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Abstract. The work describes the method of construction of a lower limb prosthesis, both below and
above the knee. It describes the computer-aided design basis and the digital patient model with which
the prosthesis is designed and tested in a fully virtual environment. The virtual patient model is the basis
of the entire system, using a biomechanical model that takes into account patient characteristics such as
anthropometric indicators. The program uses automated and knowledge-based approaches in order to
replace the current development process, mainly manual, with a virtual one. A set of tools is used to
design, configure and test the prosthesis. Prosthetic modeling allows configuring and generating a three-
dimensional model of the prosthesis. The virtual test environment allows the prosthesis to virtually
configure the artificial leg and simulate the patient's posture and movements, checking functionality and
configuration. A gait model has been developed. For this purpose, the analogy of the double pendulum
with the flesh segment of the lower limb was used, which allows to evaluate the gait model as a system
using simple final figures or connections. The system representing association of segments is used, the
energy exchange between links of the system is analyzed using the Lagrange method. The association
analysis is developed by calculating inverse kinematics, which determines the trajectory and position of
the system in order to find the forces that carry out this movement and energy transfer. Taken as a
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double pendulum, the lower limb has mass and length values based on the weight and height of each
part. The obtained values were derived from anthropometric data of the subject.

Keywords: First virtual patient, Lower limb prosthesis, Virtual prototyping, Human modeling, Gait
modeling.

1 Introduction

Many information and communications technology tools, such as computer-
aided design (CAD) and automated engineering systems, have been
developed recently to support the product development process, with the aim
of reducing the need for physical prototypes and reducing costs and time.
However, the spread of such systems 1s limited in some areas, especially
when the product requires a high level of customization and represents an
interface with the human body or its parts. An example would be artificial
prostheses, which must be designed according to the shape of a specific
anatomical area. This work is emphasized on modular prostheses of the
lower limbs, both below the knee (transtibial, TT) and above the knee
(transfemoral, TF), realized by assembling modern components in order to
obtain maximum comfort and convenience of use [1]. Most of the components
are standard, e.g. foot and knee can be selected from the manufacturer's
catalogue, while the connection should be implemented based on the patient's
anatomy. The connection is the main critical component and is designed and
manufactured almost entirely manually, relying heavily on the experience and
skills of prosthetic technicians. In addition, the patient plays a key role in the
production process, since both standard and specially selected components
are selected and projected according to their state of health and anatomical
morphology.

Some CAD / CAM prosthetic systems such as Bioshape and Canfit are
available on the market. Reverse engineering methods (usually laser
scanning) can be used to obtain the external shape of the residual limb from
which the connection is made and to modify the basic models stored in
libraries. However, they are not integrated with modeling tools such as Finite
Element Analysis (FEA) or multi-body systems for checking prosthetic
construction. Various works can be found in the literature suggesting that
FEA can be used to simulate the behavior of prosthetic components [2-4] and
to analyze the interaction between joint and residual limb. Some studies have
also demonstrated the feasibility of a fully computer-based connection design



process based on the integration of CAD and FEA tools [5], but they are not
able to manage all stages of the prosthetic design process in a unique
environment and do not provide any assistance to the prosthesis.

This work represents the method of lower limbs prosthetics based on the
virtual model of the patient with the use of perturbation functions and
theoretical multiple subtraction operation [6]. The main objective was to
develop a digital model of an amputated person, which will be used to
design and test a prosthesis in a fully virtual environment. In order to achieve
the goal of replacing the current process (mainly manual) with a virtual one,
several issues were considered: capturing and formalizing the knowledge of
orthopedic technicians about this process, obtaining information about the
patient and morphology using diagnostic tools, developing comprehensive
solutions for designing and testing standard and specially selected
components, and using digital methods to simulate the behavior of the
prosthesis while walking. The adoption of a digital model to represent the
patient is in line with the trend towards multiscale human modeling as a tool
for a wide range of applications, from ergonomics to occupational safety and
health [7].

The method provides the prosthetic professional with a set of interactive
tools for designing, adjusting and testing the prosthesis. It consists of two
parts: prosthetic modeling and virtual testing (Fig. 1).

The first part configures and generates a three-dimensional model of the
prosthesis, while the second part virtually adjusts the artificial leg and
simulates the patient's posture and movements, checking the functionality and
configuration of the prosthesis.

Prosthesis modeling
f—— ——= MEI Residual limb reconstruction —— ———
Biomechanical modeling
Virtual testing
n—Sf—

—=—_— Simulation of Human Gait




Fig. 1. Virtual patient

MRI is used to scan the patient's leg. Volume data is a three-dimensional
array of cubic elements (voxels) representing units of 3D space. At the same
time, typical data sets describing physical objects or phenomena are usually
represented by files up to several gigabytes in size, since these files contain
data about each point of the scanned three-dimensional space. If the
interpolated density at the sample point exceeds a certain threshold density,
then a density gradient G is calculated from these points D0,..., D7, which
can be used as a normal to the surface.

