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Abstract. In this paper, the human musculoskeletal model based on the medical 
images of the Korean standard male and the computer graphics based 
simulation technology with biomechanical analyses are presented. The virtual 
human model consists of three components. The model component includes the 
development of anatomically accurate geometric models with physiologically 
relevant material data. The analysis component includes various types of 
mechanical. In the simulation component, task-oriented graphic simulation 
would be performed for virtual evaluation, test, measurement, design, and 
planning. Three biomechanical analyses with graphic simulation using the 
virtual Korean model were performed; the surgical simulation of bone fracture 
surgery, the biomechanical evaluation of surgical implant in knee, and the 
graphic visualization and simulation of tennis play. In conclusion, the 
developed virtual Korean model of the musculoskeletal system would have lots 
of potentiality for biomechanical research and development in various fields, 
such as medical industry, automobile, ergonomics, or nuclear industry.  
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1   Introduction 

The concept of the virtual human aims to describe the integrated system that can 
understand the human physiology by providing anatomically accurate geometry and 
material properties simulation with human-like environmental simulation. This 
concept contains from molecular scale to the organ and system scales. The necessary 
technologies to achieve this concept is from medical image modalities, geometric 
modeling, to the numerical analysis of the human motion and local deformation of the 
tissues. Recently, the advance of engineering technologies such as high-computing, 
computer graphic modeling and simulation, and numerical analysis, can provide the 
ability of virtual human modeling and biomechanical simulations.  

There have been several commercial software which can be able to perform 
numerical analysis of human musculoskeletal model, such as LifemodⓇ(Biomechanics 
Research Inc.), SIMM(Motion analysis Inc.), Madymo Ⓡ (TNO Automotive Inc.). 
However, the above commercial software only provide a dynamic analysis module with 
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simple modeling tool, so the users would be difficult to optimize the human model for 
diverse application such as the finite element analysis or the inverse dynamics analysis.  

Several countries have already started the national level project to collect the 
database of the standard human and develop the virtual human model based on the 
collected data: Biomechanics European Lab in EU, the visible human project in USA, 
and the digital Korean project in Korea.  

In this paper, the development of a virtual Korean musculoskeletal model and 
application to the biomechanical research are presented.  First, computer graphic and 
biomechanical modeling technologies from medical images were introduced. Then, as 
examples, the surgical planning bone fracture surgery, the biomechanical analysis of 
the implant shape in revision total revision surgery, and graphic simulation of tennis 
play were presented. 

2   Materials and Methods 

To develop a graphic model of skeleton which contains medical and engineering 
information, high density computer tomography (CT) images are reconstructed using  
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Fig. 1. A. The CT slices are reconstructed to develop the skeletal model. B. The solid model of 
the bone are developed using CT images. C. The finite element model developed from the solid 
graphic model. D. The finite element model of a lumber spine with intervertebral discs and 
spinal ligaments developed from the medical images. E. The trunk muscle are defined as piece-
wise linear elements between the origin and insertion points of the bones.  
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two methods. First is a boundary edge detection method with image staking method 
which is extracting the boundary curve of each image by black-and-white level 
setting, staking the two curves to obtain the surface, and filling the surface to generate 
the solid model.  The second is so called a voxel method which is generating the  
hexagonal solid element between the two surfaces. Using the second method with 
micro-CT images, we can obtain the micro trabecular structure of the bone.  In 
addition, using the image density of each element, mechanical material properties of 
the element, such as the elastic modulus or the Poisson’s ration, can be obtained by 
experimental relation between the bone mineral density and CT number. These 
estimated material properties are used for carious numerical analysis such as the finite 
element analysis. 

 In order to develop the muscle model, there are two approaches have been used.  
In the first approach, the centroids of the attached and origin area of each muscle were 
defined as points, and then these two points were connected by piece-wise linear lines 
or rapping curves to represent the line of muscle force and moment arm bone. In the 
other approach, the full solid model of the muscle can be reconstructed using MR 
images. The muscle line approach has been widely used for the dynamics analysis, 
and the solid modeling approach has been used for the finite element analysis of the 
soft tissue. In addition to muscle model, ligament and cartilage model can be defined 
as nonlinear elastic springs and poro-visco-elastic solid materials, respectively.  

3   Surgical Simulation of Bone Fracture Surgery 

In the clinical situation of fracture treatment, re-aligning the bone segments using 
external fixator is often necessary to reduce the residual deformities.  One of clinical 
difficulties in external fixation is that the exact amounts of the fixator joints to obtain 
the perfect alignment have to be determined.  In addition, performing the execution 
based on the pre-operative planning has various clinical limitations depending upon 
the individual’s skill and the configuration of the fixator.  If computer simulation 
based pre-operative planning to reduce the given fracture deformities of the bone 
segments could be provided, the aligning process of the bone segments would be 
more accurate and manipulatable, thus obtaining the optimal clinical outcomes of the 
fracture treatment. The objective of this paper is to develop a computer simulation 
model of long bone fracture with a unilateral external fixator to perform the pre-
operative planning of reducing the given fracture deformity.  

