
HUMAN BODY FE MODEL REPOSITIONING: A STEP TOWARDS 
POSTURE SPECIFIC – HUMAN BODY MODELS (PS-HBM) 

Dhaval Jani, Anoop Chawla, Sudipto Mukherjee 
Department of Mechanical Engineering, Indian Institute of Technology Delhi, India. 

Rahul Goyal 
Department of Computer Science and Engineering, Indian Institute of Technology Delhi, India. 

Nataraju Vusirikala,  
India Science Lab, General Motors (R&D). 

 
 

ABSTRACT 
     This study reports a methodology to generate anatomically correct postures of existing human body 
finite element models while maintaining their mesh quality. The developed method is based on 
computer graphics techniques and permits control over the kinematics followed by the bones. Initial 
mesh quality of the model being repositioned is quantified and maintained during the process in order 
to preserve the suitability of the model for subsequent use. For some critical areas (areas in the vicinity 
of the joint) where element distortion is large, a mesh smoothing technique is used to improve the 
mesh quality. The applicability of the tool developed is demonstrated on the lower extremity (knee 
joint) of a human body FE model. The tool repositions a given model from hyper extension to 90 
degree flexion in just a few seconds and does not require subjective interventions. As the mesh quality 
of the repositioned model is maintained to a predefined level (typically to the level of model in initial 
configuration) the model is suitable for subsequent simulations and remeshing is not needed. 
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IN THE LAST DECADE, many human body finite element (FE) models (THUMS (Maeno, T. et al. 
2001), HUMOS2 (Vezin, et al. 2005) and JAMA/JARI (Sugimoto, T. et al. 2005) etc.) have been 
developed. The geometry of most of these FE models is limited only to standard occupant or 
pedestrian postures. However, in real life the body can be in various postures such as standing, 
walking, running or jogging postures and out-of-position occupant postures. Compromises due to non-
availability of FE models for different postures may lead to erroneous conclusions and may limit the 
use of these models. On the other hand developing FE models for all possible limb positions is not 
viable. Therefore, personalization of existing FE models to get Posture Specific Human Body Models 
through limb adjustments needs to be done. 
     Very few studies report repositioning techniques for human body FE models. Vezin et al., (2005), 
reported that the HUMOS2 has been equipped with posture change capability. Two methods have 
been described by them for repositioning the model. In the first approach a database of pre-calculated 
FE model positions are used and intermediate positions are obtained by linear interpolations between 
nearby positions. The second approach is based on interactive real-time calculations. However, they 
do not provide enough information about the technique and the quality of the results obtained; it is 
thus not possible to judge the accuracy of the anatomical relation among the body segments, the time 
required for repositioning and the quality of the mesh obtained. 
     Parihar (2004) repositioned the lower extremity of the THUMS model from an occupant posture to 
a standing (pedestrian) posture using a series of dynamic FE simulations. The upper leg was restrained 
and load was applied to the tibia. In each step the lower leg was given a rotation of 5 – 6 degrees. The 
results of the iterations were dependent on the constraints and contact interfaces defined as well as the 
accuracy of the geometry and the material properties. They reported that the simulation time was very 
long (about 72 Hrs for 90 degrees of flexion on an Intel P IV 2.4 GHz processor with 2 GB RAM) and 
required a large number of iterations and modifications. One more disadvantage of the method is that 
there is no direct control over the body kinematics being followed. The positional accuracy of the 
repositioned model solely depends on the geometry, the contacts defined and the boundary conditions 
imposed. 
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     Jani et al., (2009), have also reported repositioning of the human body FE model using FE 
simulations. They have investigated the time required for repositioning, control over the bone 
kinematics followed, anatomical correctness of the repositioned model (with respect to the final bone 
position) and the level of user intervention needed. They have also concluded that the process requires 
large CPU time and does not permit enough control over the kinematics followed. Also, while 
anatomical correctness of the final posture is questionable, mesh quality of the repositioned model is 
poor and needs subjective mesh editing. 
     In the present study, a method to reposition human body FE models has been proposed. The 
method is independent of model geometry and needs minimal subjective interventions. Also, available 
data on kinematics of bones can easily be incorporated. The method is based on standard computer 
graphics techniques like morphing and affine transformations. These techniques are widely used for 
generating human body animations. Many researchers have used various morphing approaches to 
generate animations of human-like characters (Sheepers et al., 1997, Aubel 2001, Dong et al., 2002, 
Blemker et al., 2005 and Sun et al., 2000). Most of these approaches have been developed to handle 
surface models or models created using ellipsoids (to represent muscles) and can therefore not be used 
directly. Therefore, a new method based on Delaunay Triangulation was developed to handle a 
combination of hard and soft tissues during repositioning. 
 
