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Abstract

A finite element human body model (FE HBM) is a detailed virtual model of the human body
that, for example, is used for simulating traffic accidents. A problem with HBMs is that there
is no simple way to position the HBMs in non-standard positions. As different postures during
an impact will affect the body in different ways it is vital to have the ability to position the
HBM:s. In this project it was investigated if it is possible to position a HBM from THUMS, by
first positioning only the skin and skeleton, as control points, in the 3D-graphics program
Blender. Thereafter a radial basis function interpolation is utilised to morph the rest of the
HBM into the new position. The results indicate that in theory, it is possible to position a
HBM using a 3D-graphics software. However, the method developed in this project resulted
in a disfigurement of the morphed model. The disfigurement is possibly due to the change in
distance between the skin and skeleton when positioning those body parts in Blender.

Keywords: Human Body Model, HBM, positioning, THUMS, Blender, Radial basis function.
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Sammanfattning

En finit element ménniskokroppsmodell (FE HBM) ér en detaljerad virtuell modell av
ménniskokroppen som exempelvis anvinds for att simulera trafikolyckor. Ett problem med
HBM:er ér att det inte finns nagot enkelt sdtt att positionera dem i annat dn
standardpositioner. Eftersom olika kroppsstédllningar paverkar kroppen pé olika sitt under en
kollision dr det viktigt att ha mojlighet att kunna positionera en HBM. I detta projekt
undersoktes om det dr mdjligt att positionera en HBM fran THUMS, genom att forst
positionera endast huden och skelettet, som kontrollpunkter, i 3D-grafikprogrammet Blender.
Direfter anvindes en radiell basfunktionsinterpolation for att flytta resten av HBM till den
nya positionen. Resultaten indikerar att det 4r mdjligt att positionera en HBM med hjilp av ett
3D-grafikprogram. Metoden som utvecklades i detta projekt resulterade dock i en
deformering av den positionerade modellen. Deformeringen beror mojligen pé att avstdndet
mellan hud och skelett é&ndrades vid positioneringen av dessa kroppsdelar i Blender.

Nyckelord: Mdnsklig kroppsmodel, HBM, positionering, THUMS, Blender, Radiell
Basfunktion
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1 Introduction

As of 2022 an estimated number of 1.35 million people die and up to 50 million people are
injured in traffic accidents each year [1]. Traffic accidents is the leading cause of death for
children and young adults, as well as the eighth leading cause of death for all age groups [1].
Enhancement of vehicle safety, through improvements in both protection during accidents
and in accident-avoidance systems, is one way to reduce these numbers.

Traditionally traffic accident simulations have been done with physical tests, involving
mechanical crash test dummies. But these physical dummies are both limited in their
composition and more costly than a virtual model [2]. In later years virtual simulations of
traffic accidents with finite element (FE) human body models (HBMs) have become more
common in traffic safety studies, both in accident simulations [3-4] and in accident-
avoidance system testing [5] . FE HBMs have an advantage over physical test dummies in
that they mimic the human body more precisely [6]. Consequently, the effect an impact has
on the human body can be studied in greater detail using an HBM compared to a classical
test dummy.

There are several different HBMs, VIVA+ [7], THUMS [8], PIPER [2], SAFER [3][9], to
name a few. A problem with HBMs is that it is challenging to positioning the HBMs in
nonstandard positions. One approach to solve the positioning problem is to first position
certain control points of the model and then interpolate a function to morph the rest of the
HBM into the new position [10].

In this project a new approach to the positioning challenge was tested, by positioning the
skin and skeleton of two different THUMS V4 HBMs in the 3D-graphics program Blender.
After positioning, the skin and skeleton were used as control points in a radial basis function
(RBF) interpolation to morph the HBM into the position.

1.1 Aim

The aim of this project was to develop a new method for positioning human body models via
the 3D-graphics program Blender version 3.4.1 combined with an RBF interpolation.






2 Background

When aspiring to improve vehicle safety, it is important to understand the effect a traffic
accident will have on the human body. This understanding can be gained through crash tests,
wherein a model is exposed to a simulated collision to study potential injuries. Traditionally
crash test has been conducted with physical crash test dummies. However, these tests are
both expensive and limited in their ability to provide detailed information about the effect an
impact has on the human body [11]. These limitations arises from the fact that physical test
dummies is limited to predetermined characteristics such as weight, height, age and other
compositions such as skin elasticity, muscle mass, fat tissue et cetera [11].

In this chapter, the human body model and its positioning challenge is introduced in sections
2.1 and 2.2. A short introduction to Toyotas human body models, THUMS, is provided in
section 2.3, and an introduction to the main software used, LS-PrePost and Blender, in this
project are provided in section 2.4 and 2.5 respectively. Lastly, radial basis function
interpolation and element quality checks are explained in section 2.6 and 2.7 respectively.

