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1. Introduction 

Development of a human body finite element (FE) model presents many unique 
challenges. A particular challenge is the complex geometry that makes creation and 
modification of an FE mesh difficult and time consuming. In many cases, a human 
body FE model is developed to represent a 50th percentile human by height and 
weight. However, there is a large amount of variability in human size and shape. 
The ability to adjust an existing FE model will allow for better comparison to 
validation experiments, a better assessment of a threat to a variable population, and 
a reduction in time spent developing the mesh. 

The human body has a complex shape made of many components. A simple global 
scaling will not capture the changes in size and shape that are necessary to 
accurately represent the human population. Therefore, it is necessary for a scaling 
tool to apply scaling that is relevant for each specific component of the body. Here, 
a radial basis function (RBF) interpolation method is applied to a mesh of the 
human torso as well as individual components of the body. This approach has 
previously been used to create interpolated surfaces from medical images,1 warp 
medical images,2 and morph FE meshes,3,4 including the human body at the 
component,5 system,6 and full body levels.7–9 The RBF method allows for a change 
in shape to be defined by reference points in an initial mesh along with their updated 
positions in the new shape. The volume mesh is then transformed based on 
coefficients that are calculated from the points. This procedure allows for a complex 
change in shape of the original mesh. 

Additionally, tools are developed to assist with applying an RBF morph to an FE 
mesh. The Blender computer graphics program is used to visualize the mesh and 
define reference and target points. Python scripts interface with Blender to obtain 
the coordinates of the reference and target points, which are used to calculate the 
coefficients that define the morph. The morph is then applied to all of the nodes of 
the FE mesh. The goal of this process is to create a robust method to reshape an 
existing mesh in a variety of complex ways. Examples are provided to show a 
simplified approach to scale a group of body parts as well as a more detailed method 
to apply an irregular shape change to a single component. Element quality statistics 
are provided to show that the morph is applied without a significant reduction in 
element quality.  
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2. Methods 

2.1 Scaling Method 

The RBF method uses a set of known vector translations and a vector field is 
interpolated in the space between these known points.2 The generalized form of the 
interpolation is described by Carr et al.1 In this report, the components of the 3-D 
interpolated translation, s, are defined by 

𝑠𝑠1(𝐱𝐱) =  ∑ 𝜑𝜑(‖𝐱𝐱 − 𝐱𝐱𝑖𝑖‖)𝐖𝐖𝑖𝑖,1 + 𝐶𝐶1,1𝑥𝑥1 + 𝐶𝐶2,1𝑥𝑥2 +  𝐶𝐶3,1𝑥𝑥3 +  𝐶𝐶4,1,𝑁𝑁
𝑖𝑖=1  (1) 

𝑠𝑠2(𝐱𝐱) =  ∑ 𝜑𝜑(‖𝐱𝐱 − 𝐱𝐱𝑖𝑖‖)𝐖𝐖𝑖𝑖,2 + 𝐶𝐶1,2𝑥𝑥1 + 𝐶𝐶2,2𝑥𝑥2 +  𝐶𝐶3,2𝑥𝑥3 + 𝐶𝐶4,2,𝑁𝑁
𝑖𝑖=1  (2) 

𝑠𝑠3(𝒙𝒙) =  ∑ 𝜑𝜑(‖𝒙𝒙 − 𝒙𝒙𝑖𝑖‖)𝑾𝑾𝑖𝑖,3 + 𝐶𝐶1,3𝑥𝑥1 + 𝐶𝐶2,3𝑥𝑥2 +  𝐶𝐶3,3𝑥𝑥3 +  𝐶𝐶4,3.𝑁𝑁
𝑖𝑖=1    (3) 

Here, x is the position of a point in ℝ3 with components x1, x2, and x3, N is the 
number of points in the set of reference points, ϕ is a radial kernel that operates on 
the Euclidian distance from one point to another, W is an N by 3 matrix of 
weighting coefficients, and C is a 4 by 3 matrix of coefficients that must be solved 
for. ϕ can be defined as one of several possible functions. In this work, ϕ is defined 
by 