An efficient method for converting voxel data arrays into a functional
description based on perturbation functions is applied.

Organization

The chapter is organized as follows. Section 2 gives a brief survey of the
work related to function representation of objects, rendering and interactive
geometric modelling. provides the overview of our approach to computation
of the ray-surface intersection. Section 3 describes prosthesis modeling,
design of the connection and and configuration of the prosthesis. Virtual
testing (the program allows you to set and evaluate the functionality of the
prosthesis by simulating the positions and movements of the virtual patient)
is presented in Section 4. Analysis of the method described in Section 5.
Summary work is discussed in Section 6.

2 Virtual patient

The virtual patient consists of a biomechanical model and a data set. The
data are used to adjust the model of the amputated patient. They represent the
elements by which the development process is managed, a selection of
standard components prior to joining and configuration of the prosthesis. The
tasks and decisions made by the prosthetists depend on the characteristics of
the patient and their health status. For example, a special kind of foot,
identified as a high-energy foot, is suitable for young and healthy patients
because it can better maintain high blood pressure. Patient data and
information have been grouped into three main categories, namely patient
assessment, residual limb assessment and anthropometric indicators.



The first group refers to general patient data, mainly used to select
standard components. The second deals with parameters for assessing
residual limb condition and creating a three-dimensional joint model. The
latter refers to the anthropometric indicators of the patient and the residual
limb. They are used for the correct size of the digital patient model, standard
components and connection.

The biomechanical model of an amputated person is determined at different
levels of detail, depending on the task at hand. For example, compound
modeling and simulation require a detailed residual limb model (skin, bone
and muscle).

Three main tools are used to create a biomechanical model: a universal
human modeling system, medical images of the residual limb (obtained, for
example, with MRI or CT) and a special software module for 3D
reconstruction of the residual limb.

Perturbation functions are used to create and model the virtual patient
[6]. This allows creating a detailed biomechanical model of the human body
using rigid links connected through joints to simulate the skeleton and
flexible elements to represent muscles, tendons and ligaments. Thus, it is
possible to create an individual model modifying anthropometric data. Two
reference models were considered, one for amputated TF and one for
amputated TT, which should be customized for each individual patient. The
following data are needed to characterize the virtual patient: anthropometric
patient data and a digital model of the lower limb. This means that the
biomechanical model of an amputee is implemented in two stages: the first
stage is to determine the model size and the second stage is to determine the
residual limb binding [8,9,10].

Subtraction operation for
Socket modeling

Virtual patient

Function-based objects
for prosthesis modeling




Fig. 2. Prosthesis modeling

2.1 Perturbation functions

Using free forms based on perturbation functions, we model the shape of the
prosthesis, using the union operation, we construct the entire prosthesis.
Using the subtraction operation, we model the connection socket (Fig. 2).
Characteristic feature of a offered method is that the basic primitive things
are chosen as surfaces of the second order - quadrics. The quadric is defined
by ten coefficients. The same amount of data is necessary for description of a
spatial arrangement of one triangular facet. More compact representation of
model allows to reduce memory expenses sharply at database storage and,
hence, to unload the bus between computing components of system and
memory blocks. On the other hand, it is possible to construct smooth objects
without defects inherent in polygonal models. On this basis the class of free
forms is under construction. It means possibility to describe complex
geometrical objects, setting function of deviation from the second order base
surface.

The algorithm of recursive multi-level ray-casting (ray-casting) performs
an effective search for elements of volume, voxels, involved in the formation
of the image. Let us deal with some object representing a three-dimensional
scene, which has the property to respond to the request for intersection with a
rectangular parallelepiped, or bar. And a negative answer guarantees that this
object has no common points with the bar, and a positive answer implies that
possibly common points exist. Only the object's functional abilities are
important for the algorithm's work, and we won't concretize its internal
structure yet. Let's introduce the coordinate system as shown in Figure 3. The
search for voxels is done in the space inside the cube, from-1 to 1 for each
coordinate, so that the center of the cube corresponds to the origin of the
coordinates. At each step of the recursion, the initial volume is broken down
into four bars in the xOy screen plane. For each bar, the object is queried to
determine the intersection. If the result is positive, the bar is subjected to the
next level of recursion. And the bars that gave a negative result of the test for
an intersection with the object are not subject to further immersion in
recursion, which corresponds to an exception from the consideration of
square areas of the screen, on which the bar (and therefore the surface of the
object) i1s not displayed [11,13].
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Fig. 3. Unit cube

This stage of the algorithm's work is well illustrated in Fig. 4, where there
are empty squares and there are areas of the image not involved in the
formation of the image. At a certain step of subdivision we reach bars that
are displayed exactly in one virtual pixel of the image. Now we should start
subdivision of "thin" bars, rays, along the Z-axis, first performing the request
to intersect with the nearest half of the ray. Thus, for each ray at the final
level of recursion we will define a voxel containing the surface of the object
and closest to the observer. In other words, while searching for volume
elements, voxels containing the areas of the object surface forming the image,
the given algorithm bypasses the cubic space along the quad tree whose
leaves are the roots of binary subtrees [14,15,16].




