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Abstract 
Biological tissues are inherently heterogeneous. The design of 3D tissue scaffolds for tissue 
engineering application should, if possible, biomimic the complex hierarchy and structural 
heterogeneity of the replaced tissues. This is particularly true for design of bone scaffolds with 
structural properties compatible with the spatial heterogeneity and mechanical properties of the 
replaced tissue. The paper presents an image-based computer modeling approach for 
reconstruction, characterization, and biomimetic modeling and design of three-dimensional 
heterogeneous tissue structure. The presented work will cover: 1) overview of biomimetic 
modeling and design of bone structures and reverse engineering for CAD-based constructive 
solid geometry; 2) design of bone scaffold; and 3) slicing and process planning for solid freeform 
fabrication. 
 
1. Introduction  

 
 The need for organ and tissue substitutes to repair or replace damaged or diseased organs 
or tissues is on an increasing demand in the United States [1-3]. Bone substitutes are often 
required to help repair or replace damaged or diseased tissues in cases ranging from trauma, to 
congenital and degenerative diseases, to cancer, and to cosmetic needs. Currently available bone 
substitutes, including auto grafts, allograft, and synthetic materials, are the most implanted 
materials in surgeries conducted countrywide. However, these substitutes are far from ideal and 
have many associated problems, e.g., auto-grafts are expensive and can have significant donor 
site morbidity, and synthetic materials wear and do not behave like natural bone. The need for 
bone substitutes is particularly important in such a scenario. New advances in scaffold guided 
tissue engineering [4-7] may provide solutions to overcome the limitations.  
 
 Generation of functional tissue or organ structure requires a scaffold to guide the overall 
shape and three-dimensional organization of multiple cell types. The internal architecture of a 
bone scaffold cannot be chosen at ease and various factors need to be considered, such as 
porosity, pore size, and interconnectivity of the tissue scaffold structure have all been identified 
to be important factors that make a tissue scaffold successful [8-10]. These factors aid in 
transportation of nutrients that would enable the further growth of new cells and allow the tissue 
scaffold to act as a suitable template for appropriate bone ingrowth and healing. In addition, the 
designed scaffold structure should be able to have required mechanical strength after 
implantation, particularly in the reconstruction of hard and load bearing tissues such as bone and 
cartilage. The strength of biodegradable tissue scaffolds must not decline rapidly and must 
degrade at a rate similar to the growth of new tissue cells. Therefore tissue scaffold structure 
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should be compliant both biologically as well as mechanically at the site of implantation and 
should at best mimic the natural bone properties in order to function as a true bone substitute. 
 
 The objective of this paper is to present a biomimetic modeling approach for design and 
fabrication of a bone tissue scaffold structure. Section 2 presents an overview of our approach to 
model a heterogeneous bone structure as well as various process paths to arrive at a CAD-based 
bone heterogeneous model reconstructed from non-invasive medical images; Design and 
characterization of different scaffold unit cells is presented in Section 3; followed by a 
fabrication planning solid free form fabrication in Section 4, and a summary, discussion and 
conclusions in the last section.  
 
2. A CAD-based Biomimetic modeling and design of heterogeneous bone structure 
 
   Bone tissue scaffolds need to have certain characteristics of their own in order to function 
as a true bone substitute that satisfy the biological, mechanical and geometrical constraints [1]. 
Such characteristics include: 1) Biological requirement -- The designed scaffold must facilitate 
cell attachment and distribution, growth of regenerative tissue and facilitate the transports of 
nutrients and signals. This requirement can be achieved by controlling the porosity of the 
structure, by providing appropriate interconnectivity inside the structure, and by selecting 
appropriate biocompatible materials. 2) Mechanical requirement -- The designed scaffold must 
provide structural support at the site of replacement while the tissue regenerates to occupy the 
space defined by the scaffold structure. Scaffold structures need to be defined to possess the 
required mechanical stiffness and strength of the replaced structure; and 3) Anatomical 
requirement -- It must be of an appropriate geometric size that fits in at the site of replacement.  
 