2.1 The HBM

An FE HBM refers to a fully functional virtual model of the human body, containing all the
essential parts of the body such as skin, bones, organs, ligaments et cetera [6]. An FE HBM
is made up of a mesh [12]. The mesh is composed of nodes (vertices), connected by a line,
called an edge, and the resulting geometrical shape is called an element (face) [13]. The
mesh is used to implement the finite element method (FEM) in the simulations [14].

2.2 The HBM positioning challenge

A human's posture during a traffic accident can affect the consequences of the impact [15].
To gain more insight in how different positions affect the human body in traffic accidents,
simulations in different positions must be done. However, the positioning of a FE HBM is a
challenging task, since unlike a physical dummy, the positioning of an HBM is not
straightforward, due to the deformation and interactions of the different parts of the finite
element model.

A solution to the positioning problem has been developed in the PIPER project (Position and
Personalize Advanced Human Body Models for Injury Prediction), during which a graphical
user interface for the personalization and positioning of HBMs was created [16]. However,
the PIPER tool solution is not as simple as importing an HBM into a positioning tool and
starting the positioning process. It requires additional files with metadata that contain
landmarks and control points [17].

2.3 THUMS

In this project HBMs are downloaded from THUMS (Total HUman Model for Safety).
THUMS are HBMs developed by Toyota which was made freely available in January 2021
[18]. THUMS provides multiple HBMs consisting of bones, ligaments, muscles and organs
[8]. Different parts of the THUMS model AF05 V4.02 Pedestrian are shown in Figure 1,
below, where it also can be seen that the HBM is built up with different colours to make it
easier to differentiate between the different parts of the model.



one side visible c) Only skin d) Only skeleton

2.4 LS-PrePost and LS-DYNA

LS-PrePost and LS-DYNA is software provided by ANSYS. LS-PrePost is used for the
creation and editing of FE models and visualization of results of simulations in LS-DYNA
which is a software where physical simulation can be performed with the finite-element
method (FEM) [19]. In this project LS-PrePost is used for the extraction of the skin and
skeleton from an HBM, and for visualization of HBMs morphed to new positions.

2.5 Blender

Blender is a free 3D-graphics software. In this project Blender is used to rig (see Rigging
below), and then position, the skeleton and skin from an HBM, to make them move together.
Below are some Blender terms.

Scene: The scene in Blender is the graphical user interface where the objects being worked
with can be displayed and manipulated.

Modes: There are multiple modes in Blender where different tasks can be performed. The
most common modes are Object-mode, Edit-mode, Weight Paint-mode and Pose-mode.
Rigging: Rigging is a term which means that controls are added to an object so that the
object can be manipulated [20].

Rigify: Rigify is an add-on that, if activated, provides access to premade bone models and
rigging functions [20]. The premade bone-model used in this project is called “Basic Human
(Meta-Rig)” and is referred to as the “meta-rig”. Rigify has a built-in function, “Generate
Rig”, which generates steering controls for the rig [20].

Weight painting: How much a part (node) of a rigged model will move with a specific
control is determined by how much weight (0 to 1) that is associated with the specific node
[20]. In weight painting, the weights of the nodes are represented by a colour scale from blue



to red, where blue means 0 (minimum) weight and red means 1 (maximum) weight [20]. The
weights of the nodes can, through weight painting, be changed by painting them in the
colour that represents the desired weight.

Decimate: Blender has a built-in modifier for decimation of the model called “decimate”.
The modifier decreases the number of faces in the model by a chosen ratio, for example a
ratio of 0.1 decimates the number of faces to 10% of the original number of faces.
Parenting: An object can be set to another objects parent. The object who gets a parent is
called a child, of the parent. After parenting, the child object will follow the movements of
the parent object.

IK and FK

Inverse kinematic (IK) and forward kinematic (FK) are two different ways that a rigged
object can be moved in Blender. With FK, each part of the rigged object is moved
individually. With IK, parts higher up in a hierarchy will move automatically when one part
of the object is moved. For example, if the hand of a rigged skeleton is moved with IK
controls, then the whole arm will follow, automatically. With FK, the hand can be rotated in
relation to the arm, but the arm must be moved for the hand to move in space.

IK stretch

IK stretch is a property that can be set between 0 and 1 for an object that has been rigged
with the rigify function “Generate Rig”. With IK stretch set to greater than 0, the rigged
object will stretch when moved with the IK controls. The object will stretch the most when
IK stretch is set to 1. For example, for a rigged skeleton, IK stretch will make the bones
longer when the skeleton is moved with IK controls.

2.6 Radial basis function

After rigging and positioning the skin and skeleton in Blender, the nodes of the skin and
skeleton are utilised to morph the full HBM into the new position. In this project, a premade
executable file (krbf.exe 2023 v1.9.4, provided by project supervisor Xiaogai Li) are used
for the morphing by a radial basis function interpolation.

A radial basis function (RBF) is a mathematical algorithm that can be used to approximate a
function s(x) given the datapoints (x;, f(x;)). The main part of an RBF is the radial

function ¢ (r) which is a function depending on the Euclidian distance, r =|| x — y |I,
between the input vectors. See Table 1 for some examples of radial functions [21].

Table 1. Four examples of Radial functions, ¢ is a constant.