Fig. 4. Quadtree subdivision

The object-square is the basis for building all other objects. The surface
forming it is a zero level surface o the square three-dimensional function, 1.e.
the function of its surface is set implicitly and is defined by ten coefficients
(4,B,C....K):

O(xyz)=Ax + By’ + CZ> + Dxy + (1)
+Exy+Fyz+Gx+Hy+Iz+K=10

where x, y and z are spatial variables. You can write this equation in a matrix
form:

(4 DJ/2 E/2 G/2)(x) (2)
D/2 B F/2 HI/2|y
(x,y,z,1)] | . o

G/2 HI/2 I/2 K )1

We agree to further call the space in which the algorithm performs the
division of cubic volume, working or model and mark it with the letter M.
Now let's enter the coordinate system directly related to the real space metric
(camera or eye coordinate system). Let's allocate in this space the volume
limited by the quadrilateral truncated pyramid, or in other words, the
visibility pyramid, which is characterized by depth and angle of field of
view (Fig. 5). Let us call this space pyramidal and denote it by the letter P
[17,18,19].

Depth of wisibilitsy

- :
: e MTodel coordiiate
Pyramidal /‘: — _“__?L%/ system

coordinate eyetem

P M

Angle of wew

Fig. 5. Visibility pyramid



If the geometrical transformation is described by matrix (C), then the new
transformed matrix of coefficients (Q) = (C)" (Q)(C) operates in space M
accordingly to matrix (Q) in space P. In particular, at the stage of space
division into a quadric tree, where the compression is performed twice and
the transfer to the £ 1 on two coordinates, the recursive transformation of
quadric coefficients looks like this:

A4
4

RERCENCIRP R g
Il
T S T o TR T~ B N

/4,
/2;

i,
f &

G =G/2+i%4/2+ j*D/ 4
H =H/[2+i*D/4+ j*B/2;
I =1+i*E/2+j*F/2;

K =K+i*G/4+ j*H/4;
K" =K +i*G [2+j*H |2 (3)

where the odds without a stroke are taken from the previous step of
recursion; variables i,j =+ 1 are determined by the algorithm depending on
the direction of immersion in recursion (7 - in x axis, j - in y axis). The
obtained coefficients are used in the intersection test.

If in the equation of the quadric QO(x, y, z) = 0 the values of the variables
X, y, z change within the interval [-1, 1], then

max[|Q (x, y, z) -K[] =
maxf” = |AHBH{CHDHEHGHHMI 5 (4)

Now note that if |K| £ max[|Q (x, y, z) -K]|] < max F, then perhaps there is a
point M, = (x,, ¥y, 2,) (-1 <X, ¥y, 2, < 1) such that QO (x,, y,, z,) = 0. In case
max F < |K], there are no such points, and the sign of the coefficient K



distinguishes the position of the bar inside or outside from the surface of the
square O = 0. Based on the results of this test, the algorithm continues to
separate only the bars that lie inside the quadric as a whole or, possibly, in
part, rejecting deliberately external bars.

The described algorithm displays only the parts of objects that have entered
the space inside the cube. The application of projective transformation
generalizes the given algorithm into pyramidal volumes, which allows
synthesizing images with perspective.

The branch of geometrical knowledge that studies the projective properties
of figures 1s called projective geometry, where homogeneous coordinates are
entered to determine the metric in space. In three-dimensional space the point
with Cartesian coordinates (x, y, z) corresponds to an infinite set of
homogeneous coordinates (x, y, z, a) suchthatx =x/a,y =y /a, i.e.
identical coordinates are determined to the total non-zero multiplier. Of
interest is the transformation matrix acting on homogeneous coordinates as
follows:

(Cl1 C12 C13 Cl4\(xm) () (5)
C21 C22 C23 C24 ([ ym| || O = (P

i 1= i, or M)= . (9)
C31 C32 (C33 C34 || zm | Zp | :‘

\C41 C42 C43 CHM4 )\ 1) \ap)

where (C) is the transformation matrix, (M) 1s the homogeneous coordinates
of the space point M, and (P) is the display coordinates in P.

Within the limits of projective geometry the theorem [8,§108] that
projective display of space M on space P is unequivocally proved is defined
by the task of five pairs of points corresponding on display, provided that
from five points set in space M, any four do not lie in one plane. We select
five pairs of such reference points (M’) and (P') (the upper index corresponds
to the number of a pair) and make a system of equations:

(O)M) =r' (P), (6)

where i = [1..5],7',/2,r*7* - unknown multipliers, but > = 1 . Solving these
equations we find the coefficients of the projective transformation matrix



(C), which is further used to transform the geometric primitives.

