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SUMMARY 

 

The present PhD thesis is the collection of three years of research activity in the 

biomechanical field. The thesis aimed to achieve a Smart Design method that allows the 

customization of hip prostheses by the knowledge of human dynamics. 

This procedure is a closed loop algorithm where the main activity evaluated human handling 

by the motion capture Markerless. After the dynamic acquisition, the algorithm optimizes the 

shape of the prosthesis based on the loads acting on the hip. 

Motion Capture was applied to define the humans kinematic. A real-time multi-person 

human pose detection library that detects the human body was used to acquire the human pose. 

Multibody analysis was carried out to define what were the load acting on the hip during the 

motion. A parametric model of the human subject was created to evaluate the different load 

conditions 

Finite element simulations were carried out to apply the shape optimization and then the 

Lattice optimization as approach to customize the prosthesis. 

Several research perspectives have been opened by this thesis, that the author would pursue 

in the future. The thesis is divided into two parts. Technical notions in the biomechanical field 

characterize the first part. Topics underlying multibody and fem systems are covered, as well 

as 3d printing technologies and their applications in the medical field. Finally, the medical 

terminology used for defining the joints of the human body, the references taken into 

consideration and the current systems for capturing the pose of a subject are described. On the 

contrary, the second part of the document presents the activity carried out in the three years of 

the doctorate, focusing on the steps followed for creating the smart algorithm for optimizing 

the hip prosthesis. At the end of the thesis a list of publication by the author is presented.  

The chapter structure is as follow:
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Part One – Theoretical background 

Chapter 1- Biomechanics Overview: this chapter describes the field of biomechanics, giving 

an overview of the sector. Computational modelling is then briefly described. The final part of 

the chapter is characterized by the definition of the rules governing multi-body modelling and 

the fem. 

Chapter 2- Additive Manufacturing: in this chapter, the field of additive manufacturing is 

described. First, we overview the sector and then focus on SLM / SLS techniques. A 

comparison is then made between traditional and additive manufacturing in the field of 

prostheses then to define the field of latex structures with SLM techniques. 

Chapter 3- Human Anatomy Terminology and Pose Detection Method: This chapter 

describes the basic terminology governing the field of biomechanics, focusing on the 

nomenclature of the principal biomechanical planes and the reference systems. This chapter 

also deals with the field of Anthropometry. The ways to model a human body are then 

described, thus defining how to schematize the joints and joints that connect them. Finally, the 

history of multi-segment modelling of the human body is defined. 

Part Two– Experimental activities 

The second part of the document describes the scientific activity conducted during the three 

years. The whole procedure is contained in chapter 4. This chapter initially describes the 

procedure adopted, giving space to the definition of the steps to follow to complete it. Once the 

workflow is defined, all the steps are described in detail. The first step described is motion 

capture. This paragraph defines the neural network model used, the procedure is schematized, 

and finally, the outputs of this system are defined. The second part of the procedure that is 

described is the extraction of the joint angles. In this paragraph, the equations are defined to 

create the time histories representing each joint's angular variation perceived by the motion 

capture system. In the next paragraph, the realized multibody model and the parameters 

governing it are first described. The end of this paragraph reports the outputs from the 

multibody model; an analysis is also made on the walk, ultimately defining the amount of 

energy consumed during the walk. The definition of the FEM model characterizes the last two 

paragraphs, the loads and constraints acting on the system, the material chosen for the 

prosthesis, and finally, the optimization techniques used to optimize the hip prosthesis are 

defined. In the first phase, the shape optimization performed is described, giving importance to 
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the parameters that describe the geometry in question, the optimization algorithm, and the 

results obtained from the following analysis. The second part describes the topological 

optimizer based on latex structures.  
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1. BIOMECHANICS OVERVIEW  

 

 

 

 

 

 

1.1. Application of Biomechanics  

 

“Biomechanics is the study of the mechanical aspects of the structure and function of 

biological systems”[1] 

The biomechanics field aims to solve biomedical or biological problems by using mechanical 

engineering methods, techniques and theories [1–2] Engineering methods range from 

experimental to numerical approaches. The first one [3]  observes changes in biological tissues 

(e.g. bone, muscle, cartilage and ligament) or structures (e.g. knee) under normal and abnormal 

conditions. Experimental studies could be performed in vivo, ex vivo or in vitro conditions. In 

vivo experimentation relates to studying whole living subjects in a natural environment. Ex 

vivo or in vitro experimentations deal with the testing of tissues isolated outside the biological 

surroundings of the living organism. Such experimentations are commonly performed in a 

culture environment. It is important to note that the characteristics and behaviors of a 

biological tissue/structure in vivo condition are entirely different from those of the same 

tissue/structure in vitro or ex vivo conditions. Moreover, in silico numerical studies [4–6] aim 

to model and simulate living systems to provide unobservable information of the tissue or 

structure under investigation, such as bone stress under body loading or muscle force during 

motion. Numerical studies test the impact of a clinical treatment procedure (surgery or 

functional rehabilitation) or an implanted device (e.g., prosthesis or orthotic) on the living 

tissues or structures. Finally, a biomechanics study is performed in response to a fundamental 
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research question or to depict its potential application for a specific case (e.g., clinical case and 

industrial case), as illustrated in Figure 1. Moreover, a biomechanics study relates to a single-

scale object of study (i.e. cell and molecule, tissue and organ, system, or individual or 

population) or multi-scale object of study[7]. 

 

Figure 1: Overview of biomechanics field of study [7]. 

1.1. Computational Modeling   

 

“Computational modeling is the use of computers to simulate and study complex systems 

using mathematics, physics, and computer science. A computational model contains numerous 

variables that characterize the system being studied. Simulation is done by adjusting the 

variables alone or in combination and observing the outcomes. Computer modeling allows 

scientists to conduct thousands of simulated experiments by computer. The thousands of 

computer experiments identify the handful of laboratory experiments that are most likely to 

solve the problem being studied.”[8] 
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Computational modelling represents mathematical modelling based on a computer 

simulation. It requires computational resources to study the mechanism underlying a complex 

system. The experimenter usually performs computational modelling in conjunction with 

experimental studies, which are used to provide the input conditions and validate the output 

measurements. The combined approach is beneficial and powerful for complex investigation of 

biological problem.  

Computational modelling applied to the musculoskeletal system mainly includes [9–10]: 

1) Multibody dynamics analysis of motion  

2) Loading at the skeleton scale,  

3) Solid mechanics analysis of stresses and strains at the tissue level using the finite element 

method. 

4) Computational fluid dynamics (CFD) to investigate the fluid ingress in the joint space. 

Experimentation in the laboratory requires a waste of time and high costs. For this reason, it 

has been preferred to use computational modelling alongside experimental tests to reduce time 

and costs in recent years. This approach allows for parametric screening analysis, optimization, 

and design indications for further experimentation. It is essential to ensure that the numerical 

method is accurate, which generally requires verification and validation. Interpreting the results 

is also fundamental for fully understanding the physical problem. Verification represents the 

implementation of a model that conceptually defines the solution of the mathematical model. 

At the same time,  the predictions are compared by the validation process with the 

experimental specifications [11]: 

1) Verification: "solving the equations correctly"  

2) Validation: "solving the correct equations” 

In [12], there are procedures suggestion directory to be followed during simulation testing, 

which includes lists of models used and their modifications, all the simulation procedures to be 

applied and in what order, the processing of the raw numerical results and the description of 

the final output.[13] outlined the general considerations for reporting finite element modelling 

studies in biomechanics, including parameters for model identification, model structure, 
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simulation structure, verifications, validation and availability. A   recent update on knee joint 

modelling was provided by [14]. 

From the simulation point of view, two methods exist for developing biomedical problems. 

The first approach refers to the rigid multi-body dynamics to describe the cinematic and 

dynamic behaviour of the human subject. The second approach concerns deformable modelling 

using the properties of fabrics and finite element methods for the study the interaction of the 

structure also considering the fluids, under normal and abnormal load conditions (Figure 2) 

 

Figure 2: Biomechanical models and their interactions. 

 

1.2. Rigid Body Models  

 

“Rigid-body dynamics studies the movement of systems of interconnected bodies under the 

action of external forces. The assumption that the bodies are rigid, i.e. they do not deform 
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under the action of applied forces, simplifies the analysis by reducing the parameters that 

describe the system's configuration to the translation and rotation of reference frames attached 

to each body.”[15–16] 

It is possible to distinguish Multibody systems (MBS) based on two main characteristics: 

1) Mechanical components describing large dimensions translational and rotational 

displacements. 

2)  Kinematic joints that impose them constraints or restrictions on the relative motion of 

bodies. 

