in 
rat,165 rabbit166-172 and canine.173,174 Implants and scaffolds produced by 
additive manufacturing175 having a native surface topography at least ten 
times the scale of conventional dental implants have shown promising both 
in vitro176,177 and in vivo.178-180 Moreover, porous coated hip-replacements 
have been evaluated clinically with positive outcomes.181,182 For the interested 
reader there are several reviews on the topic of the effects of surface 
topography on the bone response.183-186 
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Surface chemistry 
The elemental surface composition is important for the material 
biocompatibility187,188 and has been shown to affect the bone response in 
numerous occasions for implants placed in different species in vivo. For 
example, Ti–6Al–4V was found inferior to cp-Ti in rabbit with regard to 
implant fixation in vivo189 while comparable stability was found for Ti–Ta–
Nb–Zr in rat.190 Different in vivo studies evaluating specific chemical 
compositions in comparison to cp-Ti showed that addition of Zr or Mg to Ti 
implants resulted in stronger bone fixation in rabbit,191-193 Zr194 or Ti–6Al–
4V195 implants both showed less collagen content in the bone in the nearest 
vicinity of the implant, and faster mineralization of bone was noticed around 
the Zr implants.196 Co–Cr–Mo implants have been observed to osseointegrate 
to a degree similar to that of Ti in several studies but indications of decreased 
stability around the Co–Cr–Mo implants have been reported.197,198 However, 
the addition of Zr to the Co–Cr–Mo composition enhanced the implant 
fixation.180 Cellular and molecular surface modification approaches have also 
been suggested as strategies to direct the biological response at the 
interface.199,200 

Mechanical loading 
Implant loading directly affects the remodeling process around implants and 
hence bone-implant interfacial conditions. All the previously discussed 
factors affect the bone-implant interface, which in turn alters the load 
distribution around the implant. The mechanical stimuli will then affect the 
bone response and with time change the stability of the implant. The effect of 
loading has been evaluated in different species in vivo and was found to 
influence the bone modeling and remodeling around implant in rat,30 
rabbit,201 guinea-pigs,35 canine202 and monkey.203 The effect of loading on 
skeletal adaptation has been thoroughly reviewed by different authors.21,204-207 
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2 AIMS 

The aim of this thesis was to gain a deeper understanding of the factors 
contributing to the fixation of bone-anchored implants, especially with regard 
to surface topography, surface chemistry and implant loading. The methods 
used in the thesis to address the aims range from systematic bench studies, 
computer simulations, experimental in vivo studies, to load cell 
measurements on patients treated with bone-anchored amputation prostheses. 

The specific aims of the five studies included in the thesis were the 
following: 

- Evaluate the influence of surface chemistry on the bone anchorage 
and osseointegration performance by studying EBM-produced 
implants of Co–Cr–Mo alloy and the effect of an addition of 
0.04 wt% Zr to the starting powder metal in a rabbit model after 
8 weeks in vivo (Paper I) and a novel Ti–Ta–Nb–Zr alloy in a rat 
model for 7 and 28 days in vivo (Paper II). 

 
- Develop a bench model to study removal torque and implant 

stability related factors. A secondary aim was to identify factors 
contributing to anchorage of an implant (Paper III). 

 
- Propose a finite element model for the fracture progression at an 

implant interface by simulating the micron scale interface of a 
macro removal torque model. A secondary aim was to evaluate the 
influence of the shape of surface elements on the retention 
(Paper IV). 

 
- Investigate the stress and strain distributions involved during 

loading of trans-femoral osseointegrated implants. A secondary 
aim was to evaluate the tissue at the transcutaneous region for a 
patient undergoing implant revision (Paper V). 
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3 MATERIALS AND METHODS 

3.1 Implants 
The materials and implants/samples used in the different studies were the 
following: 

- Experimental Co–Cr–Mo alloy solid implants, total length of 4 mm 
and Ø 3.75 mm, manufactured by EBM in an Arcam EBM A2X 
system by Institute for Materials Research, Tohoku University, 
Sendai, Japan (Paper I). 

- Experimental Ti grade IV and Ti–Ta–Nb–Zr alloy mini-implants, 
total length of 2.3 mm and Ø 2 mm, manufactured by 
Cendres+Métaux SA, Switzerland (Paper II). 

- Experimental Ti grade IV implants and cylinders, Ø 3.75 and 
3 mm respectively, total length of 10 mm (implant threaded part 
6 mm), manufactured by Elos Medtech Pinol A/S, Denmark 
(Paper III). 

- Commercial OPRA (Osseointegrated Prostheses for the 
Rehabilitation of Amputees) implant system, threaded fixture with 
a total length of 80 mm and Ø 16 mm, abutment with a total length 
of 72 mm and Ø 11 mm, Integrum AB, Sweden (Paper V). 

 Electron beam melting 3.1.1
The implants in Paper I were made from gas atomized spherical Co–Cr–Mo 
powders, with and without the addition of 0.04 wt% Zr (Sanyo, Hyogo, 
Japan). The size distribution of the powder particles were between 25 and 
150 µm, with average diameters of 100.7 and 102.3 µm for Co–Cr–Mo and 
Co–Cr–Mo–Zr, respectively. The chemical composition of the powders was 
in accordance with ASTM F75 standard. The same parameters were used in 
the EBM process for both materials; 750–850 °C build table temperature, 
vacuum of ~10–3 mbar, layer thickness of 70 µm and subsequent cooling in 
helium. The implant was built layer by layer from a 3D computer-aided 
design (CAD) model by selective melting of metal powder using an electron 
beam in a high vacuum. The procedure briefly consists of the following: one 
layer of metal powder is laid out and preheated on the starting plate, followed 
by selective melting of the powder to create a cross-section of the build, then 
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the stage is lowered by the height of one build layer, after which the process 
is repeated until the entire build has been finished. The material, method and 
post-processing should be aimed to meet the requirements of the intended 
application. 

3.2 Surface treatments 
The typical implant manufacturing techniques result in rather crude implant 
surfaces that normally also become contaminated during the process. The 
desired surface properties can be achieved in numerous ways.  

 Chemical 3.2.1
Acid etching (pickling) was used to modify the surface topography in order 
to achieve uniform roughened surfaces by removal of the oxide scales and 
plastically deformed surface layers. The etchants used were HF/HNO3 (Paper 
III), HF/HNO3 and HCl/H2SO4 (Paper II). To reduce surface contaminations 
the materials were ultra-sonically cleaned for a few minutes using either a 
series of different solvents (heptane, acetone and ethanol) or a tenside-based 
cleaning solution (MIS 024, Tremedic AB, Sweden). Sterilization by 
autoclaving was performed on all implants prior to implantation in vivo 
(Paper I and II).  

 Electrochemical 3.2.2
Electropolishing is a technique where the surface layer is modified by 
electrochemical dissolution to produce a smooth finish. In Paper III, 
electropolishing was performed in an electrolyte consisting of perchloric 
acid, methanol and n-butanol at a temperature of –26°C and 22,5 V anodic 
potential for 3 minutes.208 

3.3 Characterization techniques 
Characterization techniques are used to analyze, monitor or verify certain 
aspects of the material surface. In order to gain an as detailed description of 
both qualitative and quantitative properties as possible it is necessary to use 
different techniques. 