 ϕ(𝐱𝐱) = ‖𝐱𝐱 − 𝐱𝐱𝑖𝑖‖3, (4) 

as this has been shown to produce good quality mesh morphing in work by Sieger 
et al.4 This interpolation function will provide a unique solution when nodes are not 
coplanar.1 

First, the reference and target points are chosen for the mesh. Reference points can 
be placed at easily identifiable landmarks or any other location that is important 
and predictable when adjusting the size of the mesh. Target points are the updated 
coordinates of the reference points after scaling is applied. The reference and target 
points are used to solve for the weighting coefficients W and polynomial 
coefficients C using the linear system 

 �𝜑𝜑(�𝐱𝐱𝑖𝑖 − 𝐱𝐱𝑗𝑗�) 𝐏𝐏
𝐏𝐏𝑇𝑇 𝟎𝟎

� �𝐖𝐖𝐂𝐂 � = �𝐓𝐓𝟎𝟎� , (5) 

where xi and xj are the reference points in the set from 1-N, P is a matrix containing 
the reference point positions that are used to solve for the polynomial coefficients 
C1-4 

 𝑷𝑷 = �
𝑥𝑥1,1 𝑥𝑥1,2 𝑥𝑥1,3 1
⋮ ⋮ ⋮ ⋮

𝑥𝑥𝑁𝑁,1 𝑥𝑥𝑁𝑁,2 𝑥𝑥𝑁𝑁,3 1
�, (6) 
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and T is the translation from the reference points to the target points. Finally, 
Equation 1 can be applied to solve for the translation of all nodes in the mesh using 
the coefficients that were determined from the reference points.  

2.2 Scaling Tools 

Scripts to calculate and apply a morph have been developed using Python. The 
basic morphing tool makes use of text-based commands to accept user-defined 
reference and target point locations as well as an initial mesh. The RBF 
interpolation coefficients are calculated, and the resulting morph is applied to the 
mesh. However, complex geometry such as the human body can require many 
reference points to define an acceptable morph. Therefore, additional tools have 
been created to assist with defining reference and target points. Python scripts have 
been made to interface with the Blender computer graphics program (version 
2.79).10 Blender offers many capabilities to easily manipulate surface geometry 
compared to the difficulties of editing an FE volume mesh. Surfaces are created in 
Blender where the vertices will become the reference and target points used to 
calculate the RBF interpolation coefficients. These will be referred to as reference 
surfaces and target surfaces. 

Two examples are presented using components of the US Army Research 
Laboratory (ARL) human body model, which is based on 50th percentile male 
geometry. The ultimate goal of the procedure is to define a set of reference vertices 
and a matching set of target vertices with an updated location. The scaling 
procedure is currently in a generalized state where the reference and target vertices 
must be created by the user using the tools available in Blender. The best method 
to do this is dependent on the specific problem. The examples presented in this 
report demonstrate two possible methods that can be used obtain the reference and 
target vertices.  

The first example uses the torso model that contains the ribs, thoracic and lumbar 
vertebrae, clavicle, scapula, organs, homogenized flesh, and skin.  The chest depth 
and width measured at the 4th rib interspace are reduced to 78.8% and 85.4% of 
their initial dimensions, respectively. The goal of this example is to show how 
scaling can be applied to a complex system made up of skin, bones, and organs 
using simple shapes that represent the topology of the body. This method is useful 
when attempting to scale a component of the body without detailed sizing 
information available. The procedure is illustrated in Fig. 1. Planes are created in 
Blender along the length of the torso in the body’s transverse plane that will be used 
as the reference and target surfaces. This allows adjustments to the full model by 
moving a reduced number of vertices compared to editing the full surface. The first 
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plane is created at the 4th rib interspace to match the location where the 
measurements of torso depth and width are made. Other planes are made at 
locations that can capture the shape of the body. The reference planes are shown in 
Fig. 1a. The vertices marked with the red dot are initially at the exterior surface of 
the skin. These vertices can slide along their connected edges to adjust the chest 
depth and width. Motion of the lateral vertices is mirrored to ensure that chest width 
remains symmetrical. Figure 1b shows the updated target planes with the moved 
vertices marked by blue dots and their original positions marked by hollow red dots. 
The coefficients of the RBF interpolation are found using the change in position of 
the vertices between the reference and target planes, and the morph is applied to the 
volume mesh.  