The multibody system includes a set of rigid and/or flexible bodies interconnected by 

kinematic joints and some force elements [17]. Figure 3 shows an abstract representation of a 

multibody system[18]. 

 

Figure 3: Schematic representation of a multibody system [19]. 

Within a multi-body system, they stand out as Rigid or flexible bodies. A body is said to be 

rigid when its deformations are small in such a way as not to form the global movement 

produced by the body, it can translate and rotate, but it cannot change. On the contrary, a 

flexible body has an elastic structure; all the points belonging to it are not linked to a mutual 

distance between them. In spatial space, the motion of a free rigid body can completely utilize 

the six generalized coordinates associated with the six degrees of freedom. When a body 
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includes some flexibility, it has six rigid degrees of freedom plus the number of generalized 

coordinates needed to describe the deformations [20]. The term flexible multibody system 

refers to a system that contains deformable bodies with internal dynamics. The representation 

of a rigid body is only an approximate convention since there are no infinitely rigid bodies. 

However, in many typical applications, the bodies are remarkably rigid; hence, their flexibility 

can be neglected, and the bodies can be considered perfectly rigid. Forces applied to multibody 

system components can result from springs, shock absorbers, actuators, or external forces. 

Externally applied forces of different natures can act on a multibody system to simulate the 

interactions between the components of the system and between them and the surrounding 

environment.[21–22]. Multibody systems are widely used in engineering and research 

activities, such as robotics[23], automotive vehicles[24], biomechanics [25], mechanisms [26], 

railway vehicles [27]. 

 

Figure 4: Examples of application of multibody systems human biomechanical model [28] 

The variables that describe (generalized coordinates) the dynamics of multibody systems 

must characterize, at any instant of time: 

1) the system's configuration is the position of all the material points that make up the 

bodies. 

2) must uniquely define the location of system components in an instant while analysing 

the multibody system. 
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Linear and angular coordinates are included in the generalized coordinate expression [29]. 

The mobility of a system, i.e., the minimum number of variables needed to describe the 

configuration fully of a system is called the system's degrees of freedom (DoF) [30]. The 

number of degrees of freedom can be defined as the number of independent generalized 

coordinates needed to describe the unique configuration of a system. In the spatial case, each 

body has six degrees of freedom. By introducing a joint into the system, the total number of 

DoFs is reduced by the number of constraints imposed by the joint. The number of degrees of 

freedom can be evaluated as the difference between the system coordinates and the number of 

independent constraints [31]. The mathematical expression that summarizes this idea in the 

plane is known as Grüebler's formula: 

𝑛 = 3(𝑚 − 1) − 2𝑐1 − 𝑐2 
(1) 

This criterion can be extended to kinematic chains in space with the use of the Kutzback’s 

formula: 
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𝑛 = 6(𝑚 − 1) − 5𝑐1 − 4𝑐2 − 3𝑐3 − 2𝑐4 − 𝑐5 
(2) 

where 𝑐𝑥 represents the class of the kinematic pair, where x is the degrees of freedom left free 

by the pair. finally, it can be noted that: 

1) 𝑛 < 0 iperstatic system. 

2) 𝑛 = 0 isostatic system. 

3) 𝑛 > 0 labile system. 

Generalized coordinates are divided into two groups (Figure 5) [32]: 

1) Independent coordinates: vary arbitrarily. 

2) Dependent coordinates: necessary to satisfy the dependent equations 

Another distinction must be made when the dependent coordinates are described: 

1) Absolute coordinates [33]. 

2) Relative coordinates [34]. 

3) Natural coordinates [35]. 
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Figure 5: Types of coordinates used for multibody systems formulation. 

The methodologies of multibody systems include the two main phases: 

1) Development of mathematical models of multibody systems. 

2) Implementing computational procedures to perform the simulation, analysis and 

optimization of the global motion produced. 

Modelling or formulation is the process of generating and assembling the equations of 

motion necessary for solving the behaviour of a multibody system. Two modelling approaches 

can be considered [17]: 

1) The formulation of the coordinates of the point: point-like coordinates represent 

joints and constraints represent bodies. 

2) The formulation of the coordinates of the body: the coordinates represent the bodies 

and the constraint the joints. 

Mechanical systems analysis can be performed statically or dynamically. In the first case, 

stationary systems are studied, invariant over time. In the second case, the systems are in 

motion and time dependent. Furthermore, the branch of dynamics can be divided into two main 

disciplines, namely, kinematics and kinetics. In kinematic analysis, the geometric aspects of 
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motion are considered independently of the forces that produce the motion. More precisely, 

kinematics deals with the study of displacement, velocity, and acceleration. In turn, kinetics 

studies movement characteristics and the relationship with moving forces. Unlike the case of 

static and kinematic analysis, where only algebraic equations are used, in kinetic analysis, the 

motion of a mechanical system is described by differential equations. 

It is widespread to refer to kinetic analysis as dynamic analysis because kinetic analysis must 

also be based on knowledge of the kinematic analysis of a system. Two different types of 

analysis can be performed in the study of the dynamics of a mechanical system, direct 

dynamics, and inverse dynamics. In direct dynamic analysis, the external forces acting on the 

bodies of a system are known, and the resulting motion is obtained by solving the equations of 

motion. On the other hand, in inverse dynamic analysis, a specific movement is sought for a 

multibody system, and the goal is to determine the forces required to produce that 

movement[22]. 

1.2.1. coordinates description in spatial multibody system  

 

Multibody systems' configuration and motion properties are characterized by quantities such 

as displacements, velocities and accelerations[36]. A proper system of coordinates must be 

adopted, including the global and local coordinates systems. The global coordinate system is 

represented by three orthogonal axes that are rigidly connected at a point called the origin(xyz) 

of the system and represent the global inertial frame. The local coordinate system is related to 

the canter of gravity of the bodies and is indicated with ξηζ, it moves and rotates mutually with 

the body. The particle “i” moving in three-dimensional space can be located by a position 

vector “r” contains three scalar values (3). 

𝑟𝑖 = {𝑥𝑖 𝑦𝑖  𝑧𝑖}
𝑇 

(3) 

Thanks to its definition, even a rigid body can be described through an arbitrary point 

belonging to it[35]. Any reference system can be used to describe the position and orientation 

of a body. For this reason, the coordinates describing a multibody system can be expressed or 

concerning each other or to a municipality reference framework. 
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Figure 6: Location of an unconstrained body “i” in the three-dimensional space [37] 

 The body-fixed coordinate system is referred to as ξiηiζi. The vector r, expressed in Eq. (3), 

defines the location of the originate the local coordinate system. This vector represents the 

translational coordinates of the body. Another set of coordinates is needed to express the 

orientation of the body with respect to the global coordinate system. The point Pi located on the 

body “i” in Figure 6 can be defined from the origin of the local reference frame by the vector 

𝑠𝑖
𝑝, so that its direct location concerning the global system can be expressed as [38]: 

𝑟𝑖
𝑝
= 𝑟𝑖 + 𝑠𝑖

𝑝
 

(4) 

The same point can be described with respect to the local coordinates system by 𝑠′𝑖
𝑝

, that 

contains the local components of vector 𝑠𝑖
𝑝
. there is a relationship between 𝑠𝑖

𝑝
 and 𝑠′𝑖

𝑝
: 

𝑠𝑖
𝑝
= 𝐴𝑖𝑠′𝑖

𝑝
 

(5) 

The matrix 𝐴𝑖 is a 3 𝑥 3 rotation matrix that can be used to describe the orientation of local 

coordinate system referring to the global frame. As in Eq. (6) 𝑃𝑖 can be written in local and 

global coordinates. 
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𝑠𝑖
𝑝
= {

𝑥𝑖
𝑝

𝑦𝑖
𝑝

𝑧𝑖
𝑝

}  𝑎𝑛𝑑 𝑠′𝑖
𝑝
= {

𝜉𝑖
𝑝

𝜂𝑖
𝑝

𝜍𝑖
𝑝

} 

(6) 

Matrix 𝐴𝑖 can be expressed in terms of cosines as  

𝐴𝑖 = [

𝑎11 𝑎12 𝑎13
𝑎21 𝑎22 𝑎23
𝑎31 𝑎32 𝑎33

] 

(7) 

Where the columns contain three-unit vector 𝑢𝜉𝑖 , 𝑢𝜂𝑖,𝑢𝜁𝑖 projected into xyz. 