Name o(r)
Linear r
spline

Cubic spline r3
Gaussian e—(er?)
Thin plate 2 In(r)
spline

An RBF in its simplest form is given by Equation ( 1 ) and ( 2 ) [21].

f(x) = s(x) = Xz, wip(l x — x; 1) (1)



yi~s(x) =T wo(lx;—x; 1), j=1,2,..,n (2)

where w; are weights.
@(Il x; — x; 1) = @;(x;) is the radial function.

If we define w,y and H as:

P1(x1) o @ulxy)
w = [Wl, ...,Wn]T y = [}’1: ---'J’N]T H = : :
?1 (xn) (pn(xn)
then Equation ( 2 ) can then be written as:
y = Hw (3)

With y and H known, the weight coefficients can be solved for from Equation ( 3 ).

In this project an RBF is used to interpolate a function that maps nodes from a baseline
position to a target position, which are represented by vectors in R3. The nodes of the
baseline position are the nodes in the original HBM, and the target nodes are the same nodes
as in the baseline position but moved to a new position. Only the skin and skeleton nodes are
used to build the function. The final function are then used to move the rest of the HBM to
the new position according to Equation ( 4 ).

xtarget = Xpase + S(xbase) ( 4 )
which can be rearranged to:
S(xbase) = xtarget — Xpase (5 )

where s(x) is an displacement vector with an RBF approximation in each direction
separately, given by Equation ( 6 ) [21].

dy (%)
s(x) = |dy @) (6)
d,(x)
where d;(x) = S, w/ ol x —x; 1), j =xy,2

With the known baseline and target vectors of the skin and skeleton, the weights in s(x) are
solved for, in each direction separately, according to Equation ( 8 ).

dj(xbase) = (xtarget - xbase)j (7)

J _
?=1 w; (,0(" Xpase — Xi ”) - (xtarget - xbase)j ( 8 )

where x; is the i-th baseline vector. Setting up ( 8 ) for all n pairs of known x5, and



Xtarget> yi€lds n equations and n unknown Wl-] in each separate direction j = Xx,y, z.

Regularization

If the RBF interpolation is done as described above, the resulting function will map all the
data points that were used to generate the function, exactly. This can become a problem if
the data is noisy, because then the noise will affect the resulting function. This problem can
be resolved by regularization. With regularization, Equation ( 3 ) is replaced by the
following minimization problem [22], to be solved for w:

min,{|[Hw — y||I* + Mlw||*} (9)

where A is a chosen constant. Equation ( 9 ) has a penalty term for w, hence, the weight
vector w should fit the training data well but the length of the vector should be kept short.
With regularization the resulting function will not map all the training data exactly.
Regularization was not used in this project, as it increases computing time, and the data was
not especially noisy.

2.7 Element quality

To control if the morphed HBM is suitable for a simulation, the element quality should be
checked. The element quality of a FE model can be checked with the Jacobian [23]. The
Jacobian indicates how much the shape of the element differs from an ideal shape, with
straight edges [23]. The ideal shape would give a Jacobian value of 1.0 [23]. A negative
value of the Jacobian indicates a collapsed element, where the edges cross over each other,
which would cause problems in a simulation [23].






3 Method

Two HBMs, AF05 V4.02 Pedestrian (adult model) and 3YO V4 Occupant (child model),
were downloaded from THUMS [24]. For each model, the following method was
implemented, which included the extraction of the skin and skeleton from the HBM, rigging
and positioning the skin and skeleton in Blender, and morphing the full HBM into the new
position, using RBF interpolation. The RBF interpolations were performed on a computer
equipped with an 11th Gen Intel Core 17-11700 2.50 GHz processor and 32 GB of random-
access memory. Any variations in the method between the two models are specifically
indicated.

3.1 Pre-processing of THUMS-model in LS-PrePost

The model was imported into LS-PrePost V4.10.1 (ANSYS, Canonsburg, Pennsylvania,
USA). The skin and the skeleton components were separated from the model and were saved
as two separate stl files.

3.2 Rigging of skeleton and skin in Blender

The addon “Rigify” was activated in Blender v 3.4.1 (Blender Foundation, Amsterdam,
Netherlands) to access ready-made bone models and rigging functions. The stl files with the
skeleton and skin were imported in Blender. The skeleton and skin were scaled down,
together, to a size where it was possible to rotate the view without having the skin and
skeleton disappearing from the scene. The skeleton was separated into its loose parts.
Duplicates in the skeleton were deleted and the skeleton was rejoined.

rig, in Blender. Before (left) and after (right) positioning of the meta-rig in the skeleton.

Rigifys pre-made bone-model "Basic Human (Meta-Rig)" was added to the scene. The meta-



rig was positioned in the imported skeleton, see Figure 2. The models were then rigged in
two different ways. The 3YO V4 Occupant model was rigged through the rigify-function
"Generate rig". After the rig was generated, all IK stretches were set to 0 by running a script
(see Appendix 1) in Blender. The skin was attached by parenting the generated rig to the
skin, with automatic weights. The AF05 V4.02 Pedestrian model was rigged by parenting
the meta-rig to the skeleton, with automatic weight. The skin was attached by parenting the
meta rig to the skin, with automatic weights.