 Chemical composition 3.3.1
The X-ray photoelectron spectroscopy (XPS) technique was used to quantify 
the relative elemental chemical composition of the outermost 2–10 nm of the 
material surface (Paper I and II) as well as measuring a depth profile of 
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selected elements (Paper I). In Paper I, survey (Ø 2 mm) and regional 
(Ø 110 µm), high energy resolution scans of the surface as well as a depth 
profile were acquired by alternating spectrum acquisition and sputtering off 
layers using an inert argon gas ion gun (Kratos Axis ultra DLD). In Paper II 
survey and regional scans were acquired from the top of two threads 
(Physical Electronics, Model PHI 5500). 

In Paper II inductively coupled plasma–optical emission spectroscopy (ICP–
OES) was used to quantify the absolute chemical composition of Ti, Ta, Nb, 
Zr and trace elements averaged over the entire sample (Spectro-Arcos). 
Lighter elements, C, O, N and H, were identified with different LECO 
instruments TC–436 (Paper I), TCH600 and SC600 (Paper II) using He as an 
inert gas and a temperature of about 2200 °C. 

Hydrophobic and hydrophilic properties were evaluated by water contact 
angle measurement (Fibro-DAT1100, Fibro System AB). The contact angle 
was determined for 4 µl droplets of deionized water applied to 4 etched disks 
of each material after a stabilization time of 10 s (Paper II). 

 Surface topography 3.3.2
Qualitative evaluation of the surface morphology was performed by scanning 
electron microscopy (SEM) in the range 50× to 200,000× magnification 
using an acceleration voltage between 1–5 kV in secondary electron mode by 
a Leo Ultra 55 (Leo Electron Microscopy Ltd., UK) in Paper I and a Supra 
40VP (Zeiss, Germany) in Paper I, II and III. 

Quantitative evaluation of the surface topography was achieved by the 
different analysis techniques. Confocal laser microscopy (HD100, Lasertec, 
Japan) was used in Paper I, with a scanning area of 0.33×0.33 mm. 3D-SEM 
(Supra 40VP, Zeiss, Germany) was performed in the range 200× to 10,000× 
magnification using an acceleration voltage of 5 kV in secondary electron 
mode and 8° or 20° eucentric tilt reconstructed and analyzed using MeX 6.0 
ed. Alicona, Austria (Paper I, II and III). Optical profilometry (Veeco NPFlex 
3D, Bruker, USA) was performed at 27.4× magnification in the VSI mode on 
a surface area measuring 0.174×0.232 mm, cylinders were corrected for form 
and tilt while screw shaped implants were corrected by a high-pass Gaussian 
filter with a cut off frequency of 45 µm (Paper III). The analyzed surface 
roughness parameters were; Sa (arithmetical mean height), Ssk (skewness of 
height distribution), Sku (kurtosis of height distribution), Sdq (root mean 
square gradient), Sdr (developed surface area ratio) and Sci (surface core fluid 
retention index).  



On the role of surface properties for implant fixation 

 

22 

3.4 In vitro cytotoxicity 
In vitro cytotoxicity tests were performed in Paper II in order to study the 
responses to the material and identify potentially negative responses prior to 
implantation. The tests were in accordance with ISO 10993–5:2009 
“Biological evaluation of medical devices – Part 5: Tests for in vitro 
cytotoxicity”209,210 and were performed on disks using material extracts, n = 4 
for all materials. Liquid extracts of Ti, Ti–Al–V, Ti–Ta–Nb–Zr and Cu 
(positive control) disks were prepared by 48 h shaking (100 RPM) in 
complete cell culture media (MEM including 10% horse serum, ATCC, 
USA) at 37 °C in tissue culture polystyrene plates, n = 4 for all materials. 
Polystyrene was selected as a negative control. The culture media extract 
volume was 1 ml per 3 cm2 material area. Series of diluted extracts from each 
material were added in triplicate to subconfluent cells (L929 mouse 
fibroblasts) (ATCC, USA) seeded on tissue culture polystyrene and followed 
for 24 h. The evaluation included quantification of the total cell number, 
assessment of the cellular damage by quantification of the lactate 
dehydrogenase (LDH) activity, and a WST-1 cell proliferation assay during 
the last 2 h to assess the viability and proliferation of cells. 

3.5 In vivo evaluation 
Animal models are used to get an initial assessment of the tissue response to 
medical devices such as implants prior to evaluation of their performance in 
the human body. Additionally, animal models are suitable for studying 
specific mechanisms. The animal experiments were approved by the 
University of Gothenburg Local Ethics Committee for Laboratory Animals 
(Paper I: Dnr. 01/09, Paper II: Dnr. 279/2011).  

In Paper I, a rabbit model with an evaluation time point of 8 weeks was used. 
A total of 8 female New Zealand White rabbits weighing 4–5 kg were 
included in the study. In brief, the surgery consisted of the following: after 
one week of acclimatization the animals were anesthetized and the bone bed 
was carefully exposed and holes were prepared. Each animal received a total 
of six implants; two in each tibia and one in each femur according to a 
predetermined schedule. The surgery was performed under aseptic conditions 
and the animals were given analgesics for 3 days postoperatively. They were 
fed a standard diet and tap water during the observation time. Eight weeks 
postoperatively, the animals were anesthetized and the implants were 
exposed enabling biomechanical assessment of the implant stability by 
removal torque analysis. All implants were thereafter retrieved en bloc with 
the surrounding tissue. The sample preparation for histological evaluation in 



Patrik Stenlund 

23 

brief; fixation in formalin, dehydration in ethanol, infiltrated and embedded 
in plastic resin, cutting and grinding to a thin (15–20 µm) central ground-
section before staining. The bone-implant interface was evaluated by 
qualitative histology and quantitative histomorphometry measuring the bone 
area around the implant and the bone-implant contact using light microscopy 
(Eclipse E 600, Nikon, Japan) and image analysis (NIS Elements 4.12, 
Nikon, Japan). The bone-implant ultrastructure was evaluated for polished 
samples en bloc by backscatter SEM (Supra 40 VP, Zeiss, Germany) 
operated at 20 kV. 

In Paper II, a rat model with evaluation time points of 7 and 28 days were 
used. A total of 19 male Sprague-Dawley rats, with an average weight of 
350 g were included in the study. The surgery consisted of the following: the 
animals had general inhalation anesthesia and while the tibial metaphysis was 
exposed each animal received a total of 4 implants; two in each tibia, with the 
Ti and Ti–Ta–Nb–Zr material separated in contralateral legs. The animals 
were allowed free post-operative movement with food and water ad libitum 
during the observation time. At 7 and 28 days respectively, the animals were 
sacrificed and the implants were exposed and the stability was measured by 
removal torque analysis. For histology, the implants were removed en bloc 
with surrounding tissue. For reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) analysis, the retrieval was achieved by unscrewing 
the implants and retrieving the peri-implant bone by trephining. The RT-
qPCR analysis was performed for the samples from 3 animals at the 28 day 
time point. The RNA expression was quantified for the following genes: 
tumor necrosis factor–α (TNF–α), interleukin–1β (IL–1β), runt-related 
transcription factor–2 (Runx2), osteocalcin (OC), tartrate-resistant acid 
phosphatase (TRAP) and cathepsin K (CatK) to determine the following 
ongoing cellular processes; inflammation, bone formation and remodeling 
either at the interface or in the peri-implant bone, respectively. In the 
approach where the implant was retrieved en bloc the bone-implant interface 
was also evaluated by histological and ultrastructural analysis according to 
the protocol described above. 