𝑢𝜉𝑖 = {

𝑎11
𝑎21
𝑎31

}   𝑢𝜂𝑖 = {

𝑎12
𝑎22
𝑎32

}   𝑢𝜁𝑖 = {

𝑎13
𝑎23
𝑎33

} 

(8) 

It should be noted that 

𝑢′𝜉𝑖 = {
1
0
0
}   𝑢′𝜂𝑖 = {

0
1
0
}   𝑢′𝜁𝑖 = {

0
0
1
} 

(9) 

 

A rigid body "i" in three-dimensional space can be defined by three translation coordinates 

and three rotation coordinates that describe it in position and orientation to a fixed triad ξiηiζi 

attached to the body concerning the global frame XYZ, as shown in Figure 7. 
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Figure 7: translation coordinates and rotation coordinates[37]. 

With the use of transformation matrices, it is possible to express the orientation and position 

of this body since the elements that make up this matrix are expressed in terms of appropriate 

sets of coordinates, such as Euler angles, Bryant angles or Euler parameters. Since the body's 

movement is continuous, the transformation matrix must be a continuous function of time. The 

cosines of nine directions present in the rotational transformation matrix Ai expressed in Eq. 

(7) define the orientation of the axes ξiηiζi. Only three direction cosines are independent, six 

constraints must be considered to determine matrix 𝐴𝑖. Euler angles represent three composed 

rotations that move a reference frame to a given referred frame. For this reason, any orientation 

can be obtained by composing three rotations around a single axis so that any rotation can be 

decomposed as the product of three elementary rotation matrices. Thus, the angular orientation 

of a given fixed coordinate system on the body can be imagined as the result of three 

successive rotations. The angles ψ, θ and σ, which are the Euler angles, completely specify the 

orientation of the ξηζ coordinate system relative to the xyz frame and can, therefore, act as a 

set of three independent coordinates[39–40]. By using Euler angles, the matrix A can be 

obtanined as a product of the matrices that defines the planar rotations[41]. 

 

𝐵 = [
𝑐𝜓 −𝑠𝜓 0
𝑠𝜓 𝑐𝜓 0
0 0 1

] , 𝐶 = [
1 0 0
0 𝑐𝜗 −𝑠𝜗
0 𝑠𝜗 𝑐𝜗

] , 𝐷 = [
𝑐𝜎 −𝑠𝜎 0
𝑠𝜎 𝑐𝜎 0
0 0 1

]   

(10) 
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Figure 8: ifferent stages of rotation for Euler angles. a Initial global system coordinate; b First 

rotation; c Second rotation; d Third rotation[42]. 

It can be written that A=BCD 

𝐴 = [
𝑐𝜓𝑐𝜎 − 𝑠𝜓𝑐𝜗𝑠𝜎 −𝑐𝜓𝑠𝜗 − 𝑠𝜓𝑐𝜗𝑐𝜎 𝑠𝜓𝑠𝜗
𝑠𝜓𝑐𝜎 + 𝑐𝜓𝑐𝜗𝑠𝜎 −𝑠𝜓𝑠𝜗 − 𝑐𝜓𝑐𝜗𝑐𝜎 −𝑐𝜓𝑠𝜗

𝑠𝜗𝑠𝜎 𝑠𝜗𝑐𝜎 𝑐𝜗
]  

(11) 

 
 

The resulting matrix is nonlinear. when sin θ = 0, the axes of the first and third rotations 

coincide, so that ψ and σ cannot be distinguished. According to Euler's theorem on finite 

rotation, a rotation in three-dimensional space can always be described by a rotation along a 

specific axis on a certain angle. Euler's theorem states that the general displacement of a body 

with a fixed point is a rotation around an axis. The theorem indicates that it is possible to 

obtain the orientation of the axes fixed to the body at any time by an imaginary rotation of 

these axes from an orientation coincident with the global axes. So, according to Euler's 
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theorem, there is a single axis that if frame XYZ is rotated around it by an angle ϕ becomes 

parallel to frame ξηζ or vice versa. This imaginary axis is denoted by �⃗�  and is called the 

orientated axis of rotation, as shown in Figure 9. 

 

Figure 9: Representation of the Euler parameter[43] 

 Hence, a set of rotation coordinates can be defined as (12). The four quantities e0, e1, e2 and 

e3 are the so-called Euler parameters, and it can be observed that these angles are not 

independent. 

𝑒0 = cos
𝜙

2
  

(12) 

𝑒 = {𝑒1 𝑒2 𝑒3}𝑇 = usin
𝜙

2
 

(13) 

𝑒0
2 + 𝑒𝑡𝑒 = 𝑒0

2 + 𝑒1
2 + 𝑒2

2 + 𝑒3
2 = 1 

(14) 

𝑝 = {
𝑒0
𝑒
} = {

𝑒0
𝑒1
𝑒2
𝑒3

}   𝑝𝑇𝑝 = 1 

(15) 

The transformation matrix can be expressed in term of Euler parameters. 
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𝐴 =

[
 
 
 
 
 𝑒0
2 + 𝑒1

2 −
1

2
𝑒1𝑒2 − 𝑒0𝑒3 𝑒1𝑒3 + 𝑒0𝑒2

𝑒1𝑒2 + 𝑒0𝑒3 𝑒0
2 + 𝑒2

2 −
1

2
𝑒1𝑒2 − 𝑒0𝑒3

𝑒1𝑒3 − 𝑒0𝑒2 𝑒1𝑒2 − 𝑒0𝑒3 𝑒0
2 + 𝑒3

2 −
1

2]
 
 
 
 
 

  

(16) 

 

 

1.2.2.  Position, velocities, and accelerations  

Six coordinates uniquely define the configuration of a body free in the space, whereas three 

coordinates are needed to specify the body's position and the other three coordinates are 

required to describe its angular orientation [21]. The position of a body “i” can be defined as 

𝑞0 = {
𝑟𝑖
𝑝𝑖 
} 

(17) 

𝑟 = {
𝑥𝑖
𝑦𝑖
𝑧𝑖
} 

(18) 

𝑝𝑖 = {

𝑒0
𝑒1
𝑒2
𝑒3

} 

(19) 

Velocity vector specifying the translational and rotational velocity of a body i are defined 

as[44] 

 

𝑣𝑖 = {
𝑟�̇�
𝜛𝑖 
} 

(20) 
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𝜛𝑖 = {
𝜛𝑥
𝜛𝑦 
𝜛𝑧
} 

(21) 

acceleration vector specifying the translational and rotational accelerations of a body i is 

defined as 

𝑣�̇� = {
𝑟�̈�
𝜛𝑖̈
} 

(22) 

1.2.3.  Equation of Motion for constrained systems 

The translational equations of motion for an unconstrained rigid body can be expressed [45] 

as 

𝑚�̈� = 𝑓 
(23) 

m represents the mass of the body, �̈� denotes the acceleration of the center of mass and f 

represents the sum of all forces acting on the body [46]. Nikravesh in [22] demonstrated that 

the rotational equations of motion for a rigid body can be written in the form. 

𝐽�̇� + �̃�𝐽𝜔 = 𝑛 
(24) 

where J is the global inertia tensor, 𝜔 denotes the global angular accelerations, x is global 

angular velocities and n represents the sum of all moments acting on the body. 

 

[
𝑚𝐼 0
0 𝐽

] {
�̈�
�̇�
} + {

0
�̇�
} = {

𝑓
𝑛 − �̃�𝐽𝜔

} 
(25) 

 

The Newton-Euler equations of motion of a multibody system composed by nb 

unconstrained bodies are written as 
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𝑀�̇� = 𝑔 
(26) 

Where:  

𝑀 = [

𝑀1
⋱

𝑀𝑛𝑏

] , �̇� = {

𝑣1̇
𝑣2̇
⋮
𝑣𝑛𝑏̇

} , 𝑔 = {

𝑔1
𝑔2
⋮
𝑔𝑛𝑏

} 

(27) 

for a multibody system of constrained bodies, the Newton-Euler equations of motion are 

written as 

𝑀�̇� = 𝑔 + 𝑔(𝑐) 
(28) 

𝑔(𝑐) = 𝐷𝑇𝜆 
(29) 

where 𝑔(𝑐) denotes the vector of reaction forces that can be expressed in terms of the Jacobian 

matrix and Lagrange multipliers as in [22],[44]. Finally, the dynamic equations of motion for a 

constrained multibody system can be written in its general form as 

𝑀�̇� − 𝐷𝑇𝜆 = 𝑔 
(30) 

the second time derivative of the constraint equations are considered here and written as 

𝐷�̇� = 𝛾 
(31) 

This system of equations is solved for accelerations vector, �̇�, and Lagrange multipliers, λ. 