The free forms are one more wide class of geometric model objects. The
surface of the quadrica is a constant level surface of the second order
function. Q(x,y,z). Let's define a certain perturbation function, R(x,y,z), which
has the property of smoothness.

Now let's consider the function O(x,y,z) = Q(x,y,z) + R(x,y,z) . Due to its
smoothness R and Q @ it will retain this property and therefore the surface of
the zero level will also be smooth. Thus, we have built a complex surface
using the second order function as the base. But in order to get the necessary
shape of the surface, we must learn to set the corresponding perturbation
function in an acceptable way. Smooth perturbation is constructed from a
square function as follows. Let's define the inner area Q as part of the space
where 0 < Q. Then in the outer part of O we put R equal to zero, and in the
inner part we erect Q into a cube:

R (x.y.2)=]Q (x.2. 2.1 O(x.3.2) 20, ™)

1_ 0,if O(x.y,2)<0

We got the function R, which is naturally calculated in the process of
recursive subdivision, so that the quad can act as an outrage to other objects.
And the object, which we call free form, remains a quadric in its essence but
takes into account the additive introduced by the perturbation to its own basic
function (Fig. 6). In turn, the free form can be a perturbation function for
some other object. Because max [Q + R] < max [(Q] max [R], it means that to
estimate the maximum () on some interval it is necessary to calculate the
maximum of the perturbation function on the same interval.
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Fig. 6. Free form

The calculation of all components of pixel color is performed similarly to the
following formulas:

C - (QambiCambi T Qd;ﬁcdiﬁ'—'_ Qspeccspec)/(Qambi T Qd;ﬁ"+ Qspec)’ (8)

where the index "ambi" refers to the characteristics of scattered radiation,
and "diff" and "spec" refer to the diffuse and mirror parts of reflected light
respectively; C - color components; Q - weighting factors.

Calculations of color components are made on the basis of vector model of
illumination [9, Chapt.5]. Four vectors are involved in calculations: normal
to surface (n), vector to illumination source (1), direction of reflected light (1)
and vector to observer (v):

Cdiﬁ" (”l, 1 )CliteCmrf; (9)
where C,, - source color, C,,,,- surface color.
Cvpec = (’/; V)pClite; (10)

where p - surface roughness coefficient.

To create a complex scene, it is necessary to describe in it some certain
quantity of the primitives necessary for a concrete problem. Displayed
object, with which the rasterization algorithm interacts by means of queries,



is the whole three-dimensional scene. Therefore the geometrical model
should allow to construct objects and their compositions of unlimited
complexity (Fig. 7.).

It is reached first of all by application of Boolean operations of association
and intersection. All scene represents a kind of a tree which each knot is the
object-designer who is carrying out logic operations over the descendants,
and tree tops are the primitive things used by system. At the moment when the
rastering algorithm addresses any query to the constructor object, this object
addresses to the descendants, transforms the received result, and gives the
corresponding answer to query. In this case, the descendant can be a
primitive, or another object-constructor. At application of geometrical
operations, turns, movings, scaling, to the object-designer, it makes all these
operations with the descendants [20,21,22,23].

*’J

Fig. 7. Combining the three free forms

To create a "connection" in free form, a multiple theoretic subtraction
operation is applied (Fig. 8).

F(x,y,z)ZFl(x,y,z)\Fz(x,y,Z) (11)



Deducted residual limb volume from free form
G;=F,(G, G, (12)
where

G f(X%y,2=>0G,:f,Xy,2>0 (13)

Fig. 8. Free form and "connection".

Using function-based object and subtraction operation, the prosthetic can
model the socket emulating the traditional procedures carried out during
socket manufacturing (Fig. 9).
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2.2 Model size

The correct size of the virtual patient is a key factor in fitting the prosthesis.
This means that the anthropometric data of the patient is needed. A
distinction is made between general patient data to determine the correct size
for the patient and residual limb measurements to position and link the
prosthesis to the patient.

Some of these are included or can be derived from the above patient
characteristics. Some examples are the hip joint (HJ) and knee joint (KJ),
height, weight, and length of the amputated foot. Others, such as shoulder
height, can be obtained using a motion capture system.

Once the necessary data has been entered or automatically obtained, the
program automatically applies the first level of setting to the virtual patient
generating the skeleton, mass, joints and soft tissue based on anthropometric
measurements.

2.3 Residual imb attachment

A virtual patient configured with anthropometric data does not include the
residual limb relevant for prosthetic design and gait analysis simulation.