3.3 Weight-painting in Blender

The skeleton was separated into its loose parts. The weight distribution of each individual
part were checked. The parts that should not affect the selected part were removed. In Figure
3 the weight distribution for the left thigh is shown. The influence of the left hand was
removed by clicking the cross followed by clicking Normalize and then Copy. The same
process was done for all loose parts of the skeleton. The skeleton was then rejoined.

* Edit Mode [Qm 12, Global - - - N\ © & @ ‘
[ = NCH ua g Options
Median

(1) AF05_V4.02_SKELETON.036

10 Meters - O
-

X -17.212 m
Y -94.102 m
z -306.46 m

cona N

Mean Bevel Weight 0.00
Mean Vertex Crease 0.00

Edges Data
Mean Bevel Weight 0.00
Mean Crease 0.00

v Vertex Weights g

All Deform Other
hand.L 00 K| X
thight 09 R X

Normalize Copy

= > Select Linked
aa

Figure 3. The skeleton of the THUMS AF05 V4.02 Pedestrian model in Blender. The red arrow
points at the left thighs weight distribution, with the Normalize and Copy buttons below.

The following process was then followed for weight painting. The skin and skeleton were
weight painted separately until they moved naturally by visual inspection. Skeleton parts that
were challenging to weight paint correctly, when the whole skeleton was selected, were
instead weight painted with the skeleton separated into its individual parts, as described
above. See Figure 4 for an illustration of the difference between weight painting with and
without the skeleton separated.

10



> Symmetry

Figure 4. The skeleton of the THUMS AF05 V4.02 Pedestrian model being weight painted in
Blender. a) Weight painting upper left arms movement effect on the left shoulder blade separately. b)
Weight painting upper left arms movement effect on the whole skeleton.

3.4 Positioning tests of rigged AF0S V4.02 Pedestrian model

The movement limits for the arms and legs, with the skin and skeleton together, of the rigged
AF05 V4.02 Pedestrian model were tested. The tests were done by rotating the models’ hip,
knee, elbow, and shoulder joints one at a time, through normal human motion paths, until a
problem was found (bones protruding through the skin, unnatural folding et cetera).

3.5 Decimation and positioning of model before interpolation.

The skull, hands, and feet were removed from the skeleton of the 3YO V4 Occupant model.
The Decimate modifier in modifier properties was used to decimate the number of faces in
the models to different ratios, see Table 2, with symmetry along the sagittal plane.

Table 2. Decimation ratios used for the different models.

Model Decimation ratio
AF05 V4.02 Pedestrian Skin: 0.125
Skeleton: 0.125
3YO V4 Occupant Skin: 0.2
(Without the skeletons skull, Skeleton: 0.15
hands and feet)

The model was scaled up to its original size and the baseline model (the not positioned
skeleton and skin) was exported as a stl file. The model was then positioned in a desired
position in Pose mode, using the rigged controls. AF05 V4.02 Pedestrian was positioned in 2
different positions, Position 1 and Position 2. Position 1 was positioned according to the
values in Table 3. Position 2 was positioned according to the values in Table 4. 3YO V4
Occupant was positioned, in position 3, according to the values in Table 5. The body parts not
mentioned in Table 3-5, were not manipulated. All positions were exported as stl files as

11



target models (positioned skeleton and skin) to their corresponding base model.

Table 3. Coordinates of start and end positions for AF05 V4.02 Pedestrian from base to position 1.
Coordinate are given in the “Axis angle”-coordinate system, in Blender.

AF05 V4.02 Pedestrian

Start position (W, X, Y, Z)

End position (W, X, Y, Z)

Position 1
Part
Right forearm (0°,0,1,0) (42.9°,0.960, .192, -.204)
Left forearm (0°,0,1,0) (30.9°,0.960, -.192, .204)
Right thigh (0°,0,1,0) (34.1°, -1, 0.001, 0.003)
Left thigh (0°,0,1,0) (12.7°,0.003, 0.003, -1)
Right shin (0°,0,1,0) (33.2°,0.999, 0.040,

0.000135)

Table 4. Coordinates of start and end positions for AF05 V4.02 Pedestrian from base to position 2.
Coordinates are given in the “Axis angle”-coordinate system, in Blender.

AF05 V4.02 Pedestrian Start position (W, X, Y, Z) End position (W, X, Y, Z)
Position 2
Part
Right upper arm (0°,0,1,0) (40.5°,0.167, .036, -.985)
Left upper arm (0°,0,1,0) (40.5°,0.167, -.036, .985)
Right thigh (0°,0,1,0) (48.6°, -1, 0.001, 0.003)
Left thigh (0°,0,1,0) (48.6°, -1, 0.001, -0.003)
Right shin (0°,0,1,0) (35.9°, 0.999, 0.040, -
0.000136)
Left shin (0°,0,1,0) (35.9°,0.999, -0.040, -
0.000136)

Table 5. Coordinates of start and end positions for 3YO V4 Occupant from base to positioned.
Coordinate are given in the “Axis angle”-coordinate system, in Blender.