 
Figure 1: Overview of biomimetic modeling and design of bone scaffold 
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 We have recently developed a biomimetic modeling approach for design of tissue 
scaffolds, prostheses and implant, and for tissue identification [11-13]. This approach adopts the 
enabling technological developments in computer-aided design, in medical image processing, 
and in solid freeform fabrication and address above design considerations into the tissue scaffold 
design, for example, designing scaffolds with specific internal architecture, porosity, pore 
interconnectivity, and selected biomaterials and specified geometry. Figure 1 illustrates an 
overview of the biomimetic modeling and design approach. A brief procedure is presented as 
follows.   
 

Our design approach begins with the acquisition of noninvasive image and its subsequent 
processing of appropriate bone region of interest. This is followed by a three-dimensional 
reconstruction of anatomical structure using commercially available medical reconstructive and 
reverse engineering software (MIMICS [14] and Geomagic [15]). The next step is to 
appropriately devise a process by which tissue structural heterogeneity can be characterized 
through a homogenization technique. Candidate unit cells to make up the bone scaffold would be 
designed using CAD software (Pro/Engineer [16]) and analyzed for its mechanical properties 
using finite element method. Appropriate unit cells would be then integrated with the shape of 
the bone to form the bone tissue scaffold with specified internal architecture and structural 
properties to match that of the actual bone based on the characterization analysis.   

 
Step 1: Image Acquisition. 
 

Our region of study involved the CT images obtained from that of a proximal femur bone 
of a small child. In all, 34 sliced images were obtained each of 2mm slices thereby totaling a 
length of 68mm of the proximal femur bone. These sliced images were loaded into MIMICS and 
organized in a sequential manner and oriented for its top, bottom, anterior, and posterior 
positions.  
 
Step 2:  Segmentation and Characterization Process 
 
 Once loaded, the region of interest was identified and a 3D voxel model of the bone 
under study had to be made. As a first step, an appropriate threshold range was found that could 
best capture the relevant information contained in the femur. Using this threshold value, all 
pixels within this range were grown to a color mask and hence the segmentation process 
achieved by making use of region growing techniques available in the software. The 
segmentation was achieved using two different approaches, each approach serving a particular 
purpose. In the first approach, the whole proximal femur structure was grown into one single 
color mask representing one single threshold range. With this approach, the average threshold 
value for the whole structure could be obtained. This average threshold value was in turn 
correlated to the QCT# represented in Hounsfield units (HU) by using a simple relation as 
follows: 
  
   QCT# = Threshold Value � 1024         (1)  
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In the second approach which is the homogenization technique, the femur structure was divided 
into layers and then an average QCT# for each layer found. A collection of slices of the femur 
was grouped as layers and segmented using different color masks. Each layer thickness was 
about 10mm and around 7 layers in all. An average QCT number was obtained for each layer in 
order to characterize the tissue heterogeneity (Fig 2). The QCT number retrieved from the 
appropriate layers is then correlated to the density of the bone by a linear interpolation using 
relations available in published papers. This density can in turn be then related to E, allowing the 
heterogeneous elasticity of the bone to be defined [17, 18] 
 
For QCT < 816:  ρ = 1.9 x 10-3 * QCT + 0.105   and   E = 0.06 + 0.9 * ρ2         (2) 
For QCT > 816: ρ = 7.69 x 10-4 + 1.028             and   E = 0.09 * ρ7.4                     (3) 
 
The structural heterogeneity of the bone can thus be defined through the associated bone 
Young�s modulus.  The characterization results are shown in the table in Figure 1. The last row 
in the table indicates the QCT# retrieved when a single color mask was considered. 
 