 

Fig. 1 The process of using simplified surfaces in Blender to define reference and target 
surfaces: a) vertices on the initial surfaces can slide along edges; b) vertices are moved inward 
to define a morph with reduced chest width and depth
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The second example makes use of the full surface of the calcaneus to define a more 
complex target surface. The goal of this example is to show the ability to make 
detailed adjustments to individual components. Shell elements from the initial mesh 
are imported into Blender to define the reference surface. This surface is then 
duplicated to make a new target surface that is edited directly. This method is most 
useful when volume image stacks such as magnetic resonance imaging (MRI) or 
computed tomography (CT) provide detailed information about the target shape. 
The largest translation between vertices of the reference and target surface is 5.9 
mm and the new volume is 8.5% larger than the original calcaneus. This is 
illustrated in Fig. 2 where the red surface is the imported calcaneus reference 
surface and the blue surface is the edited target surface. This approach allows for 
an irregular target surface to be easily created. However, it is limited by the number 
of vertices on the surface and memory required to solve for the coefficients of the 
RBF interpolation using the linear system. Computational costs can be reduced by 
simplifying the imported surface by merging surface vertices before the target 
surface is edited or by applying the morph based on a subset of vertices on the 
surface. 

 

 

Fig. 2 The initial imported calcaneus mesh (red) is duplicated and edited to create a target 
surface (blue) 

3. Results 

A morph is considered successful if it is able to achieve the desired change in size 
and shape while maintaining the quality of the mesh. ANSYS ICEM CFD meshing 
software is used to calculate the determinant as a metric of element quality, and a 
histogram is shown for all example problems. 

The results of the torso scaling are shown in Fig. 3. The initial torso mesh is shown 
in red, and the torso with reduced chest depth and width is shown in blue. This 
image shows that the simplified surfaces that were used to define the morph 
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produced a smooth scaling over the length of the torso. Initial element penetration 
is not detected in the initial or scaled mesh. The torso initially has a minimum 
determinant of 0.02 with an average determinant of 0.64. After applying the morph, 
the minimum determinant is 0.02 with an average determinant of 0.64. Figure 4 
shows a histogram of the percent of elements in each quality range that results from 
reducing the depth and width of the torso mesh. This plot shows that the percentage 
of elements in each quality range remains similar before and after the morph is 
applied.  

 

Fig. 3 Torso mesh before (red) and after (blue) the RBF interpolation is applied to reduce 
the chest depth and width 

 

 

Fig. 4 Histogram of element quality between the initial torso and a torso with reduced chest 
width and depth 
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Figure 5 shows the morphed calcaneus mesh overlaid with contour lines of the 
target surface. The outer surface of the calcaneus mesh matches well with the target 
surface because all of the surface nodes were used as reference and target points. 

 

Fig. 5 Morphed calcaneus mesh overlaid with contour lines of the target surface 

The calcaneus initially has a minimum determinant of 0.2 with an average 
determinant of 0.72. After applying the morph, the minimum determinant is 0.13 
and the average determinant is 0.70. Figure 6 shows a histogram of the determinant. 
The percent of elements remains similar in all quality ranges except for the highest 
and lowest determinant ranges. There is a drop in the percentage of elements in the 
quality range between 0.9 and 1.0, and there are also a small number of elements 
where the determinant has been reduced below the initial minimum quality. An 
additional smoothing operation performed in ICEM CFD is able to improve the 
minimum determinant from 0.13 to 0.28. Smoothing the mesh improves lower-
quality elements but is not able to correct the loss in quality at the higher range. 
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Fig. 6 Histogram of element quality between the initial and morphed calcaneus 

4. Discussion 

The goal of this work is to develop a means to easily apply RBF-based mesh 
morphing. To accomplish this goal, the procedure has been integrated into an 
established software to assist with defining the necessary parameters. Blender 
integration allows for both complex and simple scaling to be defined with a 
powerful graphic interface that offers many tools for moving and modifying 
surfaces and vertices. The examples provided here show that individual 
components as well as complex systems can be scaled and morphed without 
significant loss in element quality. 