METHODS 
     METHODOLOGY: A methodology to reposition a human body FE model is discussed in this 
section. The model components are divided into two groups: (1) rigid components (bones) and (2) 
deformable components (soft tissues). For a model segment (for instance, limb) to be repositioned, the 
joint configuration (rotation or translation) and axes of motion at the joint are determined. Kinematic 
data of bones which form the joint are obtain / derived from literature. The bones are repositioned with 
affine transformations (rotations / translations) while the soft tissues are mapped on the bones in their 
new position using a Delaunay triangulation (Preparata et al., 1988) based mapping. Penetrations are 
controlled by swelling of the soft tissues while mesh quality is improved through mesh smoothing (if 
necessary). The methodology is shown in the flow chart shown in Fig. 1. Though the methodology is 
general and can be implemented for repositioning any joint, this paper describes its implementation on 
the lower extremity (knee joint). The implementation is discussed later.  
 
 

 
 

Fig. 1 Methodology Flow Chart 

Sliding and Swelling 
of contours 

Mapping of soft 
tissue nodes 

 Penetration (s)? 
Yes 

No

Final Model 

Mesh Smoothing Satisfactory 

Unsatisfactory Mesh Quality 
Check

Model in initial 
configuration 

Identification of 
Skin Contours 

Delaunay 
Triangulation 

Bone 
Transformations 

Contour 
Transformations 

and scaling 

328 IRCOBI Conference - York (UK) - September 2009



     MODEL GEOMETRY: As the knee joint has been taken to demonstrate the repositioning 
methodology presented, a lower extremity FE model excluding pelvis and foot was used. The 
geometry of the model was taken from a full human body FE model (The General Motors (GM) / 
University of Virginia (UVA) 50th percentile male FE model (Untaroiu et al., 2005 and Kerrigan et al., 
2008)). In Fig.  2 (a) and Fig.  2 (b) the model in the initial configuration and detailed view of the knee 
joint of model are shown. The lower extremity of this model consists of 45 components. The bones 
(femur, tibia, fibula and patella) are modelled in multiple layers with a shell mesh representing the 
cortical and hexahedral mesh for the spongy trabecular part of the bones. The model also includes 
ligaments (modelled with solid elements) of the knee joint, menisci (modelled with solid elements), 
tendons (modelled with shell elements), knee capsule (modelled with shell elements), and flesh 
(modelled with solid elements). In the model, nodes on the external surface of the bones (tibia, femur, 
fibula and patella) and nodes defining skin were used to define Delaunay mapping of muscles and 
other soft tissues (tendon, ligaments, menisci). 
 
 

    
[a]      [b] 

Fig.  2 (a) Lower Extremity Model (b) Detailed view of knee joint 
 
     In order to achieve accurate positioning of the model, it is essential that accurate information of the 
kinematics of bones constituting the joint be used. In the present study the focus is on the knee joint 
which involves two distinct motions: tibiofemoral motion and patellofemoral motion. These motions 
are discussed here.  
     TIBIOFEMORAL MOTION: There has been extensive work on the kinematics of the tibiofemoral 
motion. Various techniques like CT scans with biplanar image matching (Asano et al., 2001, 2005) 
and MRI scans (Hill et al., 2000, Martelli et al., 2002, Freeman et al., 2005, Pinskerova et al., 2001, 
Johal et al., 2005) have been used to study the kinematics. Besides these techniques, the use of 
fluoroscopy, X-rays radiographs and Radio-Stereometric Analysis (RSA) have also been reported. 
     These techniques have been used for the living knee (Li, 2007, Johal, 2005, Hill, 2000, Asano, 
2001, Asano, 2005) as well as for the cadaveric knee (Elias, 1990, Hollister, 1993, Churchill, 1998, 
Iwaki, 2000, Most, 2004, McPherson, 2005). These studies have reported relative movement between 
the tibial and femoral surfaces with respect to different anatomical reference points. 
     Even though a qualitative agreement is observed amongst data reported with regard to type of 
motion, a quantitative comparison on knee joint kinematics might be difficult between different 
studies. This is due to the differences in the activities and population studied; the variation in the 
references used for measurements and also due to the differences in the way data is reported (rotations 
or translations).  
     From the literature it is obvious that the tibiofemoral movement is the combination of two motions: 
(1) rotation of femur with respect to tibia (or vice versa) about a flexion-extension axis (F-E axis) 
(referred hereafter as pure flexion-extension rotation) and (2) sliding / translation of femoral condyles 
over the tibial plateau. 
     Conventionally, it is believed that tibiofemoral rotation (pure flexion-extension) has “no fixed” axis 
i.e. flexion-extension rotations occurs around an instantaneous axis which sweeps a ruled surface 
(known as an axode, Fig. 3). This eventually makes it difficult to describe or reproduce anatomically 
correct pure flexion-extension rotation in knee kinematics studies using mathematical models.  
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However, studies have shown that the motion can be described better while considering F-E axis as a 
fixed axis (Hollister, 1993, Churchill, 1998, Stiehl, 1995). Recently, Eckhoff et al. (2003) have also 
demonstrated that the knee F-E axis can be approximated by a single cylindrical axis in posterior 
femoral condyles. Considering these findings from the literature, a fixed (single) F-E axis has been 
located and used in the present study. 
 