  

Figure 2: Layered heterogeneous model determined by QCT characterization 
  
Step 3: CAD model generation 
 
 Once the bone heterogeneity has been characterized, a complete CAD-based structure 
model of the anatomical geometry needs to be defined. A reverse engineering approach that 
converts 3D reconstructive image data to a NURBS-based CAD model will be developed. We 
have evaluated and compared three different process paths for generating a CAD model from 
MRI/CT data as shown in Fig. 3. The comparison and comments of these three paths are also 
listed in Table 1.  
 
Process Path 1: MedCAD interface 
 
 This interface bridges the gap between medical imaging and CAD design software. This 
means that this interface can export data from the imaging system to the CAD system and vice 
versa. The IGES format is used for models to be exported to CAD and the STL format used to 
import models from CAD to the MedCAD system. Basic features can be recognized and 
converted to geometrical entities such as cylinder, sphere, anatomical landmarks etc. B-Spline 
surfaces are also used to make a real fit on a surface anatomical contour. It is important to realize 
that not all features or details of the image can be exported to CAD due to the limitation of this 
interface, particularly for features with complex geometry. 

27



 

  

 CT/MRI images 

2D segmentation

3D Region growing 

MedCAD interface Reverse Engineering interface   STL interface- Triangular 
Faceted model 

CAD model

Surface triangle decimation,  
 Smoothening and refining 

Point Data

Fitting of a NURBS patch  
          on the surface 

IGES format

Polyline Fit on the contour of the 
model 

Fit a B-spline surface on 
the polyline on each slice  

Output Polylines as 
IGES curves 

Triangulated Bone model

Surface Processing and refinement  
to reduce final CAD model size 

 
Figure 3:  Three different process paths for generating a CAD model from MRI/CT data 

 
Table 1: Comparison of different paths for the proximal femur 

Process Comments Model sizes Quality 
 
MEDCAD 
Interface 

Easiest and quickest, but 
may not be suitable for 
complex models. 

Does not involve huge file sizes and only 
involves the IGES conversion process time. 
IGES: 266KB 
CAD (Pro-E): 309KB 

Poor 

 
Reverse 
Engineering 
Method 

A longer process but 
suitable for complex 
shapes since control is 
achieved at every level. 

Initial file sizes in the point form are not high 
but final CAD model may involve 
comparatively high file sizes. 
Point: 256KB (around 7732points) 
IGES: 266KB (102 NURBS patches) 
CAD (Pro-E): 298KB 

Best 

 
STL  
Interface 

Quicker method to arrive 
at a CAD Model but may 
not work for complex 
surfaces 

Initial STL file size maybe high resulting in 
more CAD model IGES file size. 
STL: 1.82 MB (38252 triangles) 
IGES: 9.83MB (2316 NURBS patches) 
CAD (Pro-E): 10.3MB 

Average 

 
Process Path 2: Reverse Engineering Method 
 
 The 3D voxel model created after segmentation is used as the starting point for this 
method. The 3D voxel dataset of the bone structure is converted to point data form and then 
these points are loaded into any reverse engineering software. Commercially available software 
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Geomagic Studios (Raindrop Inc) was then used to process these data points for surface 
processing and refinement. This is perhaps the best approach that can be followed since the 
process starts from the base level, i.e., points. Although the model could have a comparatively 
longer processing time, the results obtained are significantly better than the other two methods.  
 
Process Path 3: The STL interface. 
  
 The 3D voxel model can also be converted to the STL file and this STL file can then be 
imported into Geomagics for surface refinement and NURBS surface generation. The difference 
between this and the point data method is that here a triangulated model is the input format rather 
than the point data form of the structure. The process time involved is less but maybe suitable for 
only certain kinds of surfaces. 
 