In Paper V, a tissue sample from an amputation patient undergoing implant 
revision was retrieved and analyzed by X-ray microtomography 
(Skyscan 1172, Bruker microCT, Belgium). The equipment was operated at 
72 kV and micrograph acquisition was performed using a pixel size of 
26.4 µm and a step size of 0.7 degree/s through 180° rotation. The 
reconstruction and analysis was performed with regard to bone volume, 
trabecular thickness and separation as well as the mean distance between the 
bone-abutment interface using Skyscan software package (NRecon 1.6.8.4, 
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CTvox 2.5.0 r892, CTan 1.13.4.0 and CTvol 2.2.3.0). The sample was 
thereafter processed for histology according to the protocol described above 
and quantitative analyses were performed with regard to the amount of 
mineralized tissue, soft tissue thickness, and epithelial down-growth. 
Qualitative analysis was done by characterizing the different tissues and cells, 
bone remodeling, vascularization, bleeding and signs of inflammation. 
Ethical approval was received from the local Swedish Ethical Committee 
(EPN/Gothenburg Dnr. 434–09). 

 Removal torque evaluation 3.5.1
Implant stability was evaluated by removal torque analysis. In brief, the 
procedure consists of the following: the sample is fixed and the implant is 
connected to a torque gauge by a special connector ensuring a linear 
alignment and pure axial torque. Thereafter, the torque response is monitored 
in real-time, recorded at a frequency of 4 Hz, while rotating the implants at a 
constant angular speed. The RTQ apparatus is a custom made upgrade of a 
previously described equipment.211 In Paper I and II the rotation speed was 
set to 0.2 degree/s while different speeds, 0.1, 0.3 and 0.6 were used in 
Paper III. All load deformation plots were evaluated with regard to the 
maximum torque value and shape of the curve, which typically involves an 
initial stabilization phase followed by a linear increase in torque. During the 
course of the measurement, surrounding material will start to deform 
plastically and then fracture causing a drop in the torque that finally levels 
out in an interfacial friction phase. 

 Load-cell analyses  3.5.2
Site-specific loading analyses were performed on patients with unilateral 
transfemoral amputation treated with osseointegrated implants in order to 
determine the loads applied on the implant system (Paper V). The load cell 
(iPecs™ Lab, College Park Industries, USA) was fitted between the abutment 
and the amputation prosthesis and the load measurements were carried out in 
a clinical environment (Lundberg Laboratory for Orthopaedic Research, 
Sahlgrenska University Hospital, Sweden). Normal gait was selected as an 
activity of daily life for which the patients were asked to walk at self-selected 
speed and the forces and moments in three dimensions were recorded at 
240 Hz. Ethical approval was granted by the local Swedish Ethical 
Committee (EPN/Gothenburg, Dnr. 130–09). 
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3.6 Experimental bench model 
Surface topography related factors were studied by embedding experimental 
cylinders with modified surface topography in thermosetting polymer resins 
with different mechanical properties (Paper III). The turned surface 
topography of the machined cylinders was modified by either 
electropolishing or acid etching according to the previously described 
protocols. Prior to embedding, an anti-adhesive layer was applied by spin 
coating. The interlocking strength was then evaluated by removal torque 
analysis using rotation speeds of 0.1, 0.3 and 0.6 degree/s. 

 Experimental design 3.6.1
A statistical experimental design was used in Paper III as a method to identify 
the effect of independent variables (factors) on the response as well as 
potential interplay between the factors within a chosen range, a low and a 
high level, for each variable (Paper III). A full factorial design of 33 with 2 
replicas and a full factorial mixed model with 5 replicas were used for the 
Sawbones and Altropol polymers, respectively. Randomization was 
implemented in the designs and analyses (MODDE 7.0.0.1, Umetrics AB, 
Sweden). 

3.7 Finite element method 
The finite element method (FEM) was used to simulate the load distributions 
at the implant interface (Paper IV and V). In Paper IV a combined 
macroscopic and microscopic 3-dimensional model was developed to 
estimate the stress and strain distribution and fracture progression at the 
implant interface. The macroscopic model represented the embedded Ti 
cylinder used in the experimental study while a microscopic conical feature 
was used to model the acid etched Ti surface topography with corresponding 
surface roughness values. Different contact situations were simulated by 
introducing a gap at the interface between the surface feature and the 
surrounding material. The models were meshed using hexahedral shaped 1st 
order elements (~10,000–60,000) aiming for uniform sizing of elements 
irrespective of the design. The materials were assumed homogenous and 
isotropic, and modeled as linear elastic solids with frictionless contact at the 
interfaces. During analysis the Ti surface feature was displaced parallel with 
the interface and the reaction force in the displacement direction was 
calculated. The macro- and micro models were then combined by layer-wise 
summation of the sum reaction forces determined by the microscopic 
simulations with the shift-delay equal to the difference in layer displacement 
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of the macroscopic simulations. All contact deformation analyses were 
performed using the software package LS-DYNA V.970 (Livermore 
Software Technology Corporation, USA). Thereafter, the sum reaction force 
was converted to removal torque. 

In Paper V, a 3-dimensional symmetrical macroscopic model was built 
(ANSA 14.1.0, BETA CAE Systems S.A., Greece) based on the design of the 
OPRA implant system. The models were automatically meshed using 
hexahedron (~46,000) and pentahedron (~2,400) 2nd order elements with 
refinements in the bone-implant interfacial regions. The model interfaces 
were modeled either as bounded, frictionless or with some assumed friction. 
Friction coefficients were assumed to be 0.2 between the transplanted bone 
and the abutment and 0.35 between the abutment and the implant. The 
fixture, abutment and femur were assumed to be linearly elastic 
homogeneous solids. The cortical bone region was assumed transversely 
isotropic with elastic modulus of 16.7 GPa and 11.5 GPa, in the longitudinal 
and transversal direction, respectively. The transplanted bone region was 
assumed isotropic with elastic modulus of 0.4, 0.8 or 4 GPa. The thickness of 
the cortical and transplanted bone regions were 7 mm in total; 5.54+3.46 mm 
or 5.27+1.73 mm in the different models. A Poisson’s ratio of 0.3 and 0.35 
was assumed for the bone and the Ti, respectively. The site-specific tri-axial 
forces and moments measured with the load transducer were used to identify 
the extreme loads exerted on the bone-implant interface during straight 
walking. These extreme loads were used for the finite element analysis 
(ANSYS 15.0, ANSYS Inc., USA). 

3.8 Statistics 
Statistical analyses are fundamental tools used in the design and evaluation of 
experiments. The scientific questions formulated as hypotheses in the studies 
can be verified by the use of statistical tests. A nonparametric paired analysis, 
Wilcoxon Signed Rank Test, was used to test for differences between the 
materials (Paper I and II) and a nonparametric test, Mann–Whitney U test, 
was used for comparison between independent material groups (Paper II). 
Additionally, Spearman’s rank correlation coefficient analysis was carried 
out to test the dependency between the expression levels of different genes in 
Paper II (SPSS 21, IBM, USA). In Paper III, linear regressions analysis was 
used to determine the effect of different variables on the torque response 
(MODDE 7.0.0.1, Umetrics AB, Sweden). A 0.05 level of significance was 
used in all statistical analysis. 
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4 SUMMARY OF RESULTS 

4.1 Paper I 
In this study the bone formation around and the anchorage of Zr doped Co–
Cr–Mo implants fabricated by electron beam melting (Figure 6A and B) was 
evaluated in vivo after eight weeks of healing in rabbit. The established 
experimental model enables the analysis of both cortical and trabecular bone 
responses at the implant interface and in the peri-implant bone. 