Then, in each integration time step, the accelerations vector, �̇�, together with velocities vector, 

v, is integrated to obtain the system velocities and positions for the next time step. A set of 

initial conditions, positions and velocities, is required to start the dynamic simulation. All the 

equations can be written in matrix form as [47] 

[𝑀 𝐷𝑇

𝐷 0
] {
�̇�
𝜆
} = {

𝑔
𝛾} 

(32) 

The procedure can be summarized as  
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Figure 10: Flowchart of computational procedure for dynamic analysis of multibody systems 

based on the standard Lagrange multipliers method [48] 

1.3. Finite Element Method  

 

“FEM is a numerical method to solve partial differential equations in two or three spatial 

variables. This approach divides an extensive system into smaller and simpler parts called 

finite elements; this is achieved by discretizing the space by building a mesh of the object. 

Finally, the formulation of the finite element method of a boundary problem results in a system 

of algebraic equations. The method approximates an unknown function of the domain”[49] 

The finite element method arises from the need to solve complex elasticity and structural 

analysis problems in civil and aeronautical engineering. Its development dates to the work of 

A. Hrennikoff [50] and R. Courant [51]. Various pioneers have formulated this method in 

different ways [51–55], all united by the discretization of the mesh of a continuous domain into 

a set of discrete subdomains, usually called elements. A rigorous mathematical basis for the 

finite element method was provided in 1973 with the publication of Strang and Fix. [54]The 

method has since been generalized for numerical modelling of physical systems in various 

engineering disciplines, such as electromagnetism, heat transfer, and fluid dynamics. [56] 
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The discretization of a system has several advantages, such as: 

1) Accurate representation of complex geometries. 

2) Inclusion of dissimilar material properties. 

3) Representation of the total solution. 

4) The capture of local effects. 

dividing the problem domain into a collection of subdomains, with each subdomain 

represented by a set of equations of elements to the original problem systematically 

recombining all the sets of equations of the elements into a global system of equations for the 

final calculation. The global system of equations has known solution techniques and can be 

calculated from the initial values of the original problem to obtain a numerical answer. In the 

first step above, the element equations are simple equations that locally approximate the 

original complex equations to be studied, whereas the original equations are often partial 

differential equations. The finite element method is commonly introduced as a particular case 

of the Galerkin method[57]. The process, in mathematical language, consists in constructing an 

integral of the internal product of the residual and the weight functions and zeroing the 

integral; this is a procedure that minimizes the approximation error by adapting the proof 

functions in the PDE. The residual is the error caused by the test functions, and the weight 

functions are polynomial approximation functions that project the residual. The process 

removes all spatial derivatives from the PDE, thus approximating the PDE locally with:  

1) a set of algebraic equations for steady-state problems. 

2) a set of ordinary differential equations for transient problems. 

The sets of algebraic equations that arise in steady-state problems are solved using numerical 

methods of linear algebra, while the sets of ordinary differential equations that arise in transient 

problems are solved by numerical integration using standard techniques such as Euler's method 

or the method of Runge-Kutta[58]. A global system of equations is generated from the 

equations of the elements through a coordinates transformation from the local nodes of the 

subdomains to the domain's global nodes. This spatial transformation includes appropriate 

orientation adjustments applied concerning the reference coordinate system. The process is 

often performed by the FEM software using the coordinate data generated by the subdomains. 
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The practical application of FEM is known as finite element analysis (FEA). FEA applied in 

engineering is a computational tool for performing engineering analyzes. It includes the use of 

mesh generation techniques to divide a complex problem into small elements, as well as the 

use of software coded with a FEM algorithm. In the application of FEA, the complex problem 

is usually a physical system with underlying physics such as the Euler-Bernoulli beam 

equation, the heat equation or the Navier-Stokes equations expressed in PDE or integral 

equations. In contrast, the small, divided elements of complex problems represent different 

areas of the physical system. FEA can analyze problems in complicated domains, when the 

domain changes, when the desired precision varies across the entire domain, or when the 

solution lacks softness.[59]Under the hypothesis of material with linear elastic behaviour, 

homogeneous and isotropic, and subjected to infinitesimal deformations, the system of 15 

equations in 15 unknowns admits one and only one solution.[60], [61] 

{
  
 

  
 
𝜕𝜎𝑥
𝜕𝑥

+
𝜕𝜏𝑥𝑦

𝜕𝑦
+
𝜕𝜏𝑥𝑧
𝜕𝑧

+ 𝐹𝑥 = 0

𝜕𝜎𝑦

𝜕𝑦
+
𝜕𝜏𝑦𝑥

𝜕𝑥
+
𝜕𝜏𝑦𝑧

𝜕𝑧
+ 𝐹𝑦 = 0

𝜕𝜎𝑧
𝜕𝑧

+
𝜕𝜏𝑧𝑦

𝜕𝑦
+
𝜕𝜏𝑧𝑥
𝜕𝑥

+ 𝐹𝑧 = 0

 

(33) 

{
 
 
 
 
 
 

 
 
 
 
 
 휀 =

𝜕𝑢𝑥
𝜕𝑥

 

휀 =
𝜕𝑢𝑦

𝜕𝑦
 

휀 =
𝜕𝑢𝑧
𝜕𝑧

𝛾𝑥𝑦 =
𝜕𝑢𝑥
𝜕𝑦

+ 
𝜕𝑢𝑦

𝜕𝑥
 

𝛾𝑥𝑧 =
𝜕𝑢𝑥
𝜕𝑧

+ 
𝜕𝑢𝑧
𝜕𝑥
 

𝛾𝑦𝑧 =
𝜕𝑢𝑦

𝜕𝑧
+ 
𝜕𝑢𝑧
𝜕𝑦

 

 

(34) 
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{
 
 
 
 
 

 
 
 
 
  휀𝑥 = 

1

𝐸
 [𝜎𝑥 − 𝜈(𝜎𝑦 + 𝜎𝑧)]

 휀𝑦 = 
1

𝐸
 [𝜎𝑦 − 𝜈(𝜎𝑥 + 𝜎𝑧)]

휀𝑧 = 
1

𝐸
 [𝜎𝑧 − 𝜈(𝜎𝑥 + 𝜎𝑦)]

𝛾𝑥𝑦 = 
𝜏𝑥𝑦

𝐺
 
𝛾𝑥𝑦

= 
𝜏𝑥𝑦

𝐺

𝛾𝑥𝑦 = 
𝜏𝑥𝑦

𝐺

 

(35) 

 

However, always remember that this is an engineering process; the problem is simplified to 

find a solution, which involves the inevitable addition of an error. It is not always possible to 

simplify the problem and then apply the FEM, as it is, in any case, a numerical technique 

designed to seek approximate solutions to problems described by partial differential equations 

by reducing the latter to a system of algebraic equations. 

 

Figure 11: Error propagation during the process. 

Among the most common analyzes in the mechanical field are the static and dynamic 

ones[62]. The static analysis studies static problems in the strict sense and almost static (the 

excitation frequency of the load applied to the structure is less than one-third of a minor natural 

frequency of the system). The effects of inertia are, however, neglected. Dynamic analysis 
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studies the time dependence of the problem and considers the presence of the system's inertia 

and damping forces. The problems are also very different from each other and can encompass 

Linear and nonlinear problems. In linear problems, the body is in the range of elasticity and 

subjected to small deformations. Generally, a system is linear if there is a law of 

proportionality between input and output. In nonlinear problems, this law of proportionality is 

not valid[63]. A linear problem (sometimes even a nonlinear one) can be solved using linear 

systems. In linear systems, a deformable solid body has a linear behaviour. The mathematical 

model describes a linear relationship between the imposed stress and the associated response. 

They enjoy the following properties: 

𝐹(𝑎𝑄1 + 𝑏𝑄2) = 𝑎𝐹(𝑄1) + 𝑏𝐹(𝑄2)            
(36) 

∀(𝑎, 𝑏) ∈ ℝ × ℝ;∀(𝑄1; 𝑄2) 
(37) 

The principle of superposition of effects states that the effect of applied stresses on any 

system is equal to the sum of each effect[64]. In particular: 

𝑎 = 𝑏 = 1 𝑒 𝑄1 = −𝑄2 = 𝑄  
(38) 

𝐹 = (𝑄1 − 𝑄2) = 0 = 𝐹(𝑄1) + 𝐹(−(𝑄2))  
(39) 

(𝑄1) = −𝐹(−𝑄2) 
(40) 

The response of a linear system is entirely reversible but can only be applied if all the 

relationships between cause and effect are linear. In a nonlinear system (plasticity, large 

deformations), the superposition principle of the effects is not valid, and the system has 

irreversible behavior. The nonlinearity of the response of a deformable solid depends on the 

following factors. 

1) Non-linearity of the mechanical behavior of the material (constitutive non-linearity) 

2) Geometric non-linearity due to: 

• Transformations: the deformed configuration of the system differs significantly 

from the initial one. 