 
Fig. 3 The axode describing the knee joint motion (Adapted from Mow et al., 2000) 

 
There have been different views about the orientation (definition) of the F-E axis in the posterior 
femoral condyles. Two definitions of fixed F-E axes are widely used.  

1. The transepicondylar axis (TEA) is defined as the axis connecting the most prominent points 
on the lateral and medial femoral condyles or the axis connecting the femoral origins of 
collateral ligaments (Blankevoort et al., 1990, Hollister et al., 1993, Churchill et al., 1998, 
Miller et al., 2001). The TEA has also been used in Total Knee Arthroplasty (Berger et al., 
1993, 1998). 

2.  The geometric centre axis (GCA) is defined as the axis passing through the medial and lateral 
centres of the circular profiles of the posterior condyles (Asano et al. 2001, 2005, Eckhoff et 
al., 2001, Pinskerova et al., 2001). The circularity of posterior femoral condyles and its 
application to study knee kinematics has also been reported by Kurosawa et al. (1985), Iwaki 
et al. (2000), Elias et al. (1990), Hollister et al. (1993) and Churchill et al. (1998). The GCA 
has also been used to represent the posterior geometry of the femoral condyle (Eckhoff et al., 
2001) and kinematic data (Blankevoort et al., 1990; Freeman, 2003; Hill, 2000; Iwaki et al., 
2000). The GCA is shown in Fig. 4 (a). 
 
 

  
   [a]     [b] 
Fig. 4  (a) Circles fitted on Posterior Femoral condyles in the sagittal plane and GCA 

(b) Movement of GCA with flexion indicates external rotation of femur (Adopted from 
Asano et al., 2001) 
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     Most et al. (2004) have analysed the sensitivity of the knee joint kinematics calculation to selection 
of the flexion axes (TEA or GCA) and established that, as long as a clear definition of the flexion axis 
is given, any of the axes can be used to describe knee joint kinematics. The GCA has been used as the 
F-E axis in this study. 
     Studies of tibiofemoral kinematics have shown that the sliding of medial femoral condyle is 
minimal (typically in the range of ± 1.5 mm (Iwaki et al., 2000)) while the lateral femoral sliding is 
large (could be as large as 24 mm, Iwaki et al., 2000). This fact can also be observed in a typical 
movement of GCA from hyper extension to 120 degree flexion (Fig. 4 (b)). This is also observed by 
many other researchers [Churchill et al., (1998), Asano et al. (2001, 2005), Pinskerova et al., (2001), 
Wretenberg et al., (2002), Johal et al., (2005)] and it has been suggested that this uneven femoral 
sliding can be approximated as an external rotation of the femur about a longitudinal rotation axis (LR 
axis) fixed in the medial compartment of the tibia. 
     From the above discussion about knee kinematics, the following can be concluded:  

1. Tibiofemoral motion can be approximated by two rotations about two axes. (a) Flexion about 
F-E axis followed by longitudinal rotation about LR axis. 