Figure 6. A) A 3D rendering of the Co–Cr–Mo–Zr implant obtained by micro–CT. B) A 
scanning electron micrograph at 200× magnification of the Co–Cr–Mo–Zr implant surface, 
showing the surface morphology composed of a molten base with semi-molten beads with sizes 
of 30–100 µm. C) A light micrograph of the ground-section of a Co–Cr–Mo–Zr implant in the 
proximal position in the tibia. Bone ingrowth in the surface structures and in direct contact 
with the implant surface was observed. D) The amount of Zr in the Co–Cr–Mo–Zr implant 
along the depth profile, showing an enriched content of Zr at the surface. E) Mean values of 
the biomechanical data sets with standard error, n = 8 for each group. * Indicates significant 
difference (p < 0.05) using Wilcoxon Signed-Rank test. 

  



On the role of surface properties for implant fixation 

 

28 

Qualitative histology revealed no apparent differences and both materials 
showed bone growing into surface irregularities and in direct contact with the 
material surface (Figure 6C). In addition, no adverse tissue reaction was 
observed. Areas of remodeling were observed both at a distance and in close 
proximity to the implant, with coupled osteoclastic and osteoblastic activity. 
The only significant difference in histomorphometry between the materials 
was observed for the Co–Cr–Mo implants in the tibia showing larger bone 
area at a distance from the implant surface. 

The surface characterization revealed no significant differences in the surface 
topography with similar arithmetic mean height of the surface of about 
10 µm. XPS analysis showed Cr and Mo oxides at the surface of both 
materials and an enrichment of Zr in the surface oxide compared to the bulk 
of the Zr doped material (Figure 6D). 

Biomechanical analysis (removal torque) showed significantly higher implant 
stability for the Zr doped material after eight weeks healing compared with 
the Co–Cr–Mo (Figure 6E). 
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4.2 Paper II 
In this study implants made of a novel Ti–Ta–Nb–Zr alloy (Figure 7A and C) 
were evaluated after 7 and 28 days of healing in a rat tibia model, with cp-Ti 
grade IV as reference material.  

Figure 7. A) A drawing of the implant design. B) The histomorphometry presented as mean 
bone area (BA) and mean bone-implant contact (BIC) within all the threads of each implant, 
Ti in light grey and Ti–Ta–Nb–Zr in dark grey. Significance p < 0.05 and p < 0.001 is 
indicated with * and **, respectively. N = 8 for both materials at both time points. C) A SEM 
micrograph in 10,000x magnification of the screw thread top surface of the Ti–Ta–Nb–Zr 
alloy. D) The maximum removal torque for the Ti implants (light-grey squares) and Ti–Ta–
Nb–Zr implants (dark-grey triangles) measured at 7 and 28 days, presented with the mean for 
each material series at both evaluation times, indicated by a square or a triangle with 
standard deviation. N = 8 at 7 days and n = 7 at 28 days. E, F) Light micrographs of 
undecalcified ground sections of bone interface to Ti–Ta–Nb–Zr implants after 7 (E) and 28 
(F) days’ healing, respectively. OCB = original cortical bone, PMB = partially mineralized 
bone, BM = bone marrow, white arrow = osteoid, white arrowhead = osteoclast, black 
arrowhead = osteoblast seams. 
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Surface characterization revealed a thin (<10 nm) surface oxide composed 
mainly of TiO2, with enrichment of alloying elements at the top most surface. 
The Ti–Ta–Nb–Zr alloy showed similar surface wettability, cytotoxicity and 
surface roughness as the cp-Ti, but significant minor differences were 
detected for some roughness parameters. 

Histomorphometry showed no difference in bone-implant contact between 
the materials at either time point. The Ti showed significantly higher bone 
area within the threads of the implant at the later time point compared with 
the Ti–Ta–Nb–Zr alloy (Figure 7B). 

Measured removal torques revealed significantly increased implant stability 
over time for the Ti–Ta–Nb–Zr in contrast to the Ti. Still, no significant 
difference in stability was observed between the materials at either time point 
(Figure 7D). 

The gene expression of the implant-adherent cells revealed about a 2-, 3- and 
6-fold lower expression of pro-inflammatory (IL–1β and TNF–α), bone 
formation (Runx2 and OC) and bone remodeling (TRAP and CatK) genes at 
the Ti–Ta–Nb–Zr implants compared with the Ti (p < 0.05). 

Furthermore, the histological and gene expression analyses suggested faster 
healing around the Ti–Ta–Nb–Zr, as judged by the enhanced mineralization 
and remodeling, of the early-formed woven bone and the multiple positive 
correlations between genes denoting inflammation, bone formation and 
remodeling. 

In comparison with the clinically well-established pure Ti grade material, the 
novel alloy demonstrated equal cytocompatibility, induced less inflammatory 
response and became equally well osseointegrated (Figure 7E and F). 
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4.3 Paper III 
In this study the effect of different factors on removal torque was identified 
by utilizing factorial experimental design. A bench model was developed 
where cylinders (Figure 8A) and threaded implants with modified surface 
roughness (Figure 8B–D) were embedded in different homogeneous 
thermosetting polymers and evaluated by removal torque analysis. This 
approach enables the study of different factors affecting the torque response 
without the influence of biological variability.  

Figure 8. A) A drawing of the experimental cylinder. B, C, D) Micrographs of the 
experimental cylinder surface types: electropolished, EP (B), machined, M (C) and acid 
etched EA (D). E, F) Average maximum removal torque for spin-coated modified cylinders 
(n = 6) embedded in Altropol Multicast 30 (E) and Altropol EP 986 (F) thermosetting 
polymers. 

It needs to be pointed out that the model represents a gross simplification as 
compared to the real in vivo situation and the results need to be validated 
against those of systematical removal torque studies in vivo. However, within 
the limit range of each factor studied the results showed that the maximum 
removal torque was significantly affected by the surface roughness and the 
surrounding material (Figure 8E and F). These factors were also found to 
demonstrate interplay between one another. The rotation speed was found not 
to influence the maximum removal torque. A gradual fracture progression of 
the interface was observed during the measurement starting from the top of 
the cylinder where the torque was applied, to the bottom.  
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4.4 Paper IV 
In this study a 3-dimensional finite element model simulating the fracture 
progression at the implant interface during removal torque analysis was built 
based on details from Paper III. The approach comprised a macroscopic 
simulation of the interfacial response to the Ti cylinder when subjected to 
rotation and a microscopic simulation of the interfacial fracture progression 
at the interface between a conical Ti feature and the surrounding material 
(Figure 9A).  

 
Figure 9. A) A schematic overview of the fracture model macro and micro geometries with the 
Ti cylinder in dark grey and the surrounding material in light grey. B) A cross-sectional view 
of the fractured surrounding material interface after six iterations for a gap size of 10 nm. C) 
Removal torque curves of the finite element analysis simulating different gap sizes in the 
interface region presented with one curve of the experimental bench study (Paper III). 
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The macroscopic model revealed a difference in displacement of 2.62 µm in 
total along the Ti interface when subjected to torque loads. This difference 
was later used when the results of the microscopic interface simulation were 
summed to determine the total response during displacement converted to 
torque vs angle. 