3YO V4 Occupant Start position (W, X, Y, Z) End position (W, X, Y, Z)
Position 3
Part
Right upper arm (0°,0,1,0) (80.3°,0.022, -0.038, -0.941)
Right hand (0°,0,1,0) 60°, 0.476, 0.878, 0.055
Left thigh (0°,0,1,0) (0°,-0.1, 0.35)
Left foot (0°,0,1,0) (64.8°, -1, 0, 0)

3.6 Interpolation and element quality check

An RBF algorithm executable file was used for the interpolation (krbf.exe 2023 v1.9.4,
provided by project supervisor Xiaogai Li). The baseline and target models were converted
to separate k files and were used as inputs in the interpolation program together with their
corresponding original HBM. Both models, in all positions, were interpolated with linear
radial basis function, without regularization. After the interpolation the shell elements of the
morphed models were quality checked in LS-PrePost, using the Jacobian with minimum
allowable Jacobian value of 0.0, 0.1 and 0.7. The element qualities of the corresponding base

models were also checked.
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4 Results

In this chapter, the results from executing the described method are presented. The results
include how many nodes and elements the models had, the results of the positioning tests of
the AF05 V4.02 Pedestrian model, the results of morphing both models by RBF
interpolation, and the results of the element quality checks of the morphed models.
Furthermore, the AF05 V4.02 Pedestrian model will also be referred to as the adult model
and the 3YO V4 Occupant model will also be referred to as the child model.

4.1 Pre-processing of THUMS-model in LS-PrePost

The AF05 V4.02 Pedestrian model consists of 878461 nodes and 2514872 elements. The
extracted skeleton consisted of 115039 nodes and 230122 elements. The extracted skin
consisted of 114993 nodes and 240208 elements.

The 3YO V4 Occupant model consists of 828608 nodes. The extracted skeleton consisted of
93480 nodes and 191487 elements. The extracted skin consisted of 81585 nodes and 163166
elements.

4.2 Positioning tests of the rigged adult model

The adult model was tested in multiple positions. Problems that arose are shown in Figure 5-
7. Specific problems that are shown in the figures include, the forearm penetrated the upper
arm, (Figure 5a), the shoulders caved in when rotating the shoulder joint upwards, (Figure
7b) and the skeleton protruded through the skin in multiple positions (Figure 5b, 6b and 7a).
In the figures in this section, the rotation angle, W, is the rotation from the baseline position
of the model.

49.7°

0.999
-0.040
-0.000135

EE‘ > Properties i
Figure 5. The skeleton and skin of the THUMS AF05 V4.02 Pedestrian model, rigged in Blender. W
is the rotation angle from the baseline position of the joint. a) Left forearm rotated 125° from base
position, forearm penetrates the upper arm. b) Left knee joint rotated 49.7° backwards from the
base position, bone protrudes through the skin by the knee (seen inside the red circle).

13



Pro| ;;‘;;:] 3 =
Figure 6. The skeleton and skin of the THUMS AF05 V4.02 Pedestrian model, rigged in Blender. W
is the rotation angle from the baseline position of the joint. a) Hip joint rotated backwards 79.9° from
the base position, backside of the hip area caves in. b) Hip joints rotated forward 60.8° from the base
position, bone protrudes through the skin by the hip (seen inside the red circle).

Figure 7. The skeleton and skin of the THUMS AF05 V4.02 Pedestrian model, rigged in Blender. W
is the rotation angle from the baseline position of the joint. a) Shoulder joint rotated to the side
168°from the base position, bone protrudes through the skin by the armpit (seen inside the red circle).
b) Shoulder joint rotated to the side 76.7° from the base position, shoulder caves in.

4.3 Morphed HBMs by RBF interpolation

After decimation in Blender, the AF05 V4.02 Pedestrian model had 24128 nodes and 52965
elements in Blender and, 23974 nodes and 52965 elements in LS-PrePost. After decimation
in Blender, the 3YO V4 Occupant model had 25157 nodes and 52792 elements in Blender
and the same in LS-PrePost. The interpolation results from running the RBF algorithm
executable file are presented below.

Adult model interpolations

The baseline (red) and target (blue) positions of the adult model in position 1 are shown in
Figure 8. The baseline and target positions are overlapping each other to indicate where the
difference between the positions lies. The base model is shown in Figure 9a and the model
morphed to position 1 are shown in Figure 9b-d, from different angles. Close ups of the rib
area, that are shown in Figure 10a-b, indicates no visual problems. The right forearm of the
morphed model, shown in Figure 10c, compared to the right forearm of the base model,
shown in Figure 10d, indicates a possible problem with the area of the forearm, close to the
elbow joint.
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Figure 8. The skin and skeleton of the THUMS model 4F05 V4.02 Pedestrian in position 1 (blue),
overlapping with the baseline position (red), shown in LS-PrePost. a) Front b) Right side ¢) Back

Figure 9. The THUMS AF05 V4.02 Pedestrian model. a) Base model. b) Front of model, morphed to
position 1. ¢) Right side of the morphed model in position 1. d) Back of the morphed model in
position 1.
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Figure 10. Close up of rib area of the THUMS AF05 V4.02 Pedestrian model after morphing to
position 1. a) Skeleton of morphed model. b) Skin of morphed model. c¢) Right forearm bones of
morphed model. d) Right forearm bones of original base model.