PART I - Chapter 1 Biomechanics Overview 

24 

 

• Non-linearity of the imposed load conditions. 

• Non-linearity of kinematic constraints. 

A nonlinear problem is generally linearized. It is divided into steps assuming the behaviors of 

each of these linear. The analysis restarts from the configuration reached in the previous 

step[65]. For the definition of a FEM analysis, a series of steps must be followed. The first is 

Assigning to the element a function of the form (a), a polynomial type of function that links the 

displacements of a generic point of the element \ underline 𝑓𝑖 with its nodal displacements f. 

𝑓𝑖 = 𝛼𝑓 
(41) 

α indicates the vector of the coefficients of the polynomial, and with φ the matrix of the 

coordinates, the shape function is obtained from the following steps: 

𝛼 = 𝜙−1(𝑥, 𝑦)𝑓 
(42) 

The compatibility equations that link the deformations of a generic element point with the 

nodal displacements are then defined. They are defined continuously throughout the structure. 

휀𝑖 = 𝑏 𝑓𝑖 = 𝑏𝛼𝑓 = 𝐵 𝑓𝑖 
(43) 

휀𝑖 = 𝑏𝑓𝑖 
(44) 

Where b is a matrix in which some differential operators link the deformations of a generic 

point with its displacements. At this point, the constitutive equations for the element are 

defined: 

𝜎𝑖 = 𝐷휀𝑖 
(45) 

The stiffness matrix of the element is constructed using the Principle of Virtual Works, in 

which the work caused by internal forces is equaled with the work caused by external forces 
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(δW = δU) (46) 

𝐹𝑡  𝛿𝑓 
(47) 

∫ 𝜎𝑇 𝛿휀 𝑑𝑉 

𝑉

 

(48) 

𝐹 𝛿𝑓 = ∫ 𝜎𝑇 𝛿휀 𝑑𝑉 

𝑉

= ∫ 𝐵𝑇  𝐷𝐵 𝑑𝑉 𝑓𝛿𝑓

𝑉

 

(49) 

𝐾 = ∫ 𝐵𝑇 𝐷𝐵 𝑑𝑉 𝑓𝛿𝑓

𝑉

 

(50) 

𝐹𝑗 = 𝐾𝑗𝑓𝑗
𝑇 
→𝐹𝑖 = 𝐾𝑖 𝑓𝑖 → 𝐹 = 𝐾𝑓 

(51) 

The stiffness matrix of the structure K is obtained from the single elements by summing the 

homologous terms that link the displacements of the common nodes with the forces acting on 

the nodes themselves. Moreover, the matrix K is symmetric and singular.[66] 

𝑓 = 𝐾−1𝐹  →  𝑓𝑖 = 𝑎𝑓 → 휀𝑖 = 𝑏𝑓𝑖 → 𝜎𝑖 = 𝐷휀𝑖 
(52) 

1.3.1. Static Analysis 

Static analysis is divided into linear and non-linear. In the linear one, the solution is stable and 

independent of the choice of the time step. Therefore, it is independent of time. It can easily 

find inputs and outputs from the coefficient matrix that binds them. 

𝐹 = 𝐾𝑓 
(53) 

𝑓 = 𝐹 𝐾−1 
(54) 
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Non-linear analysis involving equations of a higher order than the first must consider many 

small-time intervals to achieve convergence and minimize errors. It is used to solve geometric 

problems (for example, buckling or buckling loads and problems due to contact) but also to 

problems depending on the material (plastic or elastoplastic). It is solved through knowledge of 

self-values of the matrix that links inputs and outputs, which returns a series of compatible 

solutions, or through the iterative method of Newton-Raphson[67]. 

(𝐾 −  𝜆𝐾𝐺)𝑓 = 0 
(55) 

 

1.3.2. Dynamic Analysis 

Dynamic analysis involves systems in which there is a strong dependence on time and the 

presence of the system's inertia and damping forces. It is divided into the linear and non-linear 

dynamic analysis (crash). Linear dynamic analysis, in turn, can include: 

1) Free vibrations, whose solution is found through the eigenvalue problem[67] 

𝑀𝑓̈ + 𝐾 𝑓 = 0  →  [−𝜔2𝑀+𝐾] 𝑓 = 0 
(56) 

2) Forced vibrations, which can be solved through (57) [68] 

𝑀𝑓̈ + 𝐾 𝑓 = 0  →  [−𝜔2𝑀+𝐾] 𝑓 = 0 
(57) 

3) Modal analysis in which one is the matrix of the eigenvectors in which each column 

represents a way of vibrating the system[68] 

𝑓̈ + 𝑈𝑇 𝐶𝑈 𝑓̇ + Δ 𝑦 = 𝑈𝑇 𝐹(𝑡)        
(58) 

 𝑈𝑇 𝐶𝑈 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙 𝑚𝑎𝑡𝑟𝑖𝑥 
(59) 
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4) Frequency response conducted through experimental tests 

5)  Direct calculation methods, distinguishable in explicit and implicit methods. 

 

1.3.3.  Implicit and explicit method 

The explicit method defines the time increase at the analysis's beginning and remains 

constant during the calculation. The explicit method is conditionally stable, so the integration 

step must be less than a critical step, calculated as the time required for a shock wave to cross 

the smallest element of the model.[69] 

Δ𝑡 ≤ ∆𝑡𝑐𝑟𝑖𝑡 =
2

𝜔𝑚𝑎𝑥
        

(60) 

Therefore, the total analysis time depends to a greater extent on the smallest size of the 

smallest finite element present in the model rather than on the number of degrees of freedom of 

the model itself. In crash problems, small integration steps are generally not a problem since 

the characteristic times of the affected phenomenon are minimal. In the implicit method, the 

time increase varies at each calculation step to satisfy an appropriate convergence criterion. 

The implicit method is conditionally unstable. 

 

Figure 12: Comparison between the implicit and explicit method. 
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1.3.4. Discretization method, Meshing  

 

Mesh generation is the practice of creating a mesh, a subdivision of a continuous geometric 

space into discrete geometric and topological cells. Often these cells form a simplicial 

complex. Usually, the cells partition the geometric input domain. Mesh cells are used as 

discrete local approximations of the larger domain.  As the concept of the FEM is based on the 

decomposition of a continuum into a finite number of discrete elements, the solution obtained, 

in general, will be only an approximation to the exact solution. The error of the approximation 

depends on the nature of the problem, the accuracy of individual elements, the number of 

elements used and the position of the sampling nodes, etc. efore analyzing the response of a 

structure subjected to loading, an FE model must be created. Based on these data, the software 

forms the element stiffness matrices [k], assembles them into the structure stiffness matrix [K], 

applies the boundary and loading conditions, and then uses the Gauss elimination or an 

equivalent method to find the nodal displacements. The user must discretize the structure, 

numerically idealize each member, prescribe boundary conditions, and apply loading 

conditions. In FE terminology, the word mesh is defined as the collection of nodes which 

contain information related to geometric locations and elements which prescribe the order of 

connectivity between nodes. Nodes are known as grid point. In a global coordinate system, the 

location of a point is defined in a rectangular or spherical space. Commonly used coordinate 

systems include the Cartesian coordinate system, polar coordinate system, and spherical 

coordinate system. At each node, any constrained DOFs can be prescribed, and the responding 

DOFs due to applied forces and moments can be calculated. In theory, all nodes possess six 

DOFs, three translations along the x-, y-, and z-axes and three rotations about the x-, y-, and z-

axes. There are different types of finite elements. These are mainly classified based on 

geometrical dimensions, it can further add types based on element order, other or 

miscellaneous types. 
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Figure 13: Types of element used in volumetric finite element modeling of solid structures.  

[70] 

In case of 1D elements one of the dimensions is very large compared to other two 

dimensions. In case of 2D, two dimensions are very large comparison with third one. Finally, 

in case of 3D, all dimensions are comparable for example solids. For all of elements exists two 

types of elements linear and quadratic. The only difference between linear and quadratic is 

midsize nodes. In case of quadratic element, additional midsize node in is defined in middle of 

each side. 
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2. ADDITIVE MANUFACTURING 

 

 

 

 

2.1. A review of the additive manufacturing  

 

“Additive manufacturing (AM) is a process of joining materials to make objects from 3D 

model data, usually layer upon layer, as opposed to subtractive manufacturing 

technologies”[71] 

 

Additive Manufacturing, also known as 3D Printing [72], is a technology that allows you to 

produce three-dimensional parts, layer by layer, starting from powder, thanks to a laser source 

that melts the material. Alternatively, this is the technology to build metal objects with 

complex geometries, which is impossible to make with other traditional technologies. This 

process was initially identified as, the idea of fabricating product prototypes directly from 

computer-aided design (CAD) data [73], [74]. Since then, this technology has significantly 

improved speed, part accuracy and material properties and expanded the range of its 

application areas. The main applications of this technology included the manufacture of 

various types of models and prototypes, which were used for visual inspection, concept 

evaluation and presentation and functional testing in the various phases of the product 

development process [75]. All this has made AM a fundamental tool for shortening product 

design and development time cycles. In addition to prototyping, it showed its potential in other 

industries such as rapid manufacturing (RM) to produce parts for end users in small batches, 

rapid equipment (RT) for the manufacture of production tools or molds [76] and medicine [77].  
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AM technology is divided into two main phases [78]: 

• Virtual: The 3D CAD model is created using 3D modelling software. 