The microscopic model showed a decreasing reaction force with increasing 
number of iterations over the same area. Introducing a gap at the interface 
was found to alter the fracture progression pattern (Figure 9B) resulting in 
altered torque responses. By combining the macro and micro models the 
results of the finite element analysis showed good agreement with the 
experimental results (Figure 9C). The model provides a possible explanation 
to how the fracture progression at the interface occurs, involving sequential 
fractures with loosening from the top of the implant to the bottom. 

The shape of the retention element was found to influence the reaction force 
per unit area in the displacement direction. The reaction force per unit area 
for the evaluated shapes differed about 40% at the most and decreased in the 
following order: cuboid, turned cuboid, cylinder, pyramid, cone and turned 
pyramid. The contour plots of each retention element with surrounding 
material revealed stress concentrations at specific interfacial areas at the 
surface of both the feature and the surrounding material. 
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4.5 Paper V 
In this study the bone responses to loading of trans-femoral amputation 
prostheses were evaluated. The results of site-specific loading measurements 
on amputees were used as input to finite element analyses (Figure 10A) 
simulating the stress and strain distributions in the bone tissue. Furthermore, 
a retrieved tissue sample from a patient undergoing implant revision was 
characterized in order to evaluate the long-term tissue response around the 
abutment. 

The loading results revealed that the extreme loads varied among the patients 
as can be expected with respect to their individual anatomy, weight, 
amputation height and walking pattern. 

 
Figure 10. A) A cross-sectional schematic overview of the bone-implant-abutment-model 
design (M2, M3 and M4) with identified parts and bone regions as well as sites (1–9) of 
interest for the finite element analysis. B) The equivalent elastic strain distribution in the 
transplanted bone region) for a cross-section of the M2 model. C) A cross-sectional view of a 
µCT reconstruction of the transplanted bone region retrieved after 15 years in a patient. The 
segmented mineralized tissue (white), within the bone transplant region (purple), the soft 
tissue (red) and the assumed abutment (grey). The abutment was created and positioned 
centrally for analysis and visualization purposes. 
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The FEA showed that the loading caused the abutment to bend and displace 
the distal abutment end about 1 mm in total. At the same time a gap of 
between 0.06–0.14 mm was created between the bone and the abutment at the 
opposite side depending on the stiffness of the transplanted bone region. The 
highest shear stress levels were observed for the stiffest model with 4.0 MPa 
and 6.4 MPa at the interface between the cortical bone and the fixture in the 
3rd and 7th thread, respectively. The same trend was observed for maximum 
principal stress levels in the most distal transplanted bone ranging between 
22–77 MPa. The strain in the most distal cortical bone was 0.002–0.005 with 
higher strains for increasing overall model stiffness. The opposite was seen 
for the strain levels in the distal end of the transplanted bone region ranging 
between 0.018–0.06 with an increasing trend for decreasing stiffness 
(Figure 10B). 

Micro–CT analysis of the tissue sample retrieved after 15 years in vivo 
revealed a densification in the region facing the abutment with more porous 
bone going radially outwards. The highest bone porosity was observed in 
between the proximal and distal end, with bone volume fractions of between 
20–35%. The soft tissue between the bone and the abutment varied in 
thickness along the interface with a mean value of 0.94 mm (Figure 10C). 
These observations were later confirmed by qualitative and quantitative 
histology showing mean bone area of 28% and 36% for respective side of the 
evaluated specimen and a mean soft tissue thickness of 1.2 mm. The tissue 
facing the abutment mainly consisted of well vascularized granulation tissue 
with signs of inflammatory cell infiltrates in the distal region. Occasional 
bone resorption sites, with present osteoclasts, were observed in the bone side 
facing the abutment. 
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5 GENERAL DISCUSSION 

Today, an implant is a commonly used treatment intended to restore a loss of 
function caused by disease or trauma. With increasing life expectancy and a 
growing elderly population as a result, more patients can be expected in the 
future. This creates a demand both for materials with improved strength 
suitable for implants with reduced dimensions, and to minimize the risk of 
mechanical failure in applications involving high loads. Furthermore, new 
implant designs, with structural stiffness similar to that of bone and with 
more optimal load distribution are needed, particularly in challenging clinical 
situations, such as compromised bone conditions. In addition, for these 
situations, implants with improved healing capacity are required in order to 
achieve necessary implant stability. 

Additive manufacturing (AM) processes have gained considerable interest in 
recent years as technologies that offer unmatched freedom to design new 
implants. Complex open-cellular designs can be built that allow bone 
ingrowth which can improve the implant stability.212 Additive manufacturing 
techniques have the possibility to be used for fabrication of e.g., knee and hip 
replacements which are truly patient-individualized. The capacity to process 
both Ti alloys and Co–Cr alloys makes electron beam melting (EBM) a 
promising AM technique for implant manufacturing in a variety of 
applications. Excellent results have already been observed for as-built Ti–
6Al–4V structures in vivo in both rabbit and sheep studies,178,179 as well as for 
acetabular cups in human.212 

Material processing involves either thermal, mechanical, chemical treatment 
or a combination of these which will influence the final material properties 
and hence the biological response. Additionally, the material properties will 
directly influence the mechanical load distribution on the bone, which in turn 
affects the bone response, and hence the implant stability and clinical 
success. Surface properties play a particularly important role for medical 
implants. Commercially available implants show a wide variety of surface 
characteristics99 and material properties. This makes identification of the 
effect of individual surface factors on the bone response and clinical 
performance difficult. And it emphasizes the need for systematical studies 
aiming to understand the underlying mechanisms and interface related factors 
responsible for specific responses. 
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5.1 Methodological considerations 
Since no single surface characterization technique can provide all the desired 
information, several complementary techniques will have to be used in order 
to study both the structural and chemical aspects of the surface region of 
interest. The order of analysis needs to be planned since some techniques are 
destructive and might alter the properties to be subsequently analyzed. 
Additionally, parameters such as resolution, length scale, and penetration 
depth, as well as analysis area, need to be considered so that the chosen 
techniques fulfill the purpose of the analyses.  

The analysis of the chemical composition of the implant material requires 
consideration of both the bulk and the surface. The latter is particularly 
important for biomedical implants since these are in direct contact with the 
biological environment. The relevant surface region typically corresponds to 
the topmost layers (<10 nm) and requires special techniques in order to be 
resolved from the rest of the material. Combining the XPS and the ICP–OES 
techniques enables comparison between the surface and the bulk 
composition, and is useful for investigating the influence of manufacturing 
and surface modification processes. However, it needs to be pointed out that 
XPS quantifies the relative elemental chemical composition of the material 
surface while the ICP–OES quantifies the absolute chemical composition 
averaged over the entire sample. XPS quantification of complex elemental 
compositions is associated with several challenges. It requires knowledge of 
the lateral and depth distribution as well as calibration against samples of 
known composition for accurate quantifications. In addition, analysis depth is 
element dependent and matrices with several different constituents can 
influence the calculations. Furthermore, contamination layers, such as 
hydrocarbons on the surface will also affect the results. Taken together, a 
relative error of at least 20–30% is not uncommon. Therefore the calculated 
concentrations should be considered as an average of the analyzed volume, 
and used mainly for comparison between different samples. 