The baseline (red) and target (blue) positions of the adult model in position 2 are shown in
Figure 11. The base model is shown in Figure 9a. The model morphed to position 2 are
shown, from different angles, in Figure 12a-c. Problem areas can be seen in the rib areas and
on the upper arms, where the skin is forming unnatural wave patterns. Close ups of the rib
area are shown in Figure 13, both in Blender (b and d) and in LS-PrePost (a and c). In Figure
13a, a wave-like form of the ribs of the morphed model can be seen. In Figure 13c, the skin
in the rib area of the morphed model does not look natural and the skin under the arm is
hanging down, this can be compared to the smooth surface in the same area of the model
morphed to position 1, displayed in Figure 10b. As seen in Figure 13b and d, the same
problems did not occur in Blender before the interpolation.

Figure 11. The skin and skeleton of the THUMS AF05 V4.02 Pedestrian model in position 2, shown
in LS-PrePost. Baseline position (red) and target position (blue). a) Front b) Right side ¢) Back
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Figure 12. The complete THUMS AF05 V4.02 Pedestrian model, morphed to position 2. a) Front b)
Right side ¢) Back

Figure 13. A problem area after the morphing of the THUMS AF05 V4.02 Pedestrian model to
position 2. a) Rib area of the skeleton of the morphed model. The ribs have an unnatural wave-like
form. b) The skeleton of the model in Blender (before morphing). ¢) Skin of morphed model. The
skin is not smooth by the ribs and the skin is hanging from the upper arm. d) Skin of the model in
Blender (before morphing).

Child model interpolations

Figure 14a shows the child base model. The target position (blue) overlapping with the
baseline position (red) are presented in Figure 14b. The child model morphed to the new
position is shown in Figure 14c. Figure 14 highlights a problem area of the morphed child
model. Figure 14a and 15b shows the morphed model in LS-PrePost. Figure 14a highlights
the deformation of the skeleton and Figure 14b shows the deformation of the skin. Figure
14c and d show the corresponding areas before the interpolation, observed in Blender. The
issues with this area include distortion in the thorax region, a wave-like deformation of the
bones of the ribcage and that the skin is pulled out from the rib area. Similar deformations
are occurring on the upper arm, that is a wave-like deformation and hanging skin.
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Figure 14. The THUMS 3YO V4 Occupant model. a) Complete base model b) Baseline position (red)
and target position (blue) of skeleton and skin, positioned and decimated in Blender with decimation
ratio 0.15 for the skeleton and 0.2 for the skin. ¢) Morphed model, morphed with linear radial
function and no regularization.

Figure 15. Problem areas after the interpolation (picture taken of model morphed with linear radial
function, with no regularization) of the THUMS 3YO V4 Occupant model with decimation ratio 0.15
for the skeleton and 0.2 for the skin. a) The skeleton of morphed model. The arm bone has an
unnatural shape, the ribs and scapula have wave-like forms. b) The skin of the morphed model. The
skin is hanging from the upper arm and the skin is pulled out from the rib area. c¢) The skeleton of the
model in Blender (before interpolation). d) The skin of the model in Blender (before interpolation).
Problem with stretched skin by the armpit.

4.4 Element quality check

The element qualities are presented in Table 6, below. In the table it can be seen that
significantly more elements in the morphed models fail the tests compared to their
corresponding base model. Additionally, all the morphed models contain elements with
negative Jacobian values. It can also be seen that position 1 is the position that differs the
least from its corresponding base model, when looking at violated elements with minimum
Jacobian values of 0.1 and 0.7.
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Table 6. Results of quality checks of the shell elements of the morphed models and the original base
models, for comparison. The element quality was checked in LS-PrePost using the Jacobian with
minimum allowable Jacobian value of 0.0, 0.1 and 0.7, indicated in parenthesis in the first row.
Violated (%) are the percentage of the elements that had a Jacobian value smaller than the minimum
allowable Jacobian value. Min. val and Max. val are the minimum and maximum Jacobian value for

the models.
Violated (%) | Violated (%) | Violated (%) | Min. val | Max. val
Model (0.0) (0.1) (0.7)
AF05 V4.02 0 2 10,750 0.099 1
Pedestrian (0%) (0.000358%) | (1.92%)
Base model
AF05 V4.02 7 22 12,031 -0.0954 |1
Pedestrian (0.00125%) (0.00394%) | (2.15%)
Position 1
AF05 V4.02 27 100 16,463 -0.256 1
Pedestrian (0.00483%) (0.0179%) (2.95%)
Position 2
3YO V4 0 0 12,479 0.178 1
Occupant (0%) (0%) (2.09%)
Base model
3YO V4 3 43 18,178 -0.0189 |1
Occupant (0.000502%) (0.0072%) (3.04%)

Position 3
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5 Discussion

In this chapter the method and the following results of this project are discussed. The
discussion includes rigging, weight painting, decimation, and positioning of the models in
Blender, the results of the morphing of the HBMs to the new position by an RBF
interpolation and some recommendations for future development.