• Physical: a suitable AM process uses CAD to develop physical models. 

The virtual part in detail is characterized by 3D geometric modelling, the piece is 

dimensioned, and the required geometry is created. The geometry is then converted to standard 

triangular language and pre-processed for printing. The last step of this phase is characterized 

by selecting the printing parameters and the orientation/positioning of the printed part on the 

printing plate. The physical part is characterized by being manufactured using one of the AM 

systems currently. The final step is post-processing. This includes removing the physical part 

from the platform, detaching the supports and sometimes the part requires small cleaning and 

surface treatment to improve its appearance and strength [79]. 

 

Figure 14: Product development cycle. 

Some of the standard AM processes used in the manufacturing process are: 

• Stereolithography (SL),  

• Selective laser sintering (SLS),  

• Fused deposition modelling (FDM),  

• 3D printing (3DP),  
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• Laminated object manufacturing (LOM),  

• Polyjet printing (PP),  

• Electron beam melting (EBM),  

• Laser engineered net shaping (LENS). 

All these processes have a common feature [80], the model is manufactured by adding layer-

by-layer raw materials rather than by removing or deforming materials as in conventional 

manufacturing processes. Furthermore, the only one a feature that makes this technology more 

special than conventional production is its ability to manufacture physical parts directly, i.e. it 

does not require any change of tools, equipment and other related activities for manufacturing 

purposes[81].  

2.2. SLM/SLS and their key process variables  

The doctoral thesis focuses on systems in which a focused energy beam is used to fuse dust 

particles in layers. The energy beam can be an electron beam or laser. Different names refer to 

these powder bed laser melting processes, the most common of which are selective laser 

sintering (SLS) and selective laser melting (SLM), depending on the nature of the powder 

melting process. 

 

Figure 15: Illustration of a typical SLM or SLS process [82] 

 A typical SLS or SLM process is illustrated in Figure 15. The powder feed is contained in a 

hopper or distributor bed. In the embodiment illustrated in Figure 15, an elevator in the powder 

hopper raises a prescribed dose of powder above the build plate level, which is then spread in a 

thin and uniform layer on the construction surface by a covering mechanism. The overcoating 

mechanism can consist of a stiff scraper, a soft squeegee, or a roller [83]. The powder can also 

be supplied from a hopper above the build surface. The dust thickness of the layer is generally 
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between 10 and 100 μm. Selective portions of the powder layer corresponding to a slice of the 

piece to be produced are then sintered or fused by a laser scan focused on the entire surface. 

Lasers in the metal powder bed are typically fibre lasers with wavelengths between 1.06 and 

1.08 μm and powers of the order of magnitude of 100 s Watt. The process is repeated to build a 

finished part in a layer-by-layer fashion. For metals, the process is typically carried out, in a 

nitrogen or argon atmosphere with very low oxygen content to prevent oxidation of the metal 

during the fusion process. 50 Parameters affect the final quality of the finished part in SLM / 

SLS processes[84], [85]. Four categories can enclose them [86]: 

• Scanning and laser parameters, 

• Powder material properties, 

• Properties of the powder bed and coating parameters, 

• Building environment parameters. 

These categories are divided into: 

• controllable parameters that can be manipulated during the build process 

• default parameters are determined at the start of a build and remain fixed throughout 

the process. 

SLM / SLS is essentially a heat transfer process in which energy from a laser is transferred to 

a powder bed, heating and then melting the powder, after which the melt is allowed to cool 

until it becomes solid. The laser is the source of energy in the heat transfer process. The power 

delivered by the laser is a function of: 

• output power (PL) 

• laser mode (continuous or pulsed) 

•  area where the beam energy is applied (spot size)  

• amount of time that energy is applied to given area of the dust bed. 

The power is adjustable on different levels. It is possible to use different laser powers on the 

contours of the parts to control the surface finish than those used in the internal region. 

Continuous lasers are the standard in industrial machines; However, in [87], [88] the 

advantages of pulsed laser are shown in the prevention of cracking or material microstructure 

[89], [90]. If the laser is used in a pulsed mode, the peak power, pulse width, and pulse 

frequency may be added to the list of variables that affect the output of an SLM or SLS 
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process. Wavelength and polarization can have a significant impact on absorption [91].  The 

laser scan speed (v) is a critical process parameter, as it represents how long the laser power is 

applied to a particular point [92]. Typical laser scanning speeds are on the order of 10-100 s of 

millimeters per second. The geometry of the part and the model or scanning strategy also affect 

the heat transfer environment in the vicinity of the melt pool. The powder has different thermal 

transport properties than the molten material. Therefore, if a large solid part is being scanned, 

the part itself it becomes a heat sink through which energy is conducted away from the fusion 

pool. When scanning on a small solid mass instead, the conductive dissipation of thermal 

energy away from the melt pool will be slower. The laser scanning strategy influences the 

finished piece's resulting properties [93], [94]. Common scan patterns include arrays of parallel 

strips, spirals or outlines from the outside edge of a part in the center and/or zigzag traces [93], 

[94]. The implementation of these scanning strategies requires the specification of multiple 

process variables, such as the width of the strip, the overlap of the strip and the direction. A 

parameter common to all scan strategies is the scan spacing (Ss) or distance between 

neighboring passages of the laser. Some degree of overlap between the nearby areas of the 

melting tank are required to ensure that the material is completely dense and reaches full 

strength. Ensuring the laser is focused on the desired position and moving at the specified 

speed is critical to controlling component variability in SLM and SLS processes. the shape of 

the dust particles, the surface roughness and dimensional distributions can be important as they 

affect light absorption [95], [96], the flowability of the powder during the enrobing process, 

packaging of the powder in the bed and the uniformity of the layers deposited in the coating 

process. If the powders are reused, these properties are subject to change[97]. Powder bed 

temperature affects thermal gradients in the heat transfer process illustrated, which ultimately 

affects internal stresses in finished parts[84]. The high temperatures required to melt or sinter 

metals require that SLM and SLS constructions be performed in a controlled low oxygen 

atmosphere to prevent oxidation, decarburization and other problems that can adversely affect 

the mechanical properties of the finished part [84]. This thing is achieved by using a 

combination of positive pressure from an inert process gas, usually argon or nitrogen, and a 

vacuum pump to remove air from the construction space [84]. In SLM, a plasma plume is 

typically seen above the weld pool. This plasma consists of ionized gas from the construction 

atmosphere and vaporized and/or ionized metal from the powder bed [98]. This plasma plume 

can be absorbed and/or refract the laser radiation, thus affecting the absorption of energy by the 

melt bath/powder bed [98], [99]. Small changes in oxygen composition (0.1 to 1.0 vol%) lead 

to significant weld pool changes when small amounts of oxide form on the surface of the melt, 
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modifying the surface tension [100]–[102]. Any change in the size of the weld pool would 

impact the heat transfer process Changes in surface tension can also lead to Rayleigh instability 

in the weld bead during an SLM process [103]. 

2.3. Comparison between Additive Manufacturing and traditional 

method in prosthetics field 

Prosthetics and orthoses are common aids that help people with disabilities meet their 

biomechanical needs. Prostheses are used to replace missing body parts of the lower limb or 

upper limb [104]. The prosthetic socket is a cup-like structure it fits around the amputees' 

residual limb and transfers mechanically load from the body to the prosthesis. Orthoses are 

classified into upper limb orthoses, spinal orthoses, and lower limb orthoses. The traditional is 

the most widely adopted manufacturing method for customized orthoses and typically involves 

plaster cast and is highly patient-centric personalized process. In contrast to traditional 

subtractive production, AM has significantly reduced material waste, shortened the 

manufacturing period and eliminated the need for most skill-based manual operations [105]. In 

the traditional manufacturing process, a patient performs anthropometric measurements. Later 

a cast mould is obtained by wrapping plaster bandages around the affected body area. A 

positive mould is then made by pouring plaster into the negative mould. Next, the prosthesis or 

orthosis is made by heating and thermoforming sheets of thermoplastic material on the positive 

patch moulds, which are left to cool and then trimmed inside the correct form. Further 

adjustments are required in most cases to ensure the comfort and functionality of the product. 

