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Abstract 

Personalized bone grafts are one of the best examples of the latest achievements in the biomedical 

engineering. In the area of maxillofacial bone tissue reconstruction or jaw bone augmentation, their 

application has for some time been on the rise, and its ever increasing significance is driven by the 

growing technical support. One of the key segments is the bone graft modelling customized to suit 

patient's specific needs, since it greatly determines not only the future anatomic functionality but also 

the acceptance probability of the graft by the bone tissue. With the graft geometry importance in mind, 

presented in this paper is an approach to personalized bone graft modelling. The approach is based on 

application of modern computer-aided systems and methods, and enables efficient geometric design 

while minimizing the risk of errors during modelling and placement stages. Verification is based on a 

case study of a personalized bone graft designed for a patient requiring mandible augmentation. 
(Received in January 2016, accepted in June 2016. This paper was with the authors 2 months for 2 revisions.) 
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1. INTRODUCTION 

Transformation of physical objects into virtual 3D models has recently become extremely 

important in diverse areas of science and engineering. Computer-aided design (CAD) of 

virtual models is no longer the exclusive privilege of engineering design, but has been 

accepted by various domains of medicine and dentistry [1, 2]. The reasons for such trend are 

to be found in the present state-of-the-art in this technology, as well as the ever growing need 

for fast and high-precision manufacture of parts of human anatomy. Thus, CAD is today 

being intensively used in the biomedical industry - from the software for generation of virtual 

anatomical models, to the design of custom-made medical implants, to tissue and bone 

engineering [3, 4]. Bearing in mind the complexity of human anatomy, this has been made 

possible primarily due to developments in the field of Reverse Engineering (RE) and systems 

for 3D-digitalization [5-8]. 

      The development of Cone-Beam computerized tomography (CBCT) represents one of the 

revolutionary innovations in the field of medical and dental 3D-digitalization. Utilization of 

CBCT has brought maxillofacial and orthodontic diagnostics to a higher level, while the 

software development brought about revolution in the virtual planning of surgical 

operations/treatments. In a few years, during which it has been employed, the CBCT proved 

to be a reliable system for 3D-digitalization of human maxillofacial and dental regions [9, 10]. 

      Development and application of additive manufacturing technologies enabled fabrication 

of parts directly from virtual 3D models, adding to the importance of RE in this domain, 

simplifying surgical procedures and making them more reliable. Owing to the development of 

modern technologies for manufacture of bio-compatible materials (CAM systems [11] and 

advanced additive manufacturing technologies [12, 13]), the boundaries of RE application 

have been shifted towards medicine and dentistry. 
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      Personalized bone grafts are one of the best examples of the current state-of-the-art in this 

domain. Implementation of such bone grafts in the reconstruction of damaged bone tissue in 

maxillofacial area or augmentation of jaw bone segments to treat bone resorption or other 

dental defects has been under development for some time and is gaining importance with the 

growing technical support. Beside the characteristics of bio-compatible materials, one of the 

key segments which affect the outcome of therapy is the bone graft design tailored to suit 

individual requirements. In fact, the importance of design is two-fold – on the one side, bone 

graft must possess required geometric properties to provide anatomic functionality, while on 

the other side, the quality of mating with the host bone should diminish the probability of 

graft rejection by the bone tissue. The manufacture of bone grafts is currently based on cutting 

technologies and CAM applications. Application of additive or layered manufacturing 

technologies is still in the research phase [12, 14]. 

      The available literature still lacks sufficient information on personalized graft design, 

dealing mostly with the medical aspects of the problem. The design and manufacturing 

methods are still addressed briefly, which is understandable considering their recency. Jacotti 

et al. [15] reported on a clinical case of posterior atrophic mandible rehabilitation with onlay 

allograft derived from the cancellous bone of femoral heads, manufactured by the application 

of CAD/CAM technologies in order to assure a perfect fitting of the block above the alveolar 

crest. Mirkovic et al. reported [16] on augmentation case in right lateral region of the lower 

jaw by the application of custom-made bone graft, manufactured using CAD/CAM 

technologies. Another report close to this field is of Mangano et al. [17] in which they 

presented results of a one-year study of maxillary ridge augmentation with custom-made 

scaffolds on 10 patients derived from CAD/CAM technologies. Furthermore, Mangano et al. 