2.  Flexion extension axes can be approximated by a single stationary axis in the posterior 
femoral condyles. 

     Implementation of Tibiofemoral kinematics: In the present study tibiofemoral motion data from 
Asano et al., (2001) has been used. The F-E axis was located in the posterior femoral condyles, 
passing through centres of the circles approximating the lateral and medial posterior femoral condyles. 
The radii of these circles were 20.52 mm on the lateral side and 23.31 mm on the medial side, which 
are within the range of 18 – 23 mm and 20 – 25 mm, respectively, as reported by Pinskerova et al. 
(2001). Also, the lateral and medial ends of this axis were found to be within the area of femoral 
origins of lateral and medial collateral ligaments respectively. 
     The longitudinal rotation axis (LR axis, which differs from the anatomical axis of tibia) was located 
between a point on the medial tibial plateau (approximate centre of the contact path) and centre of the 
tibio-talar joint. These two axes are shown in the Fig. 5 (a). Rotations of the femur about these two 
axes were used to approximate the knee joint motion. Mechanical and anatomical axes (Luo, et al., 
2004) of the femur and tibia were located as shown in Fig. 5 (b). Tibiofemoral flexion was measured 
as the angle between the long axes (anatomical axes) of the tibia and the femur, projected on the 
sagittal plane as suggested by Li et al., (2007). 

  
[a]     [b] 
 

Fig. 5  (a) The Flexion Extension Axis and Longitudinal Rotation Axis (Anterior View) 
(b) Mechanical and Anatomical Axes of Tibia and Femur (Anterior View) 

 
     In the algorithm developed, the femur, tibia and fibula were treated as rigid bodies. For flexion 
transformation, the femur was subjected to rotation about F-E axis followed by a rotation about LR 
axis while keeping the tibia fixed. The relation between these two rotations (Table 1) was adopted 
from Asano et al., (2001). Thus, complete control over the bone kinematics was achieved. 
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Table 1 Relation between F-E and LR Axes Rotation (Asano et al., 2001) 
Flexion Angle 

(Degrees) 
External Rotation of femur about LR axis 

Mean ± sd (Degrees) 
Hyperextension - 4.2 ± 1.7 

0 0 
15 7.6 ± 2.6 
30 13.3 ± 2.2 
45 16.6 ± 2.7 
60 19.5 ± 4.1 
75 21.2 ± 4.6 
90 22.9 ± 4.9 

105 24.9 ± 4.1 
120 23.8 ± 4.8 

 
 
     PATELLOFEMORAL MOTION: Like the tibiofemoral joint, there are many studies on the 
patellofemoral joint that investigate various aspects of its motion. Some studies were focused on 
analysis of patellofemoral forces (contact areas / pressure) (Singerman et al., 1995, Zavatsky et al., 
2004), while few others investigated patellofemoral kinematics (Heegard et al., 1995, Asano et al., 
2003, Zavatsky et al. 2004, Li et al., 2007). The data of kinematics is presented either in terms of 
translations (Anterior-Posterior, Medial-Lateral, Superior - Inferior) of the patella with respect to the 
tibial reference (Li et al., 2007) or femoral reference (Asano, et al., 2003) and rotations (Li et al., 2007, 
Zavatsky et al., 2004). 
   

   
    [a]     [b] 

  
    [c]     [d] 

 
Fig. 6 (a) Coordinate system for patellar motion (b) Patellar flexion (c) External – Internal 

rotation of patella (d)  Lateral - Medial tilt, (Adopted from Zavatsky et al., 2004) 
 
     Accurate patellar tracking and definition of normal tracking have not yet been achieved in either 
experimental or in clinical conditions (Katchburian et al., 2003).  Furthermore, no universal agreement 
exists on the definition of normal patellar tracking (Grelsamer et al., 2001).  
     In the present study, data from Zavatsky et al. (2004) has been used. In their study, patellar flexion, 
internal – external rotation and medial – lateral tilt are measured against the tibiofemoral flexion. The 
coordinate system used for the patella is shown in Fig. 6. The patella was subjected to affine 
transformations in accordance with this data. 