A detailed model of the residual limb, including external (skin) and internal
(muscles and bones) parts, is based on medical images obtained with an
MRI. MRl is preferable to CT because it is less invasive for the patient.
However, the end users of the program are podiatrists who do not have
special competences and skills in the field of automated tools (for example,
tools for medical image processing). Therefore, a software module has been
implemented that automatically reconstructs a three-dimensional model of the
residual limb without requiring human intervention, starting with the MRI
volume [10]. The implemented algorithm first converts the MRI scan into a
three-dimensional graph, where the nodes correspond to voxels, and the ribs
have weights representing the similarity of neighbors. Aggregate clustering is
then performed using features such as intensity and dispersion in regions.
Once the graph is segmented in different regions, the algorithm highlights
internal bone voxels by analyzing size and shape. The outer surface
corresponding to the cult is obtained by a threshold operation. Ultimately,
clusters belonging to bones and cult are automatically converted to functional
surfaces. The end result is a three-dimensional geometric model, which
allows the exchange of CAD information between the program modules.

The residual limb model is imported and linked to the amputated model in
two stages:

- The bone segment is first connected to the virtual femur (VF), or to the knee
(KJ), using the height of the hip joint and knee joint respectively;

- The residual soft tissue of the limb is then positioned accordingly.

Once an individual virtual patient has been created, the designer can start
designing a prosthesis based on the biomechanical model and patient
characteristics.

3 Prosthesis modeling

The modeling allows the creation of a three-dimensional model of the
prosthesis, which is crucial for the practical study of the installation of the
prosthesis and walking of the patient. The modeling and selection of standard
and specially selected components is based on the digital layout of the
respective anatomical area, the characteristics of the patient (e.g.
anthropometric data) and the level of use of the prosthesis. It integrates three
basic modules:

- Simulations of the connection (2.1.6).



- A finite element simulation program to analyze the interaction between the
stump and the "compound".

3.1 Design of the "connection"

The first two modules are combined, the interface is implemented using an
object-oriented language C++.

Using the simulation program, a "connection" (2.1.6) can be created in the
denture by simulating the traditional procedures performed during fabrication
of the "connection". It is controlled either automatically or semi-
automatically and includes a set of design rules derived from the analysis of
the traditional process, such as where and how to change the shape of the
"connection" or automatically determine the thickness of the "connection"
based on the patient characteristics.

Four main stages of the controlled simulation procedure are implemented:
patient history, pre-modeling, individual simulation, and final simulation of
the "connection" on which other specific modifications will be applied to
achieve functional form. The main operations at this stage are performed
almost entirely automatically according to the patient's characteristics and the
traditional process.

In the next step, the model "connection" is formed directly on the digital
residual limb model to be perfectly adjusted to the anatomy of each
individual patient. The program provides interactive tools [11] that allow
emulating tasks traditionally performed by a technician. It starts to change
specific zones by simulating the operations of adding and removing layers.
For this purpose, these areas are divided into two categories:

- Loading areas where there are no bone protrusions or tendons and it is
necessary to squeeze the "joint" closer to the limb and create pressure to
withstand the body weight.

- Unloading zones, where there are no bone protrusions or tendons and the
"joint" should not press on the limb and at the same time should not be too
wide, because it can cause other physical problems.

The program also offers the correct percentage of material to be added or
removed according to the "tone parameter". The designer can decide to
automatically apply the values calculated by the program or change the shape
with a virtual tool [11]. It 1s an interactive deformation tool that allows to
perform operations of adding and removing material, as the technician



manipulates the plaster cast to be emulated. For example, in the unloading
zones the technician adds material from the plaster cast, because the
"connection" should not press on the stump and can be quite loose, while in
the loading zones the material should be removed to have a tight
"connection".

As for the amount of material to be added or removed, eight levels of
manipulation with a thickness between 1 and 8 mm are highlighted, which
correlate with the stump tone. Finally, the designer forms the top edge
automatically or semi-automatically and the program offers the final
thickness of the "connection". As a rule, the prosthesis determines the
thickness empirically based on the weight of the patient. The following
formula 1s used in the program:

20

where S, - joint thickness (mm), P, - patient's weight (kg).

A more sophisticated algorithm based on engineering knowledge and
mechanical properties of materials can replace this formula.

After modeling a "compound", a simulation is automatically performed to
analyze the pressure distribution, which is considered the most important
evaluation parameter. Consideration is given to the pain threshold (minimum
pressure that causes pain) and pain tolerance (maximum tolerable pressure)
for the most important zones [12].

Some modeling assumptions and rules have been adopted:

- Residual limb geometry and "connection". Bones and soft tissues are
combined to create a unique piece without geometrical breaks.

- Characteristics of the material. The mechanical properties of joint, bone
and residual limb are considered linear, homogeneous and isotropic.