[18] reported on a case of maxillary sinus augmentation using CAD/CAM technologies in 

order to increase bone height for insertion of dental implants. They developed a technique in 

order to generate custom-made block grafts for sinus augmentation using CAD/CAM 

technologies, and a customized cutting guide to precisely position the lateral wall and 

facilitate membrane elevation, using CBCT. Schlee and Rothamel [19] also demonstrated an 

application of CAD/CAM technologies in designing and manufacturing customized 

allogenous bone blocks (CABB) out of a single block of bone allograft for horizontal and 

vertical post-foraminal mandibular defects. The aim of this study was to make possible to 

evaluate handling and healing patterns of customized allogenic bone blocks for vertical and 

horizontal alveolar defect augmentation. 

      Considering the importance of their geometric form, proposed in this paper is an approach 

to geometric modelling of bone grafts. Based on the application of advanced computer-aided 

systems and methods, this approach allows efficient generation of geometric form while 

minimizing risk of error during design and placement stages. Special emphasis is placed on 

analysis of geometric features of the final 3D graft model and verification of the quality of 

mating between the graft and the placement location in the mandible. This stage is extremely 

important for the firm fixation of the designed bone graft to the mandible, which facilitates 

acceptance of the graft and consequently the success of intervention. 

      For the purpose of illustration and verification, the proposed approach has been applied to 

design a bone graft for mandible augmentation in a patient with a pronounced physiological 

resorption of alveolar ridge. 

2. METHODOLOGY OF THE PROPOSED APPROACH 

2.1  Modelling procedure 

Surgical implanting of personalized bone graft is a complex task, and recent developments in 

this field have opened new possibilities for advancement in maxillofacial and oral surgery. 
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The success of such surgical procedure depends on several important factors. Among them, 

most important are: biocompatibility of graft material, its compatibility with the membranes 

used, and dimensional features (size and thickness) of the graft. The procedure of 3D 

modelling of a personalized bone graft is complex and sophisticated, since it most often deals 

with complex surfaces, where every graft has its unique form to suit patient's personal 

anatomical requirements [1]. 

      Bearing in mind the impact of personalized graft design on the final success of surgical 

procedure, design methodology has been developed, as shown in Fig. 1. The algorithm 

represents procedure flow for a personalized 3D bone-graft model design, and defines all the 

necessary steps which guarantee successful modelling, minimizing the risk of errors in the 

technical preparation area. 
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Figure 1: Workflow of the proposed approach. 

      First step within the modelling task is generation of a 3D base bone model, which will 

host the future graft. Necessary prerequisite for this step are CBCT images which are 

imported in DICOM format into the software for analysis and processing of medical imaging. 

Since the generated 3D model of the base bone structure represents the platform for all other 

steps of personalized graft modelling, it is crucial to ensure its high geometrical and 

dimensional accuracy. CBCT images are essential for the accuracy, but they, in turn, depend 

on several factors. Some of the factors - such as the operating condition of CBCT system, its 

calibration, and operator skills - can be directly influenced, while the anatomical features of 

patient's bones remain out of control. This is why, in the process of 3D model generation, the 

segmentation of DICOM images can be problematic. Most common problems are seen in the 

segmentation of anatomical areas with pronounced differences in material density (e.g. teeth 

and jaw bones). In these cases, the use of same set of segmentation parameters (upper and 

lower threshold values based on Otsu's method) fails to yield satisfactory result regarding 

geometrical representation of the entire bone structure. The reason lies in the fact that the 

attempt to set parameters for different intensity pixels, results in pronounced noise levels 

within particular regions, due to the difference in their densities. This requires a compromise 

when it comes to pixel intensity threshold, i.e., an optimal value for the pixel intensity range 

needs to be found in order to generate the 3D model, which, in turn, increases the time 

required for post-processing. In order to overcome this problem, a procedure has been 
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developed for independent segmentation of multiple regions (ISMR). Within this procedure, 

regions of various densities (e.g. teeth and jaw bones) are segmented independently – each 

with the set of specifically adjusted parameters – while the complete 3D model is generated 

by a Boolean union of the regions' borders. This significantly reduces the time required for the 

post-processing of CT images. 