Characterization of the surface topography is associated with uncertainties 
related to both the surface properties and limitations of the applied technique. 
It is therefore recommended that several complementary techniques are used 
to characterize the topography adequately.213 The surface topography is 
typically described by the form, waviness and the roughness of the surface 
and can consist of many different wavelengths that correspond to structures 
in the nm to mm range. Consequently, all wavelengths need to be described 
to fully characterize the surface topography and whenever the form, waviness 
or roughness is described the filter size used to separate them should be 
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reported.214 According to suggested guidelines, characterization should be 
made using different types of roughness parameters.215 

There are several aspects that need to be taken under consideration when 
deciding which animal model to use; smaller animals like mice and rats have 
accelerated healing capacity compared to larger ones like rabbits and dogs. 
The implant size can be a decisive factor since limitations in the 
manufacturing process may require that larger animal models are used. From 
an ethical point of view the number of animals should be kept to a minimum 
which requires that the model, time points, number of samples and their 
placement are planned adequately, without compromising statistical power. 
Bone-anchored implants are typically evaluated with regard to their stability 
i.e., bone-implant interlocking at the interface. For evaluation of implants 
with screw shaped designs removal torque analysis is a useful method, where 
the torque required to break the interlocking is measured while subjecting the 
implant to a constant rotation. In order to fully understand the stability 
measurements the implant surface related factors need to be systematically 
investigated for each technique. Furthermore, characterization of the bone-
implant interface helps to ensure that implants are correctly positioned in the 
bone, which otherwise most likely affects the measured stability.  

Qualitative histology, quantitative histomorphometry and X–ray 
microtomography can be performed on the same retrieved sample and the 
combination of these techniques enables both 2- and 3-dimensional analysis 
of the bone-implant interface. Quantification of the bone-implant contact 
requires the interface to be intact and is therefore not possible after removal 
torque analysis which fractures the interface. The biological variability seen 
in animal studies can be a problem since it might exceed the effects under 
investigation. This requires comparison to be made within the individual 
animals, i.e. paired analyses. The relatively small sample sizes make it 
difficult to confirm normal distribution of the data, resulting in nonparametric 
testing. In correlation analysis the dependency between two variables is 
evaluated for which Pearson’s correlation coefficient is most commonly used 
and describes the linear dependency, while Spearman’s rank correlation 
coefficient describes how well the variables fit the response of a monotonic 
function. The latter is more suited for nonparametric distributions and hence 
used to analyze the correlation between the expression levels of different 
genes in Paper II. 

Experimental bench models are particularly applicable in systematical 
evaluations of independent factors, such as mechanical retention that can be 
distinguished from biological responses. This approach eliminates the 
biological variation but is only valid within the limits of the evaluated factors 
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and hence requires further in vivo validation. Experimental design can be 
used to further improve the precision of the results by identifying and 
reducing the sources of variability. Replicates should be used to strengthen 
the reliability and validity of the experiments and to avoid biases it is 
common practice to use randomization in the design. The main purpose of 
bone-anchored implants is to transfer loads to the skeleton. However, these 
loads can be difficult to determine due to inaccessibility of the implant site 
and ethical restrictions. Load-cell analyses are suitable given that the 
measurements can be completed without altering the loading situation. 

5.2 Surface chemistry 
The surface chemical composition is considered to be an important factor for 
the biological response and successful long-term treatment of osseointegrated 
prostheses. The materials need to be biocompatible and are generally selected 
based on the mechanical requirements of the intended application. For load-
bearing, bone-anchored applications, metals are widely used, and some prefer 
Ti-based materials68 while others prefer Co–Cr alloys.182  

The modified Co–Cr–Mo alloy and the Ti–Ta–Nb–Zr alloy implants 
evaluated in vivo in Paper I and II, respectively showed comparable surface 
topography in terms of morphology and roughness compared with the 
corresponding controls. The surface chemical analysis revealed enrichment of 
the added alloying elements at the surface, compared to the bulk of both 
materials. These changes in chemical compositions seem to promote the 
formation of well mineralized bone tissue in direct contact with the implant 
as judged by histological results. Both materials showed equivalent levels of 
bone-implant contact as the control. However, significantly higher bone area 
was detected at a distance from the implant surface and within the implant 
threads of the controls for Paper I and II, respectively. Despite a lower bone 
amount, the Ti–Ta–Nb–Zr alloy showed comparable implant stability as the 
control after 7 and 28 days, with magnitudes in accordance with a previous 
study using a similar experimental model.216 It can be hypothesized that the 
equal stability, despite less bone amount, could be due to faster bone 
remodeling and mineralization of the bone at the bone-implant interface. This 
was also indicated by the qualitative histological and gene expression 
analyses.  

Both cp-Ti and Ti–6Al–4V are commonly used materials in bone-anchored 
implants with a proven clinical record. The latter material is selected where 
high load-bearing capacity is required. However, it remains to be determined, 
which of these materials is the better regarding the bone response. Concerns 
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have been raised about the potential toxic effect of Al and V ions released 
in vivo. Even if no toxic levels were detected, elevated concentrations of V 
ions have been measured in kidney, lung and liver after 1 and 4 weeks in a 
study in rabbit.217 The novel Ti–Ta–Nb–Zr alloy evaluated in Paper II 
showed no signs of cytotoxicity or adverse tissue reactions and became 
osseointegrated to a similar degree as the cp-Ti grade IV after 1 and 4 weeks 
in vivo. This agrees well with earlier reports on the biocompatibility of Ta, 
Nb and Zr in the literature.188,218 The Zr–Nb–Ta alloyed Ti has been 
evaluated both in vitro219 and in vivo220 using a rat model and showed 
considerably lower metal release compared to 316L stainless steel, Co–Cr–
Mo casting alloy, and Ti–6Al–4V. By replacing V with Nb the Ti–Al–Nb 
alloy has been shown to promote the cell-substrate interaction and activity in 
vitro, with increased cell attachment, proliferation and viability.221 In vitro 
evaluation of the cellular response of human monocytes to wear particles 
from Co–Cr and Ti–Al–V prostheses showed that the former were very toxic 
while the latter induced more inflammatory mediators implicated in 
osteolysis.65 The authors’ opinion was that the release of Ti–Al–V particles 
would be worse than if equal amount of Co–Cr particles were to be released 
in the periprosthetic tissue. The number of bone-resorbing mediators released 
from cells was significantly reduced for Ti–Al–Nb compared with Ti–Al–
V.222 For unknown reasons the responses seen in vitro are typically not as 
pronounced in vivo. The excellent wear resistance of Co–Cr–Mo alloys71 is 
an important property for joint implants, such as hip replacements.182 These 
alloys possess high strength but have been regarded as inferior to Ti–6Al–4V 
in terms of bone anchorage.197,198 Nevertheless, porous-coated Co–Cr hip 
stems showed excellent clinical results after two years when implanted with a 
tight press fit,181 suggesting that the material could for be suitable also for 
cementless treatments. 