5.1 Rigging, weight painting and positioning tests in Blender

The skin and skeleton were extracted from the THUMS HBMs. The number of nodes and
elements in the extracted skin and skeleton, for both models, are presented in section 4.1.
The skin and skeleton were extracted manually in LS-PrePost. As the HBMs consist of
multiple layers, different parts could have been chosen for the skin and skeleton. Therefore,
because the extraction was done manually, the extraction is a source of errors. Another
extraction may result in a different number of nodes and different elements in the extracted
skin and skeleton.

The skin and skeleton models were imported to Blender were they were rigged, weight
painted and then positioned. For the rigging, two different methods were used. Both methods
used a meta-rig as a base. The child model was rigged with the rigify function “Generate rig”
and the adult model was rigged by directly parenting the meta-rig to the skeleton and skin.
The rigify function generates more movement controls compared to the parenting method.
However, all the movement controls were not needed for the positioning done in this project.

After the models were rigged, they were weight painted. We did not manage to find a way to
automate the process of weight painting, hence the weight painting was done manually.

The manual process led to the weight painting being a source of errors. Errors both in getting
the weight painting perfect and in yielding diverse results for different users. Furthermore,
the weight painting process differed slightly between the two different rigging methods, with
the weight painting being more time consuming for the model rigged with the rigify function
compared to the parenting method.

After the models were rigged and weight painted, positioning tests were done, and
documented for the adult model in Figure 5-7. As shown in the figures the rigged adult
model exhibited unnatural movements. For example, the forearm penetrated the upper arm
beyond a certain rotation angle, the shoulders caved in when rotating the shoulder joint
upwards and the bones protruded through the skin in multiple positions. To resolve the issue
of caved in shoulders and bones protruding through the skin, sculpting of the positioned
model was tried, where sculpting means to manually adjust nodes with the help of built in
tools in Blender. However, sculpting was time consuming, challenging to get right and had
to be repeated for each new position. To avoid the need to repeat the sculpting for each new
position, a shape key can be used. A shape key works by applying a function, to a model that
has been sculpted, that changes the sculpting when the body part is moved. However, shape
keys were more challenging to get right than just sculpting alone and it got complex when
multiple areas had to be sculpted which led to multiple shape keys that affected the same
nodes. For these reasons, neither sculpting nor shape keys were used in the final method.
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5.2 Decimation and positioning in Blender

After the skin and skeleton models were rigged in Blender, the models were to be positioned
and then used in an RBF interpolation to morph the complete HBM into the new position.
However, as reported in section 4.1, the THUMS models consist of many nodes and the RBF
interpolation has a time complexity proportional to the number of nodes cubed. Therefore, to
be able to run the interpolation on regular personal computers, the number of nodes in the
models had to be decimated. The decimations were done in Blender, before the positioning
of the models, to make sure that the same nodes were removed from the baseline and target
positions. As for the decimation ratios used, the reason for using a decimation ratio of 0.125
for the adult model was because that for all higher decimation ratios, that was tried, the
baseline and target models had a difference in the number of nodes when the models were
imported to LS-PrePost (the baseline and target models have to have the same number of
nodes to be able to execute the interpolation). The node difference did not show in Blender
and the reason for this problem is not clear. For the child model a few different decimation
ratios were tested, and the ratio chosen (see Table 2) gave the best results (the least number
of nodes while keeping the structure of the model). The head, hands, and feet of the skeleton
were removed from the child model before the decimation to decrease the overall number of
nodes in the mesh, and therefore made it possible to use higher decimation ratios for the
remaining parts. The child model did not have the problem with a different number of nodes
between the target and baseline models.

After the decimation, the models were scaled up to their original size and then positioned, in
Blender. The adult model was placed in two different positions, showcased in Figure 8
(position 1) and Figure 11 (position 2). The difference between the two positions is that
position 2 is moved more from the base position than position 1. The main difference is that
the upper arms are moved in position 2, but not moved at all in position 1. This difference is
showcased because that in all trials before the final method, problems arose around the rib
and upper arm areas after the morphing was done. Similar problems were found for the child
model, but only one position was presented, see Figure 14.

5.3 Morphing HBMs by RBF interpolation

After positioning, the skeleton and skin models were used in an RBF interpolation to morph
the complete HBMs into the new positions. The provided RBF interpolation program had
four different radial basis functions that could be chosen (the same radial basis functions as
presented in Table 1, section 2.6). The choice of whether to perform the interpolation with
regularization or not, was also available. In all of the interpolations presented in this project,
the linear radial basis function was used, as the other functions did not improve the end
results, and regularization was not used, as it increased the computing time a lot.