      Once the 3D model of the base bone structure is created, the initial parameters required 

for the 3D modelling of the graft itself are defined. These parameters include: defining the 

location/region on the base bone structure, preliminary assessment of the required shape of 

the graft, and its overall dimensions. The parameters are defined interactively, within the 

multi-disciplinary medical/engineering or dental/engineering team. This ensures the presence 

of necessary aesthetic and medical characteristics, as well as the technical functionality of the 

future graft. 

      Given the fact that the 3D model of the base bone is used for subsequent graft modelling, 

it is necessary to adequately prepare the mating surface for the future graft on this model. The 

preparation predominantly involves smoothing out of the potential undulations which are the 

result of 3D modelling methodology, and the closing of small voids which are mostly the 

result of bone structure porosity. 

      Graft modelling begins with a sketch of the mating area on the base bone. Thanks to 

interactive sketching tools available in specialized CAD software, this step can be efficiently 

realized through co-operation between medical and technical teams. The selected area on the 

base bone, also serves as the lower base surface of the graft model. In this way, high mating 

accuracy between the graft and base bone is ensured, which significantly contributes to 

efficiency of surgical procedure and lowers the risk of graft rejection. 

      After the base surface of the graft is formed, the modelling of upper graft surface can be 

assumed. Since both graft surfaces are free-form, they are almost impossible to model using 

conventional CAD tools which are used for standard geometric forms. This requires the use of 

specialized software which allows 3D modelling of free-form surfaces. The modelling of 

upper graft surface requires careful consideration of the location, shape, thickness, and size of 

the graft (Fig. 2). As in the case of location, the size and shape (including thickness) of the 

future graft also have to be defined by a medical doctor/dentist. When designing custom-made 

bone grafts for maxilla and mandible, besides the anatomic characteristics, the number and 

the position of the future implants and the optimal therapy plan of the dental suprastructure 

that will be made as the final restoration, are very important factors for determination of the 

bone graft dimensions. During processing and modification of graft surfaces, attention should 

be paid to their edges. Namely, the edges of these surfaces should be well prepared, since they 

highly impact the adequate connection between the upper and lower graft surfaces, which 

ultimately defines the shape of the graft 3D model. Shown in Fig. 2 b and 2 c is the surface 

before and after processing of edges. 

 

  

a) modelling and graft's edges b) before the modification c) after the modification 

Figure 2: Sample surface showing. 
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      Once the upper graft surface modelling has been finished, the upper and base surfaces are 

being connected. The connection of the two surfaces begins using smaller surfaces, the so 

called bridges, while the space between them is filled up to form a closed 3D volume. The 

process of generating satisfactory graft shape is often iterative. The finished 3D graft model is 

exported into some of the accepted file formats, most often the STL format. This facilitates 

manipulation with the 3D model and its exchange between CAD/CAE/CAM/RP systems. 

2.2  Model analysis 

Once the 3D model is finished, it is necessary to conduct a detailed analysis of its geometrical 

and structural characteristics relative to the base bone and other elements which will be used 

for its fixation. Owing to a growing number of available software solutions (e.g. 