Tibiofemoral flexion 

Tibiofemoral flexion Tibiofemoral flexion
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     MORPHING: Morphing or metamorphosis is a widely used computer graphics technique of 
deforming graphical objects (computer graphics models). The technique is used either to deform a 
given object intuitively through a Graphical User Interface (GUI) or to transform a given source object 
into a target object. Various techniques have been developed by graphic designers to deform human 
like structures for animations, and games (Sheepers et al., 1997, Aubel et al., 2001, Dong et al., 2002, 
Blemker et al., 2005 and Sun et al., 2000). But most of them either dealt with surface models defined 
with parametric surfaces or with structures defined by ellipsoids. In the present work, a new technique 
has been developed to generate controlled deformations in the FE model which is a combined model 
of rigid components (bones) and deformable components (soft tissues). Morphing was used to handle 
deformation of soft tissues after the bones were repositioned using affine transformations. 
     IMPLEMENTATION OF THE METHODOLOGY ON LOWER EXTREMITY (KNEE JOINT): 
A code using VC++ (programming language and GUI) and OpenGL (Graphics platform) has been 
developed to handle both the processes viz., affine transformations of bones and morphing of soft 
tissue. This can be understood from the flow chart shown in Fig. 1. 
     First, the skin contours were identified in the initial configuration of the given model. Planes (total 
86) were then determined for each contour of skin (section) as shown in Fig. 7. The space between the 
skin and outer surface of the bones was discretized into tetrahedrons (≈ 40000 tetrahedrons) using 
Delaunay triangulation. The soft tissue nodes were mapped into these tetrahedrons. This mapping 
information was later used to map the soft tissues into the final position. The bones were given affine 
transformations as per the predetermined data corresponding to required flexion angle. The planes of 
skin contours were also then transformed. 
 

 
 

Fig. 7 Planes of skin contours 
 

   
[a]     [b]    [c] 

 
Fig. 8 (a) Penetrating contours (b) Plane rotation to remove penetration of contours (c) 
Corrected position of contours, (Jianhua et al., 1994) 
 
     To transform these planes of the skin contours, if they are given an affine transformation with 
bones, they will penetrate into one another as shown in Fig. 8 (a). These penetrations were removed by 
rotating each plane about an axis lying in the plane along the medial-lateral direction. The amount of 
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rotation was calculated as shown in Fig. 8 (b). The link P1P0 corresponds to the line passing through 
the centre of skin contours of the thigh and link P2P0 to the line passing through the centre of skin 
contours of the calf. P0 is the knee joint position. L1 and L2 are the vectors along the inferior – superior 
direction of upper leg and lower leg respectively. Suppose the angle between L1 and L2 (joint angle) is 
2θ. When the joint angle changes, the attached planes (one such ith plane is shown in the Fig. 8 (b)) 
first undergo joint local transformations defined by the joint configuration as indicated by solid line (ith 
plane) in Fig. 8 (b). The normal of ith plane is then set as follows, where the orientation of the plane at 
the joint is set to be the bisection plane of the joint. (Jianhua et al, 1994): 
For each plane from P1 to P0,  
{ 

Obtain centre of rotation Qi .  
Find the axis of rotation L of plane as L1x L2.  
Adjust plane normal Ni by rotating the ith plane about axis L with rotation angle given by: 

,
( 1)*sin *

2rot i
upper

i
N

πθ θ −⎛ ⎞
= ⎜ ⎟

⎝ ⎠
  for i=1, 2, ... Nupper   (1) 

,
( 1)*sin *

2rot i
lower

i
N

πθ θ −⎛ ⎞−= ⎜ ⎟
⎝ ⎠

  for i=1, 2, ... Nlower   (2) 

where,  
Nupper = number of planes on P0P1,  
Nlower = number of planes on P0P2  

} 
     Thus the amount of rotation of a plane reduces as its distance from the joint increases and at ends it 
becomes zero. The sine function used here gives smoothness of the order of B-Spline surface and 
hence a kink free repositioned model with non penetrating planes as shown in Fig. 8 (c). But this 
operation reduces the distance of skin nodes from the link (P1P0 or P2P0) they are attached to, resulting 
into a reduced volume. To prevent this volume squashing (to ensure volume conservation), the skin 
contours were scaled out so that distances of points on contours from the attached link remain 
constant. Suppose after transformations, a point A (in Fig. 9 (a)) is located on the ith contour with 
center at Qi. After rotation of the contour about axis of rotation passing through Qi (like L in Fig. 8 
(b)), the point A is transformed to A1. In the initial posture, the distance of point A to the link is r0. The 
point A1 is scaled to position A2 in the direction Qi A1. The scaling factor is calculated from Eq. 3. The 
Eq. 4 gives coordinates of A2. 
 

scale_ factor = 
1

1 0 1

|| ||
( , )

ior Q A
dist A P P

, Hence         (3) 