This procedure involves the waste of materials and has high labour times and costs. The 

products' quality hugely depends on the prosthetist's or orthopedist's skill and experience [106]; 

therefore, it is not practical to produce repeatable results. With AM, complex structures can be 

created, saving time and labour costs. AM has a flexibility that allows customization for 

particular applications or consideration of individual characteristics [107]. AM allows for 

precise replicas of existing products [108] and makes it possible to increase functional 

performance with less weight. Furthermore, integrating functions in AM can reduce the need 

for assembly procedures [109]. Finite element analysis was used in AM processes to predict 

and optimize mechanical characteristics and functional performance. Optimization of material 

distribution while maintaining the rigidity of the design can be done through a topological 

approach, which is impossible in traditional procedures [110]. The primary constraint of this 

technology is the combination of dissimilar materials, due to differences in thermal 

expansion/contraction and mismatch in heat release, which it would not be a problem in 
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traditional manufacturing [111]. Studies [112], [113] have outlined new methods of 

manufacturing prostheses and orthoses using body scanning, CAD and AM technologies. SLS 

and FDM techniques were used production of ankle-foot orthoses. Both methods required 

scanning the foot and using a simulation of the ankle-foot orthosis model [114]. Various types 

of customized orthotic insoles have been made using AM technologies and have been 

compared with traditional ones products manufactured through observation of gait and 

subjective assessment of fit and comfort [115]–[117]. An evaluation of orthoses made with 

SLS for patients with rheumatoid arthritis showed similar results in walking with traditional 

orthoses, and the patients did not feel any difference in terms of comfort and fit [118]. 

Orthotics with adjustable elements to relieve plantar pressure and an adjustable stiffness ankle-

foot orthosis were designed and manufactured using AM technology and tested with a 

healthcare participant [119]. The results proved that both AM-fabricated orthoses could meet 

the functional requirement. This study indicated AM's availability to manufacture new 

customized orthotic devices. 

2.4. SLM lattice structures: overview 

Additive manufacturing (AM), particularly Selective Laser Melting (SLM), has enabled the 

development of lattice structures with unique properties. By controlling various parameters, 

lattice structures can produce unique mechanical, electrical, thermal, and acoustic properties 

and have received much research attention. Despite the increasing volume of published data on 

the mechanical response of specific SLM lattice structures, no overarching analysis exists. The 

lattice structures can be 2.5D [120] or 3D and can be fabricated by a variety of means, 

including investment casting [121], a combination of extrusion and EDM machining [122], or 

various methods of manufacturing composites, including weaving fabrics [123], interlaced, 

interlocking, hot pressed [124] or filament winding [125]. Lattice structures can generally be 

classified according to their mechanical response as dominated by bending or dominated by 

elongation. The cellular topology of a lattice structure defines if will be bent or dominated by 

elongation. The most common strut-based cell topologies that have been studied are the body-

centred cube (BCC) and the face-centred cube (FCC), or variations of these, such as the 

inclusion of z-struts (BCCZ and FCCZ) (Figure 16) [126], which are named after analogues 

crystalline structures.  
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Figure 16: Strut-based lattice structures: BCC (A), BCCZ (B), FCC (C), FCCZ (D), cubic 

(F), Octet-truss (G), and diamond (H).[127] 

There are other strut-based topologies, such as the cube, the octet-truss and the diamond. 

These strut-based topologies are often chosen for theirs the simplicity of design. Strut-based 

topologies can be characterized by their Maxwell number, M, which depends on the number of 

rafters, s and nodes, n 

M = s − 3n + 6        (61) 

If M < 0, there are too few struts to balance the external forces without balancing moments 

induced at the nodes, causing bending stresses to develop in the struts and leading to 

dominated bending behavior[127]. While if M ≥ 0, the external loads are balanced by axial 

tension and compression in the struts, which means no flexing occurs in knots, making these 

structures dominated by elongation [128]. Because of these phenomena, structures dominated 

by elongation are rigid and robust, especially considering their mass, while structures 

dominated by flexion conform and deform more consistently [129]. Various parameters, such 

as periodicity and relative density, can be modified to optimize their mechanical performance 

[130]. The periodicities are defined by the k values (kx, ky, kz) which are calculated using 

𝑘𝑖 = 2𝜋
𝑛𝑖
𝐿𝑖

 
(62) 

where ni is the number of cell repetitions in the x, y or z directions, and Li is the absolute size 

of the structure in that direction. The variable t can be used to change the relative density. 

https://www.sciencedirect.com/topics/engineering/body-centered-cubic
https://www.sciencedirect.com/topics/engineering/face-centered-cubic
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Rapid progress has led to an interest in AM for a wide range of applications including personal 

protective equipment [131] and sports equipment. Two sectors that have been particularly 

interested in the AM network facilities are the biomedical and aerospace industries [132]. The 

ability to produce high-quality metal components that conform to complex, patient-specific 

surfaces make SLM perfect for manufacturing medical products. The ability to produce metal 

components with stiffness closer to bone makes AM reticular structures perfect for biomedical 

applications [133]. These structures can be designed to produce optimal osseointegration and 

have been shown to support excellent bone growth and achieve high performance in implant 

fixation [134]. Various terms such as mechanical properties, elastic modulus and yield strength 

are applied to lattice structures, although they have a slightly different meaning than when 

applied to continuo bulk materials. When referring to reticular structures, these properties are 

the "apparent macroscopic properties of structures which converge to specific values when it is 

the number of unit cells big enough "[135]. Due to the geometric freedom offered by AM, 

lattice structures can obtain functional or mechanical properties which cannot be obtained with 

bulk materials [136] such as auxetic structures with negative Poisson's ratio [137], negative 

stiffness [138], negative compressibility, negative thermal expansion coefficient [90] or very 

high stiffness with low mass [139]. The mechanical properties of lattice structures are usually 

expressed as a fraction of the mechanical properties of their starting material [135] and depend 

on the relative density of the reticular structure (𝜌 ∗/𝜌𝑠), which is the ratio of the apparent 

density of the cell structure 𝜌 ∗ to the density of the cellular structure material (𝜌𝑠). Regardless 

of the topology, the mechanical properties of lattice structures are known to decrease with 

reduced relative density [140]. The orientation of the cells concerning the load direction also 

significantly affects the mechanical response of the anisotropic reticular structures [135]. The 

tensile behavior of the lattice structures remains a required area further research. The fatigue 

performance of SLM lattice structures is critical for many high-value technical applications. 

For example, biomedical and aerospace components are subject to stringent requirements and 

limits associated with cyclic load [141]. The fatigue behavior of lattice structures subject to 

dynamics the load can be divided into three phases:  

• phase 1 the deformation increases quickly.  

• phase 2 the cumulative deformation remains approximately constant for about 104-106 

cycles;  

• phase 3, cumulative strain increases exponentially, resulting in the rapid failure of the 

exemplary [141]. 
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The factors that most significantly affect the fatigue properties of the reticular structures 

are:  

• the mechanical properties of the bulk material. 

• the relative density of the lattice.  

• cell topology;  

• geometry of the uprights of the cell, which is defined by the distribution of the material 

within the structure [141].  

The fatigue behavior of SLM lattice structures with some topologies and relative densities are 

compared in Figure 17. 

 

Figure 17: A: Comparison of fatigue behaviour of SLM lattice structures with diamond (D) 

and truncated cuboctahedron (C) topologies and varying relative densities (%) . B: Failure 

stress after 50x103 cycles for different topologies and relative densities[127]. 

Lattice structures with higher relative density could support more loads for a more significant 

number of cycles than those with a lower relative density (Figure 17 A). However, truncated 

cuboctahedron reticular structures could withstand higher loads for similar periods than the 

diamond grating structures with similar relative densities (Figure 17 B). Tensile loads cause 

bending stresses in the posts in bending-dominated structures. These stresses can give rise to 

cracks inside the struts propagating up to the final fracture. As more struts fail, the load-

carrying capacity and stiffness of the fatigue load of the structure diminishes until complete 

catastrophic failure [141]. 
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3. HUMAN ANATOMY TERMINOLOGY AND POSE 

DETECTION METHOD 

 

 

 

 

3.1. Terminology and Human standards  

 

The human body can be divided into 14 main segments[142] (Figure 18) 

 

Figure 18: Principal members of the human body  



PART I - Chapter 3 Human Anatomy Terminology and Pose Detection Method 

41 

 

When experimenting in the field of biomechanics, the conventions relating to this field must 

first be defined. The ISB sets the standards for the biomedical sector. A global coordinate 

system must be defined to describe human kinematics independently of the type of 

experimentation conducted. As in [143], a right-handed orthogonal triad fixed in the ground 

with the + Y axis upward and parallel with the field of gravity, X and Z axes in a plane 

perpendicular to the Y axis must be defined. 