A unilateral external fixator for deformity correction (Dynafix®, EBI Inc., USA) was 
used in this analysis. The fixator has five rotational joints with two prismatic joints. A 
long bone fracture model of tibia was developed by the reconstruction of CT images. 
Then, the analytical representation of the motion of each link of the fixator and the bone 
segments can be expressed as a kinematic linkage system. For the given bone deformity 
parameters, the necessary fixator joint variables were calculated by nonlinear least 
square optimization algorithm. In order to visualize the fracture reduction process, the 
computer graphic simulation based on the analysis results was performed from the 
initial position to the final reduction position of the fixator-bone system.  

As an example, a rotational malalignment of 30° around the bone long axis with a 
6 mm fracture gap between the bone ends was simulated. For the given malalignment,  
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the necessary fixator joint values were r1=14.7o, r2=44.1o, r3=-41.9o, r4=-42.3o, 
r5=14.9o, td=tp=4.9 mm.  When the joint values from the inverse kinematics analysis 
was applied to the graphic model, the fracture reduction was completely performed 
(Fig. 2A). 
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Fig. 2. A. The tibia-fixator system for the rotational deformity of 30° and 6 mm gap and the 
fixator joint values to reduce the given deformity. The graphic visualization showed the 
calculated joint values could perfectly reduce the fracture deformity. B. Simultaneous 
adjustment of the fixator joints from the initial to the final positions. The unique adjustment 
path for the bone segments seemed optimal since there was no bony collision and the fracture 
end displacement was minimal during reduction. 
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The bone reduction path was also achieved for both fixators on the same bone 
deformity case when the pair variable values were divided into 100 increments and 
adjusted simultaneously (Fig. 2B). This reduction process was similar with those 
performed in the clinics. In addition, during this unique bone reduction path, there 
was no excessive soft tissue distraction or bone end collision.  Therefore, by changing 
all joints simultaneously in small corrections, the bone seemed to take on an optimal 
path with no bone end collisions or excessive soft tissue disruptions.  

4   Biomechanical Evaluation of Surgical Implant in Revision 
Artificial Knee Surgery 

Stems are frequently revised in total knee arthroplasty (TKA) both to provide 
additional fixation and to assist in ensuring more consistent component alignment. 
Many clinical studies have investigated that cemented implant with longer stem 
length provides better stability and less micro-motion. However, previous studies 
have reported the incidence of end-of-stem pain on the tibial side when press-fit 
component with 140 mm stem extension was applied. The problem of pain related to 
the long stem in total knee arthroplasty is defined poorly and the biomechanical 
 
 

 

Fig. 3. Finite element model of tibia and artificial knee joint implant with loading condition at 
standing posture 
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Fig. 4. 3D CAD models of implant for revision TKR with various stem end design parameters 

rational to explain this problem is not provided. We investigated the effects of stem 
end design on stem pain in revision TKR. 

The finite element model of tibia, including the cortical bone, the cancellous bone 
and canal, was developed based on CT images. The stem models with various stem 
lengths, diameters and frictional coefficients, and press-fit effects were considered as 
a parametric study.  The pressure distribution on the interface of stem and the von-
Mises stress around the stem end were investigated to predict the effects of stem end 
design on stem end pain.  

The results showed that the longer stem length, the stronger press-fit, the bigger 
stem diameter, and the higher frictional coefficient increased both peak contact 
pressure and the highest von-Mises stress values.  

In this study, we hypothesized that the different stem design creates different contact 
pressure and von-Mises stress distribution around the stem, and the locally higher 
pressures and stresses may be related to the stem end pain.  Our clinical data supported 
the biomechanical findings hypothesized in this study. This study will be useful to 
modify the stem end design and reduce the end-of-stem pain in revision TKR.  
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Fig. 5.  Peak contact pressures and von-Mises stresses in the adjacent bone to the stem-end 
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5   Graphic Visualization and Simulation of Tennis Play 

Fig. 6 shows the computer graphic simulation of tennis play using the developed 
musculoskeletal model of a Korean male. First, we captured the kinematic motion of a 
male subject using the motion capture system (HawkⓇ, Motion analysis Inc., USA). 
Second, the scaled the all bone segments of the musculoskeletal model fitted to the 
subject size. Then, the kinematic motion data was modified and inserted to the 
graphic model to generate the motion. Next, the necessary inverse kinematics analysis 
was performed to calculate the joint torques and muscle forces generating the given 
motion. Finally, the graphic simulation of the tennis play was generated using 
commercial graphic software (3D-MaxⓇ, Autodesk Inc., USA).  

 

Fig. 6. Motion simulation of tennis play using motion captured kinematic data and virtual 
human model 

6   Conclusion 

In this paper, I present the modeling and simulation technologies of human 
musculoskeletal system and applications to the biomechanical researches. The 
potential application area of this model is not only biomechanics but also sports, 
surgical simulation, medical device industry, ergonomics, human safety on 
automotives, and so on. In addition, the model can be extended from molecular level 
to the system organ level. This kind of modeling and simulation can contribute 
research, education, and development. 

For the improvement of the modeling and simulation, there are several 
technologies and algorithms should be improved or newly developed, such as 
accurate medical image modality, 3-D reconstruction, estimating the material 
properties form the medical images, various mechano-biology principles, multi-scale 
numerical analysis ant so on. In order to solve those technical problems, various types 
of applied mathematics principles have to be used.  Finally, the present modeling and 
simulation techniques can be very useful to enhance the health-related quality of life. 
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