 A2 = Qi  + scale_ factor x (A1 - Qi)         (4) 
 
 

         
[a]   [b]   [c] 

 
Fig. 9 (a) Prevention of Volume Squashing (b) Repositioned Leg without Volume Squashing (c) 

Repositioned Leg with Volume Squashing 
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     The effect of the volume squashing operation can be observed in the Fig. 9 (b) and Fig. 9(c). The 
calf portion becomes lean in the repositioned model due to the layer rotation (which reduces its 
volume). To compensate for this reduction and regain the shape, volume squashing is applied. Once 
the final position of bones and skin nodes is achieved, the tetrahedrons generated in the initial 
configuration of model, are relocated. Nodes of the soft tissues are inside the tetrahedrons and are then 
mapped to the new position using a linear mapping in their respective tetrahedrons. Thus, the 
repositioned model is obtained. As the soft tissues in the model are mapped with Delaunay 
triangulation which is a complete partition of the soft tissue space, it is expected that there are no 
penetrations in the repositioned model (unless the initial model has penetrations). But due to the 
complex geometry of the model and the fact that some bone elements come in contact with some soft 
tissues only after transformations (for instance, elements of condyles are not exposed to the capsule 
and flesh initially, come in contact after flexion) penetrations were observed. To remove these 
penetrations the skin contours were locally stretched by an amount equal to the penetration of the 
bone. 
     The repositioned model was finally checked for mesh quality parameters like maximum aspect 
ratio, maximum warpage, maximum skew and minimum Jacobian. The model is then subjected to 
mesh smoothing, if mesh quality parameters are found to be of poor quality compared to their 
respective values in initial model. 
     MESH SMOOTHING: To improve the quality of the mesh at higher flexion angles, a new mesh 
smoothing algorithm has been developed by modifying standard Laplacian mesh smoothing algorithm 
(Hansbo, 1995). The algorithm is a more generic form of the modified Laplacian algorithm 
demonstrated by Khattri et al. 2006 for structural meshes. The algorithm can operate on structured as 
well unstructured 2D and 3D meshes. In order to improve the element quality, the algorithm displaces 
internal nodes (nodes on the boundary of any components are kept intact) in the space without 
changing the number of nodes / elements. While moving an internal node, the algorithm ensures 
improvement in the quality metric parameters of other elements sharing that node. It also preserves 
element connectivity. 
 
RESULTS 
     The bones (tibia / femur and patella) are repositioned using affine transformations and hence the 
method allows complete control over the kinematics being followed. Soft tissues like muscles, 
ligaments, tendon and flesh are mapped on to the repositioned bone using Delaunay triangulation. The 
model repositioned with the method developed is shown in Fig. 10. At this stage, the flexion up to 90 
degrees has been implemented. As it can be seen in Fig. 10, the repositioned model is free from 
uncontrolled distortion of model components. The mesh quality is hence maintained. 
 
 

     
Fig. 10 (a) Repositioned Model (b) Detailed View of Knee Koint 

 
     The comparison of various mesh quality parameters has been given in the Table 2. The table also 
includes figures indicating bone positions at the given angle of flexion. The mesh quality parameters 
in the initial model were the targeted quality values for the repositioned model. For the flexion up to 
75 degrees, the Jacobian of the repositioned model is maintained at the initial value, while the warpage 
and skew are better in the repositioned model compared to that of the initial model. A small 
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degradation of the element’s aspect ratio is observed. But the number of elements with aspect ratio 
less than that in the initial model is small. Up to 60 degrees of flexion, only two elements have aspect 
ratio less than 10.76 (as in the initial model) while at 75 degrees there are 9 elements whose aspect 
ratio is more than 10.76. Though the time step is maintained to its initial magnitude and warpage is 
less severe compared to that in the initial model for all flexion angles, the quality of the mesh in 
repositioned model degrades rapidly when flexion is more than 75 degrees. This can be observed from 
the values of quality parameters at 90 degrees. A detailed look at the repositioned model revealed that 
the elements in the initial model having a poor quality have degraded more at higher flexion angles. 