- Boundary conditions and loads. The upper surface of the residual limb i1s
limited. In the first two stages of the analysis no external load is applied,
while in the last stage the weight of the amputee is applied to the center of
mass of the "connection" in a vertical direction. The movement of the
"coupling" and the static constant load are applied gradually in the analysis
stages. The interaction between the stumps and the "connection" is simulated
using an automated surface-to-surface contact algorithm [13].



- The stages of analysis. The simulation is carried out in three stages:
application of the residual limb with prestressing on the residual limb, the
adjustment phase to achieve better movement of the "connection" around the
residual limb and to achieve maximum comfort, and application of a constant
static load (amputated weight).

The program extracts the input analysis from the patient parameters (e.g.
patient weight and residual limb length), frees up the files needed to generate
the FE model, and selects the scenario (language-specific C++) for analysis.
The FE model is created automatically without human intervention. The
prosthetist cannot change the characteristics of the FE model, but if
necessary, the program allows you to set some parameters, such as material
properties. The program then provides analysis and generates an output file
containing pressure values that are imported and visualized. The program
evaluates the pressure distribution and highlights the zones to be changed
using interactive tools. The program then performs the simulation again until
satisfactory results are achieved.

3.2 Selection of standard components and configuration of
the prosthesis

A special program is used to select standard components and create the final
assembly of the prosthesis. The prosthesis program selects the most
appropriate standard components for the individual patient and the program
offers possible configurations of the entire prosthesis according to the
characteristics of the patient.

To simulate a prosthesis, the lower limb prosthesis 1s divided into modules
as follows:

- Connection module: includes inlay, connection and adapters.

- Double adapter: Includes double male or female pyramidal adapters that
connect the "joint" and knee in the TF denture and can replace the support in
both the TT and TF dentures.

- Knee module (TF amputated only): includes knee prostheses and knee
adapters.

- Tube module: includes a connecting pylon and tube adapters.

- Foot module: includes a foot prosthesis, leg adapters and a heel, also
called a "virtual heel". Two key issues were considered: component



modelling/calibration and component selection.

Calibration and selection rules were extrapolated from commercial
catalogues provided by the main prosthetic brands. Since our goal is to
correctly assemble and validate the virtual prosthesis and perform virtual
gait analysis, a library was developed containing three-dimensional
parametric models for each module. Only those characteristics that affect
static and dynamic behavior such as joint weight and position are
considered, not the actual shape and appearance of the components. The
reference dimensions were taken from real and commercial catalogues.
Particular attention was paid to the foot and knee as they are standard
components responsible for the behaviour of the entire prosthesis and their
selection 1s a key factor in achieving a satisfactory configuration. There is a
huge variety of components on the market, and each manufacturer has its own
model. For this reason, instead of taking into account specific models that are
subject to frequent variations, a set of stable categories has been identified.
As an example for a patient with a TF reputation, the main knee joint
typologies have been grouped as follows:

- Fixed: knee with locked center of rotation during walking, which can be
unlocked manually if necessary.

- Monocentric: elbows with one centre of rotation, separated for self-
braking, friction, pneumatic and hydraulic operation.

- Polycentric: knees with a large number of rotation centres are also divided
into selfbraking, friction, pneumatic and hydraulic modes.

To select the right components, two setting procedures (one for TT and one
for TF) and a database to automatically select the right components for each
type of amputated limb and their respective size.

The program automatically collects all possible combinations of different
selected parts and provides the specialist with all relevant specifications.
The user can select the most suitable one or modify some components
according to the patient's needs. When assembling the components, the
system ensures that the alignment of the prosthesis is similar to the skeletal
structure of the other leg. Traditionally, this operation is called plumb
alignment [24,25,26].

4 Virtual testing



The program allows you to set and evaluate the functionality of the prosthesis
by simulating the positions and movements of the virtual patient using the
method [14].

First of all, the virtual patient must wear the assembled prosthesis. This is
imported from the virtual simulation program and correct positioning is
obtained with regard to the prosthesis height and the rotation of the foot
relative to the vertical line. In particular, the prosthetic leg must be aligned
with the other and the "joint" must fully support the residual limb.

The amputated virtual patient can then be used to perform static alignment
and gait analysis during various activities. The basic idea is to provide the
prosthetist with a movement law library specialized for patients wearing a
prosthesis. This requires learning several movements and poses of the patient
during typical daily activities and then deriving the laws of movement for the
artificial jointsc [27].

This approach was tested using a motion capture system without markers to
determine the laws of motion pertaining to the patient's joint. A data
collection program consisting of the following components is used: four
cameras, resolution 640 x 480 pixels at 60 Hz, markerless motion capture,
computer with processor Intel Core2 CPU E8400 3.0 GHz, and a graphic
accelerator GeForce 8800 GTX.