The tools that have been developed are currently in a generalized state. Examples 
are provided with application to the human body, but these tools can be applied to 
any FE mesh or faceted geometry. The generalized approach allows for flexibility 
in defining the morph, but also depends on the user to provide surfaces to use as 
input. Scaling of the human body could be streamlined based on anthropomorphic 
criteria. It is possible for future work to provide predefined shape changes for a 
variety of body types without the need to create reference and target shapes. This 
would simplify the use of the mesh morphing tools when applied to the human 
body. Also, methods to directly use medical images such as MRI or CT to define 
reference and target points would provide additional utility as an alternative 
approach.  

The mesh morphing process has several limitations. Attempting to apply rotations 
that cause large changes in curvature to a surface can result in poor quality or 
inverted elements. Movement of vertices perpendicular to the reference surface 
normal can result in shearing of elements. This is minimized in the calcaneus 
example by using Blender’s normal translation mode and proportional editing when 
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creating the target surface. However, editing of a full surface is still more difficult 
to control compared to using a lower number of reference points. This is why the 
calcaneus example produced more loss in element quality compared to the torso 
example.  

Finally, care must be taken to choose reference and target points that can prevent 
unwanted deformations. All reference points are weighted when applying the 
morph to the nodes based on the radial kernel of the RBF. Stationary target vertices 
where the reference position is the same as the target position can be used at 
boundaries to minimize unwanted deformation. The accuracy of this procedure is 
based on the number of vertices that are used. As an example, the skull mesh is 
included in the previous torso scaling example. A box is created around the head 
and used to define a grid of 184 stationary vertices within the box to prevent 
deformation of the skull. The largest error that results from this is 0.25 mm. Parts 
of the mesh can also be specified in the script to be ignored when applying the 
interpolated translation to fully prevent deformation. However, this can result in 
overlapping elements at boundaries and should also be used with care. 

Other limitations of the process are the time and memory required to calculate the 
morph coefficients, which are based on the number or reference points. Figure 7a 
shows the time required to solve the linear system to find the morph coefficients 
when run on an Intel Xeon E5-2620 processor at 2.4 GHz relative to the number of 
reference points used. Figure 7b shows the memory requirement relative to the 
number of reference points. In both plots the markers are measured values, and the 
dashed line is a projected curve from a power law line fit. The calcaneus example 
shown here makes use of all of the surface vertices. This full surface-based scaling 
approach is prohibitively expensive with larger components that contain more 
nodes. In this case, it would be necessary to select a limited number of vertices from 
the surface to be used as reference and target points. An example of scaling applied 
to the calcaneus using a simplified representation of the surface rather than the full 
set of surface vertices is shown in Fig. 8. Panels a and b are the initial calcaneus 
surface and simplified reference surface, respectively. Panels c and d are the 
detailed target calcaneus from the original example and the new simplified target 
surface, respectively. The vertices are created on landmarks on the calcaneus in 
order to optimize the process to give reasonably detailed results with a minimal 
number of vertices. Panel e shows the resulting mesh overlaid with contour lines of 
the original target surface. In this example, the simplified calcaneus surface has 20 
vertices compared to 834 vertices on the original surface. The mesh that results 
from using the simplified target surface does not exactly match the ideal target but 
provides a reasonable scaling and similar element quality distribution using a 
limited number of vertices. 
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Fig. 7 a) Time and b) memory requirements to perform an RBF morph based on the 
number of reference points. Both requirements increase relative to the number of reference 
points based on a power law. 

 

 

Fig. 8 a) Initial calcaneus surface, b) simplified reference surface, c) detailed target surface, 
d) simplified target surface, and e) resulting mesh overlaid with contour lines of the detailed 
target surface 
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5. Conclusion 

This report demonstrates the use of RBF interpolation to apply a morph to an FE 
mesh. Tools using the Blender software have been developed to more easily define 
the parameters used to calculate the coefficients of the RBF interpolation. This 
procedure has many applications in modeling the human body. Models can be 
adjusted to better match the geometry of experiments for validation. The ability to 
change the size of a model also allows for parametric studies to investigate how 
body shape influences the response under various loading conditions.  
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