OnDemand3D, Cybermed Inc.) which enable simulated stitching of complex medical 3D 

models, analyses of geometric features are now more efficient and reliable. Geometric 

analysis is conducted through virtual planning of surgical procedure which starts with the 

graft insertion at the required place on the base bone. Ensuing is the checkup of geometry of 

this assembly, including the newly formed shape, and the inspection of the quality of mating 

between the graft and base bone. The geometric analysis finishes with the definition of 

parameters, most often related to screw fixation which secures the graft to the base bone (the 

number of screws, their positions, directions, lengths, and diameters). 

      One of the aspects which require extra attention are the co-ordinate systems of the two 3D 

models. Considering the fact that they are usually generated in diverse software systems, the 

co-ordinate systems of 3D models are almost always mismatched, making the assembly 

generation difficult. Thus, for example, the co-ordinate system of the 3D models generated in 

3D DOCTOR, is located in the upper left corner of the CT image, while in the case of 3D 

models generated in the OnDemand software, co-ordinate system lies at the centre of the 

middle CT image. 

      For the sake of simplicity and accuracy of co-ordinate system movement, formulae (1) 

and (2) have been developed: 

Txy = (Td · Tr) / 2 (1) 

Tz = (Ts · Tr) / 2 (2) 

where: Txy – translation along X and Y axis, Td – dimensions of CT slices (X·Y), Tr – 

resolution of CT slices, Tz – translation along Z axis, Ts – total number of CT slices. 

      Upon assembly, following parameters are checked up: maximum/overall dimensions 

(length, width, height), presence of negative angles (undermining) on the graft, graft mating, 

minimum wall thickness of graft, and presence of sharp edges. 

      For the majority of parameters, the checkup is simplified by the option which allows 

generation of cross-sections at the positions of interest. In addition, there exist tools for virtual 

measurements of assembly geometric features – a standard offer of all specialized software 

solutions in this domain. 

      Analysis of the discussed parameters leads to appropriate corrections prior to graft 

fabrication, which diminishes potential risks during surgical procedure to a minimum. In a 

particular graft cross-section, based on partition planes, one can inspect the mating between 

the graft and the mandible. Considering the minimum thickness of graft, it should be noted 

that its thickness should be no less than 3 mm, in order to preserve its mechanical properties 

which are directly proportional to porosity of graft material. Presence of locations with 

weaker mechanical characteristics can endanger graft placement due to a possible graft 

fracture during placement and fixation to the base bone. This not only impedes the surgical 

procedure, but also increases risks for the patient. Recommendations for the minimum graft 
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wall thickness are mostly given by material manufacturers, based on previous testing of 

mechanical properties. 

      Special attention should be paid to the presence of negative angles on the graft. This can 

not only be a problem during graft fabrication, but is also likely to cause difficulties to the 

surgeon, or even prevent him/her in placing the graft. Experience indicates that negative 

angles are much more likely to appear in grafts modelled for base bones with higher porosity, 

such as the maxilla. Craters within a porous bone cause the presence of bumps on the graft 

base, which is likely to result in negative angles in a graft 3D model. 

      The analysis of sharp edges on a graft 3D model is required for two reasons. Firstly, the 

bio-compatible material which makes up the graft is predominantly porous which mostly 

prevents creation of sharp edges. However, more importantly, sharp edges on the upper graft 

surface can damage membranes which cover the graft after fixation, which, in turn, can 

impede the healing of soft tissue and graft admission. 

      The design of graft 3D model should take into consideration the performance 

characteristics of the machine which is used for its fabrication. Overall dimensions of the 

graft 3D model depend on the dimensions and shapes of the available starting block of 

material (Fig. 3). With this in mind, it should be noted that, presently, there is a lack of 

standardization in this area, and dimensions and shapes differ according to manufacturer. 

 

Figure 3: Checking of 3D bone graft model manufacturability based on workpiece dimensions. 

      If any of the conditions fails to be satisfied, it is necessary to modify the graft 3D model, 

and then repeat the analysis. Once the graft has satisfied the criteria of virtual analysis, there 

follows verification on physical models fabricated by some additive manufacturing (AM) 

technology. This is the last step in the process of quality control before the graft 3D model is 

cleared for final manufacture. In this way, it is possible to observe and remove additional 

potential problems which had escaped the detection on the virtual 3D model [20, 21]. 