 
 

Table 2 Mesh quality parameters 
Quality *  
Criteria 

Flexion (Deg) 

Jacobian 
(Min) 

Time 
Step(Min)

(Sec) 

Aspect
Ratio
(Max)

Skew
(Max)

Warpage
(Max) 

Bone Position 
 

9 (Initial 
Configuration) 0.21 1.888E-04 10.76 75.3 166.76  

30 
 0.21 1.888E-04 11.4 74.08 158.4 

 

45 0.21 1.888E-04 11.8 74.98 158.46 

 

60 0.21 1.888E-04 12.22 75.4 158.46 

 

75 0.20 1.888E-04 13.03 77.55 158.46 

 

90** 0.10 1.888E-04 15.3 84.33 158.47 

 
* As calculated in HyperMeshTM (for LS-Dyna profile) 
** Stated values are obtained after mesh smoothing. 
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     As mentioned in the methodology, a mesh smoothing algorithm has also been implemented to 
improve the mesh quality of repositioned model especially after 75 degrees of flexion. The smoothing 
improves the mesh quality, even though further improvement is possible at 90 degree flexion and is 
being looked into. 
     The deformation of the soft tissues generated during the morphing process is not random but 
reflects actual anatomical behavior. For instance, it is observed that during the flexion the anterior 
fibers of collateral ligaments are stretched while the fibers on the posterior side remain slack. This 
behavior of collateral ligaments during the repositioning is consistent with the one reported by Park et 
al. (2006). As shown in Fig. 11 (a), the most anterior fibers of LCL and MCL (colored in pink) are 
most stretched while the most posterior fibers (colored in magenta) remain slacked during the flexion. 
The similar behavior of the ligaments in the model can be observed in Fig. 11 (b) LCL and Fig. 11 (c) 
MCL. 
 

 
[a]    [b]   [c] 

Fig. 11 (a) Collateral ligament fiber behavior during flexion (adopted from Park et al., 2006)  
(b) LCL and (c) MCL behavior in the model during flexion 

DISCUSSION 
     Unlike, repositioning with FE simulations (Parihar et al., 2004, Jani et al., 2009), where the 
repositioning takes a considerable amount of time, the method developed in the present study can 
repositions a given FE model in a few seconds. Also, the method presented does not require any 
precalculated FE Model positional data as needed in the tool reported by Vezin et al., (2005). 
     The affine transformations of bone permit implementation of the available data of relative bone 
movements. The method allows control of the soft tissue deformation and prevents distortions as could 
be the case with model repositioned using FE simulations (Jani et al., 2009). Due to the controlled 
deformation of soft tissues, the repositioned model does not require remeshing and can directly be 
used for further applications. 
     The method has been applied only to the knee joint and its suitability to other joints needs to be 
evaluated. At present, the method fails to maintain the mesh quality to expected level at higher flexion 
(at flexion more than 75 degrees) angles. The obvious reasons for this are (1) significant geometrical 
changes occurring in the model and (2) presence of elements with poor mesh quality in the initial 
model.  Improvements are being made in the mesh smoothing algorithm to overcome this problem by 
combining it with optimization based smoothing. Also, as the positional accuracy of repositioned bone 
depends on the axes of rotation chosen, it is essential to locate axes using anatomical landmarks as 
accurately as possible.  
 
CONCLUSION 
     A methodology to update an existing human body FE model in a given posture (occupant or 
pedestrian) to a PS-HBM has been presented in the study. Though the applicability of methodology 
has been demonstrated to the knee joint only, it can be easily extended to other joints like hip joint and 
shoulder joint. The prime objective of this study was to develop a methodology to quickly reposition 
limbs to achieve an anatomically correct position, while maintaining the mesh quality of the 

Posterior 
Side 
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repositioned model. Minimization of subjective interventions and ensuring suitability of the 
repositioned model for simulations in new posture without remeshing was also targeted. 
          The method is capable of including bone and ligament kinematics data. Hence, the limb 
positions of the repositioned model are more accurate than the one produced with the methods which 
cannot directly include such data. The improved positional accuracy is required for the accuracy of the 
results of the simulations carried out using the repositioned model. The method efficiently controls the 
shape of deforming soft tissues and prevents bone to bone or soft tissue to bone penetrations. Also the 
volume preservation technique introduced controls the volume squashing. 
     The mesh quality of the repositioned model is maintained as close as possible to that of the initial 
model. The repositioned model does not require any remeshing and can directly be used in subsequent 
simulations. To preserve the mesh quality during the repositioning, a mesh smoothing algorithm is 
developed and applied. However, with the present smoothing algorithm, the mesh quality could not be 
maintained at the level of the initial model for flexion angles higher than 75 degrees, the mesh 
smoothing algorithm is currently being improved to take care of the same.  
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