Addition of Zr to the Co–Cr–Mo alloy proved to be beneficial for the bone 
response and bone anchorage in Paper I. The Zr-doped Co–Cr–Mo alloy 
showed increased implant stability compared with the control, which points 
towards a change in the bone quality that in turn may be attributed to the 
dissimilarity in surface chemistry. A similar response was recently reported 
for Zr doped Ti showing an increased implant stability compared with cp-Ti 
that was suggested to reflect an improved bone quality.192 Zr implants 
showed in comparison to cp-Ti, a thicker amorphous layer at the 
ultrastructural level,194 while a faster mineralization of the bone in the nearest 
vicinity of the implants was observed at the light microscopy level,196 in a 
rabbit and a rat study, respectively. Ti–Zr alloys are currently used clinically 
with good osseointegration results and offer improved strength compared 
with conventional, cold worked, Ti grade IV.223 Incorporation of Zr in the 
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Co–Cr–Mo alloy composition in Paper I, enhanced the implant stability in 
rabbit. Zirconium is an interesting material that shares several properties with 
Ti; they are found in the same row of the periodic table of the elements, both 
form stable oxides, and they both show biocompatibility188 and the ability to 
achieve osseointegration.194 The mechanisms underlying these differences in 
interfacial bone strength and quality are unknown but it could be 
hypothesized that the formation of a highly corrosion resistant stable oxide 
on the material surface224 influences the ion release pattern of the material. 
In vitro studies have shown that low amounts of Zr added to Co–Cr alloys, 
can improve the cytocompatibility,225 possibly due to reduced ion leakage of 
Co.226 This is advantageous since Co ions have been shown to decrease the 
cell viability and cell proliferation in vitro.227 This emphasizes the need for 
new alloys with equal biocompatibility and osseointegration ability with 
improved mechanical properties to meet the physical requirements of life-
long clinical function. 

5.3 Surface topography 
Implant surface topography has previously been mentioned in the 
introduction and has been shown to affect mechanical retention, distribution 
and transfer of loads to the surrounding bone, as well as different biological 
aspects.186 The topography is therefore crucial for the implant stability and 
clinical success. Surface treatments such as acid etching or anodization are 
commonly used to modify the surface topography of implants. Besides such 
intentional alteration of the surface roughness, these treatments are likely to 
change other surface properties like wettability or corrosion resistance.72 In 
comparison to smooth surfaces, rougher ones expose a larger surface area to 
the biological environment. The effects of material chemistry are intensified 
due to the larger area, resulting in increased material surface interactions by 
the adsorption of mineral ions and biomolecules and possibly also adherent 
cells. The two different material surfaces treated by dual acid etching that 
were evaluated in Paper II, showed similar surface roughness and wettability, 
and achieved osseointegration and implant stability comparable with that 
seen in previous studies using roughened surfaces.216,228  

Topography is typically categorized by the length scale of the surface 
features ranging from macro- to nanometer. Different aspects of the surface 
roughness can to some extent be numerically described by the size, shape and 
distribution of surface features. From a mechanical point of view, the surface 
roughness of bone-anchored implants can be altered to bring about a more 
even load distribution and an increase in the interfacial strength. The latter 
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was shown in Paper III by using a polymer embedding approach eliminating 
the biological response and variability. The acid etched surface showed 
significantly different mechanical fixation compared with the machined or 
electropolished surface. When these surface types were evaluated with regard 
to their numerical roughness parameters, Sa and Sdq correlated with the 
maximum removal torque. These parameters have previously been identified 
as important and shown similar correlation trends in both theoretical and 
in vivo studies.160,229 Furthermore, surface roughness has been shown to 
correlate with the amount of bone-implant contact, where surface treatments 
resulting in rougher surfaces were found advantageous.163 Optimal roughness 
characteristics for bone applications have been proposed to be around 1.5 µm 
and 50% in terms of Sa and Sdr, respectively.183 However, reality is not that 
simple, roughness needs to be characterized in more detail since one 
parameter cannot completely describe the surface. The use of individual 
surface roughness parameters as predictors for interfacial shear strength have 
shown limited use but a positive correlation between the theoretical shear 
strength and the size of a surface feature of the same shape has been 
reported.157,158 Nanometer-scale topography has been shown to influence the 
biological response184 but its influence on mechanical retention can be 
considered negligible in comparison to larger length-scales. Nanotopography 
is therefore not covered in this thesis, where all the evaluated implant 
surfaces showed submicron topography without any distinct nano-patterns. 

The native design of EBM implants results in surface topographies about 10 
to 50 times rougher than those that are typical for dental implants. It has 
proven difficult to accurately determine the surface roughness of as built 
EBM surfaces due to limitations of the measurement techniques. Their 
topography can be considered as intermediate macrostructures with sizes 
between those referred to as surface roughness and macrodesign. The 
topography evaluated in Paper I showed high secondary implant stability 
compared with the levels seen for implants with threaded designs evaluated 
using a similar model.170 Estimation of the interfacial shear strength revealed 
levels several times greater for the EBM manufactured implants compared to 
levels reported for screw-shaped implants. The improved stability can be 
attributed to the interlocking of bone within the irregular implant surface 
topography, which is large enough to support the regeneration of osteonal 
bone structures. In comparison, the mechanical properties of the bone formed 
within the microtopography of for example commercial dental implants are 
most likely much lower, based on the prevention of crack propagation seen in 
lamellar bone structures.230 The semi-spherical morphology resulting from 
the partially melted powder particles has been shown to promote cell 
attachment, proliferation, differentiation, and also allows bone ingrowth and 
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mechanical interlocking.146,176,177 Macrostructures in the range 25–300 µm 
have been evaluated in different in vivo studies and were shown to influence 
the bone formation and remodeling. 231-233 These studies showed faster woven 
bone formation within smaller structures while higher amount of lamellar 
bone was formed within structures larger than 140 µm compared with those 
of 100 µm and below. This indicates that the macrostructure of AM implants 
show great potential for load-bearing applications. However, their primary 
stability is yet to be determined. 

The FEA evaluation of the fracture progression at the implants surface in 
Paper IV indicated that shear strength is influenced by the shape of retention 
elements i.e., topography. Microstructures consisting of densely packed pits 
of favorable shape and size have been proposed as potential candidates for 
improved shear strength in a theoretical model.158 Furthermore, in non-
contact situations where a gap is present at the interface between the implant 
surface and the bone, the simulations in Paper IV showed that the resulting 
fracture pattern and the shear strength was dependent on the gap size. This is 
relevant since the bone-implant contact usually has values below 100%. 
Taken together, the size, shape and distribution of the surface features, as 
well as the contact situation at the interface, influence the mechanical 
retention and hence implant fixation. Still, the interlocking is only as strong 
as the bone within the structure which emphasizes the importance that 
specific roughness characteristics need to be validated and systematically 
studied in more detail in vivo, in order to distinguish their individual effect 
from one another.  

5.4 Loading conditions 
Loading is vital for the maintenance of bone and a determining factor for 
changing the bone structure to achieve suitable load levels in the tissue. 
Identifying the mechanisms underlying these activities requires a thorough 
understanding of the load distribution in the tissue and the elicited cellular 
response. However, this has proven quite difficult due to the complex 
structure of bone and the variety seen in bones. Introducing implants 
complicate things even more, as the material, implant design and surface 
topography have all been shown to affect the load distribution.207 
Furthermore, the viscoelastic property of bone increases the functional 
stiffness of the implant interface when subjected to loading at high rates, 
which affects the way tissues perceive the load. Additive techniques enable 
the manufacturing of complex implant designs with integrated porosities that 
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allow bone ingrowth and simultaneously reduce the structural stiffness of the 
implant which results in more bone-like deformations. 