      3D printed model of the graft and base bone lets surgeons gain a better grasp of the 

physical shape and form, allowing them to adjust the graft to the requirements of the specific 

situation. 

      Upon completion of all required modifications and corrections, the graft 3D model is sent 

to manufacture. To match the geometric complexity of graft 3D model, a 5-axes CNC 

machining centre is used. 

      The graft is machined from a single block of bio-compatible material [22], and 

subsequently sterilized. Beside the most often used box-shaped block, some manufacturers 

also offer starting shapes in the form of plate, cylinder, and even cone and pyramid.  

      It should be noted that in recent years a lot of effort has been put into development of AM 

technologies for 3D printing of bone tissue [20, 21]. The reasons for this trend should be 

explained by the ability of AM to print porous structures in the designed shape, with 

controlled chemical composition [12]. It is reasonable to expect that the AM approach shall 
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overcome limitations of today's technology for manufacture of complex geometric shapes, 

rendering the whole process more effective, while increasing the quality of grafts. 

3. RESULTS AND DISCUSSION 

3.1  Modelling of personalized bone graft 

The developed approach has been practically applied. This is presented in the case study of 

personalized graft modelling for augmentation of mandible, with the aim to create conditions 

for implant placement. The first challenge was to model the base bone structure based on 

CBCT images, using the previously discussed ISMR procedure. Shown in Table I are 

parameters used for independent segmentation of teeth and mandible. The table lists minimal 

and maximal threshold values of pixel density used, as well as the number of images that 

contain contours of teeth and mandible, to which these parameters pertain. Parallel displays of 

the 3D mandible models generated in 3D DOCTOR software - without ISMR (Fig. 4, left), 

and with ISMR procedure applied (Fig. 4, right), clearly illustrate its benefit. 

Table I: Parameters used for segmentation 

 Number of images 
Threshold value 

Minimum Maximum 

Teeth 108-140 2177 4096 

Mandible 0-155 1470 4096 

 

 

Figure 4: 3D models of mandible with teeth created without (left) and with (right) application of 

procedure for independent segmentation of multiple regions (ISMR). 

      Preparation of graft insertion place, i.e., the mating surface with the future graft on the 3D 

mandible model, is shown in Fig. 5. Graft modelling began by sketching the graft supporting 

region on the mandible (Fig. 6 a), based on which base surface of the future graft was 

automatically generated (Fig. 6 b). 

   
a) before modification b) after modification 

Figure 5: Place of graft insertion. 
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a) sketched supporting region for graft fitting b) modelling of graft's base surface 

Figure 6: Showing of graft modelling. 

      Then the upper graft surface was modelled, and the two surfaces were joined together 

using the so called "bridges" (Fig. 7). Once the space between the bridges was filled up, the 

3D graft model was complete (Fig. 8). 

 
 

Figure 7: The procedure of joining the base and 

upper graft surfaces. 

Figure 8: Completed 3D graft model. 

3.2  Model analysis of personalized bone graft 

The first step in the analysis of the completed model is the formation of 3D assembly model 

of the mandible and graft. Shown in Fig. 9 are the assembly and the planned position and type 

of implant to be inserted after the successful augmentation. 

   

Figure 9: 3D graft model placed on the base  Figure 10: Cross-sectional view of the graft-base bone 

        bone with the planned position of implant.    assembly with virtually measured dimensions. 
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      The checkup of geometrical parameters was realized using the OnDemand software, based 

on the assembly cross-sections of interest and the virtual measurement tools (Fig. 10). The 

cross-section shows that the graft mates very well with the base bone, while the dimensional 

parameters are within tolerances, without the presence of negative angles and sharp edges. 