The decision taken is inexpensive and does not require the patient to wear
markers because it is based on image and silhouette analysis [15]. It
automatically recognizes the different segments of the body and then
calculates the position and orientation in three-dimensional space. In this
environment, the patient must perform typical daily activities such as
walking, sitting, walking up/down, and so on. Obviously, the accuracy of the
tracking data is crucial, and the quality of the webcam solution is tested.

In order to replicate the movement with the virtual patient, two issues need to
be considered: data conversion and display of the received data on the
virtual patient defined in the previous step. Two software modules have been
developed that perform these tasks automatically.

In order to achieve accurate simulation of muscle and joint movement,
reverse dynamic simulation is first performed to record angles and muscle
contraction history for the target body segments (links). "Movement agents
are located on the model to control movement and 'teach' joints and soft
tissues how to move. In our case, in order to reproduce the functionality of
the residual limb, we introduced "augmented movement agents" associated



with the prosthetic segments: three associated with the prosthetic leg, one
with a tube below the knee representing the lower part of the leg, one with
the knee (for TF) and one with a "connection". Once the movements have
been recorded in the reverse dynamic simulation, the compiled movement
histories are ready to control the forward dynamic simulation.
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Fig. 10. Lower limb model is set to double pendulum. The lower limb model
is used to obtain the gait model. Two compound pendulum segments
corresponding to the femur and tibia respectively are considered.

The values d1 and d2 are defined as the lengths of the femur and tibia (Fig.
10). The femur corresponds to the femur segment and the tibia to the leg
segment. The position of the femur corresponds to the x and y coordinates in
the equations.

x,=d, sina (15)
y,=d, cosa (16)

The task is to find the energy relations of the system, and for this purpose it is
necessary to determine the components of position, speed and acceleration.
Concluding (15) and (16) with respect to time, the velocity components are
obtained as equations (17) and (18).



x1=d acosa (17)
y,=d asina (18)

The total speed for the femur is equal to the sum of equations (17) and (18),
resulting in equation (19).

Gy g . 35 (19)
vins” =x1 +y," =d ocos"a+d s a=d; a

The kinetic energy of the contralateral thigh is determined by the equation
(20).

E. = ln.r_*.'m.s-‘} (20)
Let's substitute (19) in (20) with the expression for hip kinetic energy,
equation (21).
E, = lm di a’ (21)
1= 5
Equation (22) represents the potential energy for the thigh.
Epl —m; gy, (22)
Substitution (16) in (22) gives equation (23), which corresponds to the
potential thigh energy.
E =-m dgcosa' (23)

p

The above described mathematical procedure used for the hip is repeated for
the leg. The position of the leg is determined by equations (24) and (25).

X,=x,td,sinf=d, sina+d,sinp (24)
v,=y,-d,cos f=-d, cosa-d,cosp (25)

The speed components are determined by equations (26) and (27)



= x, +d, ;’3::05 B =d. &cosa + d, ;;?CDS S (26)

v, =w+d, fsinf=d asina+d, fsin f (27)
The full speed for the leg is determined by equation (28).

, . = "_3 . . 2 (28)
VWpsT=x2 +¥, =(d acosa+d, fcos f) +

A
+| dyasina+d, fsin
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Equation (29) correspo}lds to kinetic energy for the leg, and equation (30)
refers to kinetic energy for the leg.

1 2 29
E.,= Emg‘ps (29)
E _]' n]rl 'ld?‘_ '2 :-;,drnf e od (30)
k2 _;”"1{ , @ d;y f+2dd, a feos(a — f))
Equation (31) describes the potential energy of the leg.
E,,=-m, (d gcos o+ d,gcos ) 31
The total kinetic energy of all segments of the body, thigh and tibia is
presented in equation (32).
7 e i (32)
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The total potential energy for the entire lower segment of the facility is
shown in equation (33).

Ept:Epl +Ep2 (33)



E, =-md,gcos a - my(d gcosa + d,g cos f5)

After obtaining the final energy values, Lagrangian is calculated in equation
(34).

L=E,-E (34)

pt

Equation (35) is the Lagrangian equation of motion, and equation (36) is for

B.

dfeL) o _, (35)
it 54 ) 0

5 Results

A comprehensive program check is quite complex. In addition, it requires the
active participation of prosthetics and patients.

At present, the proposed program has been tested in three stages at various
levels to gradually test the new design process and the development of
automated tools. The first step concerns the prosthetic configuration, the
second step concerns the prosthetic simulation process and the last step
concerns the entire design process, from simulation to testing.

Testing was done on a computer with a processor Intel Core2 CPU E8400
3.0 GHz, and a graphic accelerator GeForce 8800 GTX.