The extreme loads applied on the amputation prosthesis during walking in 
Paper V resulted in stress concentrations at the cortical bone-fixture interface. 
The estimated shear stress levels were generally below the reported limit for 
shear loosening128 even though separation may have occurred in some 
regions. This agrees well with the clinical observations where stable fixations 
have been confirmed up to 10 years after implantation.111 Loading is a 
prerequisite for long-term success of implants since it serves as a stimulus for 
bone modeling and remodeling to achieve the necessary implant stability via 
architectural alterations. This concept originates from Wolff back in the 19th 
century and constitutes the current basis for the adaptive response of bone. 
The estimated stress and strain levels in the cortical bone in Paper V, were 
below previously reported yield and ultimate strength limits,26,27 but reaching 
levels suitable for bone maintenance. This is in accordance with radiographic 
follow-ups of that bone region, showing no signs of bone resorption.111 
However, this was not the case for the transplanted bone in Paper V, where 
the stress and strain levels simulated by FEA were above the yield limit in the 
most distal region facing the abutment. These levels were likely to cause 
bone damage with subsequent bone remodeling. Histological analysis of this 
bone region retrieved from a patient after 15 years (Paper V), revealed 
occasional fractures of thin trabecula and ongoing bone remodeling. 
Additionally, the bone closest to the abutment was resorbed and had been 
replaced by soft tissue with an average thickness of 1.2 mm, possibly due to 
relative motions between the bone and the abutment.78,79  

Different loading conditions, such as frequency, rate, duration, magnitude 
and recovery time, as well as direction, have been thought to play a role in 
bone responses.21 The results presented in the literature indicate that more 
than one of these factors can induce a bone response given the right 
settings.234 High static strains achieved by press-fit i.e., implants with 
oversized diameters, were shown to result in higher primary implant stability 
that remained throughout the observation time of 24 days in vivo 
(rabbit).235,236 However, long-term studies are still lacking. The induced static 
strains caused microcracks in the tissue but did not trigger extensive bone 
remodeling or compression necrosis as previously been seen by others.237 The 
bone seems to be somewhat insensitive to duration once a certain threshold or 
response been reached.238 The sample retrieved in Paper V revealed a 
densification of the remaining bone facing the abutment when evaluated by 
µCT. This single case evaluation supports the findings of the FEA where the 
bone closest to the abutment and subjected to the highest loads is likely to 
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fracture and undergo remodeling, with a net bone resorption over time until 
equilibrium is reached. In order to identify the local mechanisms behind such 
structural changes, the mechanics of individual bone structures and their 
effect on one another when assembled to a complete bone need to be 
considered. As observed in load-cell measurements in Paper V, the patients 
showed different load magnitudes and unique loading patterns. Additionally, 
the mechanical conditions in the bone tissue were likely to turn out 
differently due to their individual anatomy. Consequently, the optimal 
loading to generate the most appropriate stimuli for the cells under the 
reigning circumstances can be expected to vary, depending on the interfacial 
condition. 

5.5 Implant stability 
The factors influencing implant stability are the surface topography at 
different length scales, the bone-implant interface condition, and the 
properties of the surrounding bone. The latter two factors are interconnected 
and will affect one another. They are also affected by the surface topography 
both by its effect on cellular responses and by alteration of the load 
distribution around the implant. Hence, surface topography can have effects 
on the bone modeling and remodeling. Both the chemical composition of the 
implant surface, the contact situation, and the mechanical conditions are 
important for the bone response and fixation of the implant necessary for 
long-term clinical success. The initial contact situation is determined by the 
bone anatomy, implant design, and the surgical protocol and precision. These 
factors are important for achieving high primary implant stability and to 
avoid causing excessive damage to the bone tissue. Evaluation of implant 
stability by removal torque analysis provides insight into the mechanical load 
this specific bone-implant interface can withstand before fracture. Maximum 
removal torque values reported in literature show a quite wide spread, but 
caution should be taken when comparing results from different studies. 
Instead, interfacial shear strength may be a more relevant quantity for 
comparison. By combining the measured torques with the distance from the 
center axis to the surface of the implant (implant radius) and the surface area 
in contact with bone, one can estimate the interfacial shear strength. Taking 
the amount of bone interlocked within the surface retention elements into 
account in turn reflects the bone quality, i.e. its mechanical strength which 
varies with composition and structural organization. This is recommended 
when comparing results from different studies, where different implant 
dimensions, surface properties and animal models have been used. 
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6 CONCLUSION OF THE THESIS 

The main findings and conclusions of this thesis are the following: 

- The Co–Cr–Mo alloy implants manufactured by electron beam melting 
were found to osseointegrate in an in vivo rabbit model. Addition of 
0.04 wt% Zr to the alloy further enhanced the implant stability. 

- A novel Ti–Ta–Nb–Zr alloy became osseointegrated to a similar degree 
as cp-Ti implants. The alloy showed indications of faster bone healing 
than the pure Ti. After further optimization of the mechanical properties 
this alloy has the potential to serve as a new implant material for 
challenging applications, such as small-diameter implants and/or high-
load-bearing prostheses. 

- Within the limit range evaluated in the bench model experiments, the 
surface topography (surface roughness) as well as the medium 
surrounding an implant was found to significantly influence implant 
stability measured by removal torque. These results were later 
supported by finite element simulations. The developed finite element 
model provided a plausible explanation to the fracture progression at an 
implant interface. 

- The loads applied on an osseointegrated amputation prosthesis in 
human were successfully determined by site-specific load cell 
measurements on several patients. Finite element analysis indicated that 
the loads may compromise the sealing function around the abutment, 
are likely to induce bone resorption of the transplanted bone at the most 
distal end, and induce bone adaption by new bone formation in the 
cortical bone. This was supported by results from µCT and histological 
analysis of a single retrieved tissue sample. 

In summary, a combination of methods ranging from material processing and 
characterization, bench tests, in vivo evaluation, finite element simulations, 
and investigation on clinical material made it possible to systematically study 
the effects of specific factors on implant stability. It was concluded that the 
surface topography, the surface chemistry and the medium surrounding the 
implant were all found to influence the stability of the implant. A model of 
interfacial retention and fracture progression around an implant was 
proposed. Observations of bone resorption around an amputation abutment 
can partly be explained by the long-term effect of daily loading.
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7 FUTURE PERSPECTIVES 

The findings of this thesis demonstrate the importance of both surface 
topography for implant fixation and surface chemistry for the bone healing 
around implants and thus on the implant stability. Therefore it would be of 
interest to further explore the following: 

- The theories formulated in the experimental studies of the thesis in 
vivo, in order to validate the results and to discriminate between the 
effects of the discussed factors on implant stability. This is a 
prerequisite to fully understand implant stability and how to 
optimize each factor in order to achieve an ideal response. 

- Novel materials, like the Ti–Ta–Nb–Zr alloy, with potential to be 
used in challenging clinical applications and to further optimize the 
mechanical properties. 

- More complex models, mimicking the physiological geometry and 
the anisotropic mechanical properties of bone in finite element 
modeling. Patient specific models with estimated bone mineral 
density can be built by e.g. µCT reconstructions and available 
advanced software. 

- The microbiology and the tissue response to loaded transcutaneous 
implants in humans. 

I believe that when a deeper understanding of how to optimize implants with 
regard to material, design, surface properties and mechanical stimuli in order 
to achieve desired tissue responses, patient unique solutions will overcome 
the most challenging clinical situations. 
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