      Following the geometric checkup is the FEM structural analysis of the graft. In the 

analysis of the modelled mandible graft, the forces generated at the location where the 

titanium screw fixates the bone graft, were analysed in more detail. Fig. 11 a shows 3D model 

of the bone graft connected to the mandible with two titanium screws, where "E1" and "E2" 

represent critical zones of the bone graft around the screws. Fig. 11 b FE shows the mesh with 

58,108 tetrahedral elements and 11,851 nodes. As can be seen from Fig. 11 b, the mesh is 

more refined for the bone graft, and, compared to the bone, consists of significantly larger 

number of FEs. The bone graft is connected to the bone by two titanium screws, and the bone 

itself is fixed by two supports on the sides. This is necessary in order to fulfil all conditions 

needed to conduct FEM analysis. The mechanical characteristics of Ti-6Al-7Nb screws used 

for the FEM analysis are as follows: Young modulus, E = 110 GPa, the Poisson ratio, m = 0.37, 

and density, q = 4530 kg/m
3
. For the cortical bone, the mechanical characteristics are: Young 

modulus, E = 110 GPa, the Poisson ratio, m = 0.37, and density, q = 4530 kg/m
3
. For the bone 

graft, the mechanical characteristics are: Young modulus is E = 3.45 GPa, the Poisson ratio,  

m = 0.31, and density, q = 1650 kg/m
3
. The FE analyses for both screws were performed with 

three different levels of static preloads of 25 N, 37 N and 50 N. 

   
a) bone graft connected to the jaw 

bone with two titanium screws 

b) FE mesh with 58,108 tetrahedral elements 

and 11,851 nodes 

Figure 11: 3D model. 

      High stress concentrations were found on the heads of the screws, and the top surface of 

the bone graft (Fig. 12). The preload is transferred from the screws' countersunk heads onto 

the top surface of the bone graft. Simulation of various preload directions also leads to 

conclusion that the stress in zone "E2" is largest for the shown direction, equalling  

1.679e-011 MPa. The stress in "E2" zone is largest when the simulated preload has vertical 

(Z-axis) direction. The stress zone "E1" shows lower stress values than the stress zone "E2". 

One of the reasons why the zone "E1" exhibited higher stress is most likely the bone ridge 

located near that fixation site. 

      The resulting displacements (Fig. 13) show that most of displacements occur within the 

stress zone "E2". It is important to consider the distribution of displacements from that stress 

zone, visible in Fig. 13, which moves up to the bone ridge, indicating a risk of possible 

breakage of the bone graft. 

      Upon successful structural analysis, physical models were fabricated using 3D printing 

technology (Fig. 14). This allowed physical verification of graft model validity by a surgeon. 
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25 N

   

37 N

   

50 N

   

Figure 12: Distribution of Von-Mises stress in the bone graft for different preloads. 

25 N

     

37 N

      

50 N

      

Figure 13: Distribution of resultant displacements in the bone graft for different preloads. 
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Figure 14: 3D printed models of mandible and bone graft. 

4. CONCLUSION 

Presented in this study is a detailed approach to modelling of personalized bone grafts for use 

in oral and maxillofacial surgery. The innovation of the proposed approach lies in its integral 

character, as well as in several specifically designed procedures. The importance of this 

approach is primarily the applied methodology, and the parameters it uses. The results have 

confirmed functionality and efficiency of the developed approach, as well as the importance 

of the parameters identified within particular procedures. Most crucial of those parameters are 

the position and shape of the graft relative to the required number of implants on the given 

location, which directly defines the size of the graft. Another important aspect is the graft 

base surface, which interfaces the base bone, and plays a pivotal role in the success of the 

surgical procedure and patient recovery. Finally, structural FEM analysis of the modelled 

graft represents an important segment, which reduces to a minimum the risk of graft failure 

during surgical procedure. 

      In all, the proposed approach represents an important step towards enabling closer and 

more intensive interdisciplinary co-operation between engineering and medical/dental 

domain. In this context, further investigations shall be focused on the development of 

knowledge bases, to allow automation of particular procedures within the proposed approach. 
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