The results of the morphing of the adult model to position 1, presented in Figure 8-10,
yielded much better visual results than the morphing to position 2, presented in Figure 11-
13. The rib area of the morphed model in position 1 (see Figure 10a and b) has no visual
distortions, neither does the complete morphed model seen in Figure 9. Both the morphed
and the original models forearm bones look twisted (seen in Figure 10c and d, respectively),
but the morphed models forearm bones look more twisted. The difference between the
models is small but it probably affects the element quality.

The adult model morphed to position 2 yielded some problems, especially in the rib area
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which are showcased in Figure 13a and c. However, the problems were not visible in the

corresponding areas of the model viewed in Blender, before the morphing (see Figure 13b
and d).

The morphed child model, shown in Figure 14 and 15, has deformations in the rib and the
upper arm areas, on both the skeleton and skin. These deformations are more prominent in
the child model, but they look very similar to the deformations of the adult model in position
2. Also, like the adult model in position 2, the same problems did not show in Blender before
the interpolation of the child model. However, the child model has an obvious problem with
the skin in the armpit area in Blender before the interpolation, as seen in Figure 15d.

As seen in Table 6, all the morphed models contain elements with negative Jacobian values,
which would cause problems if a simulation was to be run with these models. Even though
the child model got the fewest elements with negative Jacobian values, the adult model in
position 1 has the best overall element quality among the three morphed models. The main
difference between position 1 and the other positions is that in position 1, the upper arms
were not moved from the baseline position.

The fact that the problems of the adult model in position 2, see Figure 13, and of the child
model, see Figure 15, did not show in Blender, indicates that the problem arose during the
interpolation and hence, better weight painting would not solve these problems. Better
weight painting could, however, remove the problem in the armpit area of the child model,
seen in Blender before the interpolation, see Figure 15d. A possible solution to the problems
is to run the interpolations without decimating the number of nodes in the models
beforehand. This would probably remove the wave patterns, see Figure 13 and 15, in the
morphed models, as these wave patterns most likely occur due to the nodes in the affected
areas being too close to each other, in the baseline position. The closeness and the fact that
all nodes were not used to generate the displacement function, via the RBF interpolation,
causes some nodes to be mapped in between the two body parts. Making it look like some
upper arm nodes are drawn towards the ribs and vice versa. Regularization would not solve
this problem because the nodes are not resembling noisy data, the nodes from the different
body parts are not overlapping, they are separated but close to each other. However, to run
the interpolation without first decimating the number of nodes requires a lot of computing
power and would not resolve the problem that the skin is not moving relative to the skeleton
in a natural manner, when positioning the models in Blender. For example, when the upper
arm is moved, the upper arm’s bone gets closer to the skin on one side of the arm and further
away from the other side, compared to the base position. This is shown to be happening, to
some extent, in the positioning tests, see Figure 5-7, where the skeleton eventually protrudes
through the skin. This phenomenon limits how much movement that can be done and
probably causes the morphed HBMs to get stretched elements on one side, and compressed
elements on the other side of the bones, which yield worse element quality.

5.4 Final thoughts and future development

The end results of this project were not satisfactory. As discussed above, the HBMs
positioned according to the described method had visual distortions and their element
qualities were not satisfactory. However, the results indicates that it is possible for this
approach to work, as smaller movements (position 1) did yield better results. Why larger
movements yielded worse results is probably because the skin and skeleton moved relative
to each other. To solve the problem of relative movement between the skin and skeleton, a
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better way of attaching the skin to the skeleton should be found. The solution should enforce
a constant distance between the skeleton and skin, while still allowing the skin to stretch and
deform naturally. Also, with a more powerful computer, it should be tested to do the RBF
interpolation without decimating the number of nodes beforehand, to see if that improves the
results. However, as discussed earlier, when the adult model was imported to LS-PrePost
with a decimation ratio higher than 0.125, the baseline and target models had a different
number of nodes, hence, interpolation without decimation would not work for the adult
model, unless a solution to this problem is found. Furthermore, further investigation should
be made on the element quality to see which individual elements that has bad quality.

Another recommendation for future development is to, instead of using the premade meta-
rig, construct a custom rig from individual bones, similar to the meta-rig, and introduce
additional bones for the knee and elbow joints. And then use the method of parenting the rig
to the skeleton. This would allow for more control over the folding movements of the arms
and legs.
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6 Conclusion

This project failed in developing a new, fully functional, method to position human body
models via the 3D graphics program Blender combined with an RBF interpolation.
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Appendix 1: setIKstrech.py
import bpy

# Get a reference to the active armature object in the scene
armature = bpy.context.view_layer.objects.active

# Check if the active object is an armature
if armature.type == '"ARMATURE"

# Switch to pose mode
bpy.ops.object.mode_set(mode='"POSE')

# Iterate over each bone in the armature
for bone in armature.pose.bones:

# Set the IK stretch to 0
bone["IK Stretch"] = 0.0
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