5.1 Prosthetic Configuration

The goal was to check the validity of the knowledge-based configuration
procedures and the selection and calibration rules adopted for standard
components. Several amputated TF and TT models were considered [16-18].
Several patients were selected to cover a variation of all parameters. Four
parameters required for the selection procedure were collected for each
patient: patient weight, lifestyle factors, residual limb length and patient



strength. As soon as the data were obtained, the program automatically
selected the most appropriate foot and knee prostheses (for TF). The
program is designed to facilitate selection by providing a list of the most
effective components. This solution is preferable to a single result, as some
other factors (e.g. aesthetic or cultural aspects) may influence the final
choice. The configurations proposed by the programme have been compared
with those identified through the traditional process.

Test cases for which no suitable matches were found were explained by the
fact that some patient characteristics could not be quantified. For example,
for a middle aged patient who is in good health but not motivated, a less
effective prosthesis is preferable because it will be easier to use and shorten
training time. Another example concerns the aesthetic aspect of components:
Some people may prefer a small component, while the system may choose a
larger but more effective component.

5.2 Prosthetic modeling

In this case, the purpose of the experiments was to test the prosthetic
modeling approach and the results were mostly qualitative. Two cases were
examined: amputated TT, 41 years old, height 173 cm, and TF, 47 years old,
height 176 cm.

First, the "connection" was simulated and then the entire prosthesis was
adjusted.

The geometry of the residual limbs of both amputated limbs was obtained
and reconstructed; then patient data were entered, a three-dimensional model
of the "connection" was created according to the procedure and rules
proposed by the program, according to the characteristics of the patient. This
is particularly important because most operations depend on the patient's
characteristics, such as changing critical zones (loading and unloading
zones), which significantly affect the shape of the "connection". The main
objective was to verify the effectiveness of simulation/strain tools and the
feasibility of a knowledge-based approach to designing a product, a
"connection", that is precisely tuned and characterized by a strict interaction
with the human body:.

After model creation of "connection" (Fig. 6) the program automatically
starts modeling and visualizes results. The program evaluates the pressure
values of the critical areas and offers the necessary modification. The



simulation results for the amputated TT show a uniform and consistent
pressure distribution, except for the medial region of the tibia. To reduce the
pressure in the medial region of the tibia (the "loading area"), the program
automatically changes the geometry of the "connection" in this area and the
prosthesis can also change it using virtual tools. The program then performs
the simulation again.

The next step was to adjust the entire prosthesis. Based on patient data, the
system provides the specialist with the appropriate components and adapters,
dimensioning them and assembling all the parts. For example, for a patient
with TF, the program automatically offered two types of feet (mono-axial
high-energy and multi-axial sandwich feet) and two elbows (mono- and
polycentric pneumatic knee). Once the respective components had been
confirmed, the program extracted three-dimensional parametric models of the
standard components from the database and assembled them together with the
"connection" to obtain a virtual prototype of the full denture.

Some modifications are required to facilitate the use of simulation tools,
especially for users who do not own a computer. For this purpose, the use of
new interaction tools, such as a tactile device, to make simulations of
"connections" more natural is evaluated.

5.3 Projecting: from modeling to testing

This test has allowed to check feasibility of all process, from modeling to the
virtual approach to testing.

The entire design process was tested for an amputated TF. A virtual patient
model with anthropometric indices and residual limb morphology was
created. The prosthesis was then configured, simulated and tested. A virtual
patient wearing an artificial limb was generated and two typical situations
were simulated: patients walk on a flat floor and climb a step.

The preliminary results are considered promising, but further programme
improvements are needed.

6 Conclusion

This paper presents virtual patients and a software platform designed to
design and configure both TF and TT dentures using only digital models and
virtual instruments. The digital patient is the core of the entire program



around which the prosthetist designs and tests the virtual prosthesis,
following the rules during the development of the proposed product.
Experiments were conducted with a variety of test cases and with the
involvement of highly specialized orthopaedic clinicians in order to get
feedback directly from end users, check the effectiveness and usability of the
instruments and check the suitability of the digital patient.

Technical experts evaluated the simulation tools for their ease of use. The
configurations offered by the program are consistent with those obtained
through traditional procedures, with the advantage that different
configurations can be generated and compared more easily. The residual
limb model has been found to be adequate either to simulate the connection
or to simulate the connection and residual limb interaction. With regard to the
latter topic, experimental work will be carried out on the best characteristics
of material properties by means of indentation tests and obtaining real values
of pressure in critical areas of the human part under consideration to test the
given FE model. We also consider the possibility of introducing tactile
interaction tools to support the simulation phase of compounds and make the
procedure of compounds formation more natural and similar to the traditional
one. Preliminary tests were performed using a low-cost haptic device. The
results are interesting and a more sophisticated device 1s planned, taking into
account the inexpensive solutions.

The approach to virtual testing and using a digital patient of a real person
wearing a prosthetic device is promising, but further development and
improvement are needed to make it easily applicable. The proposed program
can reduce the number of prototypes and the psychological impact on the
patient's life. The automated approach allows for all stages of the traditional
"compound" development process.
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