 The final CAD model of the proximal femur structure obtained by each of the process 
path is shown in Figure 4. Notice that the femur structure obtained by the STL process path has 
resulted in a poor CAD model. The smoother the model, file sizes tend to be lower and can be 
less frustrating while handling these models in CAD software. The reverse engineering method 
was followed for the CAD model generation of the homogenized femur domain structure since 
this resulted in a much smooth and better model and more importantly had a smaller file size of 
around 12MB (SOLIDWORKS) for all the seven layers combined. The seven-layered CAD 
assembly structure of the proximal femur is also shown in Figure 4. 
 

  
a) From MEDCAD  b) From Point Cloud Data 

 

 

 

c) From STL d) CAD-based layered bone structure model 

Figure 4: CAD based bone structure model 
 
3. Design and characterization of bone scaffold unit cell 
 
 Cellular scaffold unit cells with varying porosity and internal architectures can provide 
tailored mechanical and biological properties. In this work, we use feature primitives in which 
each primitive discrete volume is represented by a specific design feature, such as different 
internal architecture patterns used in common tissue scaffold design. We further use the feature 
patterns and architectures to design desirable pores, pore sizes and shapes, and its distribution in 
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the scaffold internal structure so the required mechanical and biological conditions can be met. 
We then select the specific feature primitive as the unit cell internal architecture according to the 
required mechanical or biological functions, and use the heterogeneous CAD modeling approach 
to construct unit cells for bone scaffold, in considering the anatomical and topological 
requirements for bone replacement. Samples of CAD-based cellular unit cell rendered images are 
shown in Figure 5. A finite element method (ABAQUS) was then used to predict the unit cell 
effective mechanical properties and results of a basic unit cell are shown in Figure 6 for the unit 
cell with characteristic geometrical parameters (Fig. 6a), applied boundary condition (Fig. 6b), 
and the contour plot of the reaction force (Fig. 6c).  

 
Figure 5: Samples of designed cellular Unit Cells 

 
 

   
a) Unit cell with characteristic 

geometrical parameters 
b) Applied boundary conditions c) FEA contour plot  

Figure 6: FEA Results of a Basic Unit Cell 
 
 The unit geometry is 4.5 x 4.5 x 4.5mm with 4 pore holes on each face. The scaffold 
cellular unit cell model was generated in Pro/Engineer, and converted to IGES format and then 
imported to ABAQUS for finite element analysis. A total 8353 4-node tetrahedral elements were 
used in the analysis. The average reaction force Rx was calculated for every node on the 
constrained surface (Fig. 6c) and used to calculate the effective modulus Exx based on equation 
(7). Results of the designed varying sizes of the unit cell to model various porosities vs. different 
biomaterials of Hydroxyapatite, L-PGA and L-PLA are plotted in Figure 7.   
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 The relationship of the porosity with the overall geometry of the unit cell for the 
homogeneous square unit cell with square pores, is determined by: 

                         P = 3

32

L
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where N is the number of the pores in the unit cell; f is the total number of faces that contain 
pores, L is the size of square unit cell and l is the size of pore (Fig. 6a). From the QCT 
characterization of the proximal femur, the bone Young�s modulus varies from 0.6 to 2.0GPA. 
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From a biological point of view, we know that a desirable scaffold structure should have a 
porosity ranging from 55-70%. In this regard, the unit cell made of hydroxyapatite material with 
59% porosity and effective Young�s modulus of 0.6734GPa barely meet both biological and 
mechanical requirements. L-PLA-based unit cells with around 40 - 60% porosity do give a better 
option as a scaffold material for the proximal femur. Candidate unit cells can then be selected 
from the predicted curves shown in Figure 7.  
 

 

 

 

Fig. 7: Effect of unit cell material and porosity on unit 
cell mechanical properties 

Fig. 8: Example of using Boolean operation to 
achieve the bone anatomical structure 

 
 Once the appropriate unit cell has been identified with the matched porosity, 
interconnectivity, and mechanical properties, a contour bone structure reconstructed from 
CT/MRI images will be filled in with the selected unit cell architecture. A constructive 
heterogeneous solid geometry algebra [19, 20] can be used to combine the unit cell architecture 
and the replaced bone anatomical structure to achieve the final shape of the replaced bone tissue 
scaffold. Example of how a basic unit cell was intersected within Geomagics software with a 
bone structure that needs to be replaced to form a tissue scaffold of the exact internal architecture 
and external anatomy is schematically illustrated in Figure 8.  
 
 We can also consider the structural heterogeneity of bone as an n-layered laminated 
composite. This model is analogous to real bone replacement/scaffold structure produced 
through layered solid freeform fabrication technology (for example, stereo lithography-SLA, 
laminated objective manufacturing-LOM, and three-dimensional prirnting-3DP). The overall 
effective mechanical properties of bone structure are anisotropic and can be determined through 
a composite lamination theory. At the laminar level, a unit cell is used to calculate the laminar 
effective properties.  The average linear stress-strain relations of the unit cell in the kth layer in 
this model can be expressed by 

 qpijpqj,i C ε=σ     (6) 
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represents the average effective elastic tensor of the bone; Cij the elastic components of the kth 
layer and αk =hk/h, with h denoting the total height of the bone and hk the height of each layer. 
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4. Proposed process planning for layered fabrication of bone replacement 
  
 A sample process-planning scenario to design and fabricate tissue scaffold structures is 
depicted in Figure 9.  In the custom implant planning stage, the CT/MRI images of the defected 
region are obtained and reconstructed by the method as we have already outlined in the previous 
section. Through reverse engineering techniques, a CAD model of the region of interest is made. 
At the same time, mechanical characterization techniques would be employed to obtain the 
mechanical properties of the region to be replaced. Based on the characterization process and 
biological requirements, an appropriate unit cell designed and along with constructive 
heterogeneous solid geometry techniques an appropriate scaffold structure obtained. The CAD 
file is then converted to the STEP (Standard for Exchange of Product model data) file format. 
[21, 22] has the ability to transfer exact geometry information together with information such as 
material properties, surface finish and tolerances, and support to heterogeneous objects [23-25]. 
The STEP file is then imported into a fabrication planning software. Using an appropriate 3D 
kernel, the scaffold implant reconstructed from the STEP definitions and then appropriately 
sliced depending on the slice parameters set using the slice module of the software. The slice 
module based on the direct slicing approach would directly work on the B-rep structure in the 
STEP file. Due to the direct slicing method, geometrical accuracy is maintained removing the 
inefficiencies of the STL format.  

 
 

Figure 9: Proposed process plan to fabricate a bone tissue scaffold 
 
The slicing is achieved based on the ray-casting method where the object is sliced by a 

series of planes and each planes having rays shoot out across them. The intersection points of the 
ray with the object define an entry point and exit point. A set of these points define raster lines. 
The slicing module defines the slice layers as scan raster lines to support the open-end 
architecture that is required for the scaffold structures. Once these scan lines are defined, 
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complete information which consists of the slice layers as well as the material information is 
stored in a print job database that serves as a buffer zone as well as for future retrieval. The scan 
lines are converted to machine code instructions, which are then sent to the machine for 
fabrication. 

 
5. Conclusion 
      
 This paper presented our recent study on the development of computer modeling 
approach for characterization and design of a biomimetic 3D heterogeneous bone structure. The 
modeling approach, QCT characterization method, and a CAD based scaffold bone scaffold 
design were described. Results of the effect of the unit cell materials and the designed porosities 
on the unit cell mechanical properties were given. The presented approach provides an effective 
tool for design and modeling complex bone tissue and for scaffold design. The calculated E from 
the characterization is in accordance with published data for cancellous bone in the range of 0.5-
1.5GPa. It is important to note that both cancellous and cortical bone has been smeared together 
in our laminated composite model, and hence the slightly higher values of E obtained by our 
method. The curves presented in Figure 7 can aid in the selection of a unit cell with the required 
porosity and mechanical properties to match with that of the replaced bone. However, only one 
Young�s modulus was calculated and used in this current study. The proposed process plan 
provides a road map on how an appropriate bone scaffold can be fabricated. The use of STEP to 
transfer the CAD model from the design software to the in house fabrication planning software 
entails advantages of transferring the complete product model data along with bone 
heterogeneity information in the future.  
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