 

Figure 19: Conventions for global reference frame and segmental local center of mass 

reference frame [143]. 

Another defining thing is that the + X axis is defined as the direction of travel or work 

(defined by the investigator). In the case of locomotion on inclined planes, the Y axis will 

remain vertical, and the X and Z axes will be in the same horizontal plane[143]. The 

nomenclature refers to an anatomical position of the reference, to describe a movement. The 

position is supine and extended with the arms along the trunk and the palm facing upwards. In 

this position, three planes are described: sagittal, frontal, and median. Their intersection defines 

the center of gravity of the human body (Figure 20). 
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Figure 20:Directions, orientations, and planes used to describe the body in anatomy. 

 

Along the sagittal plane, assuming to choose a direction of travel "r", two nomenclatures can 

be defined. In the vertical direction, a proximal position can be defined for all values that tend 

to make the module of this vector negative. The distal position is defined for all values where 

"r" increases. In other words, everything far from the sternum assumes a distal position. In 

contrast, everything close to the sternum assumes a proximal position. In the case in which it is 

hypothesized that this line is horizontal, it can be defined that everything close to the sagittal 

plane is in a medial position, and everything far from the sagittal plane is in a lateral position 

(Figure 21).  



PART I - Chapter 3 Human Anatomy Terminology and Pose Detection Method 

43 

 

 

Figure 21:Anatomical plane: Sagittal plane, proximal/distal and medial/lateral definition.  

 

 

Figure 22: Anatomical plane: Coronal plane, Anterior/Posterir and Dorsal/Ventral definition.  
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Two areas can be identified, considering the coronal plane, the front (anterior) and the 

posterior. The first is located in front of the coronal plane, and the second is behind. As for the 

position, everything that is anterior to the coronal plane is defined in the ventral position and 

vice versa. It is identified in the dorsal position.  

 

Figure 23: Anatomical plane: Trasverse plane, cranial caudal definition.  

Finally, the transverse plane divides the body into upper and lower portions. Everything far 

from the transverse plane is in the cranial position; on the contrary, the rest is in the caudal 

position. The floors considered are the main floors, but secondary ones can be defined parallel 

to these. 

3.2. Anthropometry 

Anthropometric studies date back over two millennia. This material was necessary due to the 

continuous evolution of technology, especially in the relationship between man and machine, 

or with the taking of issues related to ergonomics or comfort. Industrial requests are aimed at 

obtaining surveys of overall dimensions or volumes, but in some cases, kinematic or dynamic 

models are developed, in which a more accurate analysis is needed. To undertake an 

anthropometric study, a large amount of data collected by analyzing live subjects or corpses is 

required and must be processed with appropriate statistical or deterministic tools. The 
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evaluation of measures such as height can be calculated directly on living subjects. As for limb 

mass measurements, inertia or centres of mass analysis must be carried out on cadavers or 

using techniques such as X-rays, CT or NMR [144]. The relationships obtained from the 

analysis of the following data have an empirical nature and fully reflect the characteristics of 

the sample in question. To avoid estimation errors and since these measures are inherited from 

specific characteristics of the population and the scenario, classifications must be made 

upstream of the analysis, based on parameters such as the sex of the subject, race, and age. In 

the field of anthropometers, numerous indices are used for the classification of subjects, the 

most common being the BMI (Body Mass Index). The BMI is a biometric data that relates the 

mass and height of an individual and is used as an indicator of a person's ideal weight. It can be 

used to classify individuals according to their build [145]. The body mass index is defined as: 

𝐵𝑀𝐼 =
𝑚

ℎ2
   [
𝑘𝑔

𝑚2⁄ ]     
(63) 

Where m represents the mass in kg and h is the height in m. In medical and engineering 

fields, an attempt is always made to identify an average man/woman representative of the 

population under examination. Unfortunately, this subject does not exist. However, it can be 

said that anthropometric measurements are arranged according to a Gauss distribution which 

can be described using indicators such as mean and square deviation. Considering a high 

number "n" of subjects of height hi, the average height ℎ̅ and the standard deviation 𝜎ℎ are: 

ℎ̅ =
∑ ℎ𝑖
𝑛
𝑖=1

𝑛
        

(64) 

𝜎ℎ =
√
∑ (ℎ

𝑖
− ℎ̅)

2𝑛
𝑖=1

𝑛
     

(65) 

As shown in the equations previously defined, it can be deduced that in this field, we can rely 

on population percentiles. Thanks to the percentiles, it is possible to define all subjects below a 

certain threshold. The human body is made up of deformable segments articulated together. To 

describe the dynamic behaviour of man, the specific quantities of the segments must be 

identified, such as size, the position of the centre of mass, moments of inertia and the 
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orientation of the principal axes of inertia. Among the models used, the simplest is that of 

Drills and Contini [146], [147], which estimates the segments as a function of the subject's 

height(Figure 24). 

 

Figure 24: Body segment parameters[146], [147] 

The body segments are made up of numerous tissues characterized by different densities. For 

this reason, there are formulas to calculate the average body density based on weight and 

height: 

𝜌 = 0.69 + 0.9
ℎ

√𝑚
3        

(66) 

Where h indicates the height in m and m indicates the weight in kg. A possible division into 

segments of the human body and the estimation of the density values was made by Dempster 

and Clauser, who referred to data obtained on cadavers[148], [149].  
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3.3. Human joint  

 

Two types of joints can be identified within the human body: 

• fibrous (bones joined by connective tissue 

• cartilage (bones joined by cartilage). 

 As seen in Figure 25, in synovial joints cartilage layers on the ends of opposing bones are 

contained in a sac containing synovial fluid. The coefficient of friction in such joints is lower 

than any joints made by mankind. 

 

Figure 25: The right knee synovial joint, with a anterior view with the kneecap (patella) 

removed and b in sagittal section (photo) [150] 
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There are several types of synovial joints in the body, each with one, two, or three degrees of 

angular motion. Condyloid or ellipsoidal joints are ball-and-socket joints with ellipsoidal balls 

and sockets. They have only two degrees of freedom because rotation is impossible about the 

ball's axis emanating. The upper leg bone (femur) is connected to the hip as a ball-and-socket 

joint (three DOFs). The hip bone is connected to the thigh with a hinge (one DOF). The ankle 

is a saddle joint (two DOFs). This means that each leg has six degrees of angular motion, as 

needed for the complete location of the foot. Several of these degrees of freedom have only 

limited angular motion. The upper arm (humerus) fits into the shoulder as a ball-and-socket 

joint (three DOFs). The elbow is a hinge (one DOF). The wrist is an ellipsoidal joint (two 

DOFs). That makes six DOFs.  When the angle of a 1D hinge, such as the elbow, increases, it 

is called extension; when it decreases, it is flexion. When a person rotates his leg away from 

the body's midline, it is abduction, and when he brings his closer to the midline, it is adduction. 

Rotating a body part about its long axis is called rotation. The screwdriver motion in the arm is 

pronation (a front-facing hand rotates towards the body) or supination (away from the body). 

Supination is the motion of a right hand screwing in a right-handed screw (clockwise looking 

distally from the shoulder to the hand). Pronation is that of a right hand unscrewing a right-

handed screw (counterclockwise looking distally from the shoulder to the hand) 

3.4. Gait analysis 

Walking is a standard method of locomotion. It is reproduced by alternating the use of legs to 

produce propulsion in such a way as always to keep one foot in contact with the ground. 

Numerous muscle groups belonging to the musculoskeletal system take part in this act. There 

are two types of steps: 

• Static:  moving slowly by dragging from one posture to the next so that the weight 

force always passes through the support base of the foot. All intermediate postures are 

positions of balance. 

• Dynamic: the upright position of the body resting on a reduced base, which can be 

represented by the foot. This walk forces the whole body to take part in the action to be 

able to maintain movement. We always move around a point of equilibrium, but the 

positions are not static equilibrium. 

Forces and torques are transmitted to the body via the joints, ligaments, and tendons. The 

accelerations generated by the upper body keep the body in balance or generate the desired 
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movement by combining the forces generated by the lower body [151], [152]. The surveys for 

gait analysis are represented by: 

• Subjective observations 

• Quantitative methodologies 

• Photogrammetric systems 

• Platforms of force 

• Kinematic and dynamic simulations 

• Electromyography 

• Energy consumption 

 

Figure 26: Human gait cycle.[153]. 

The gait cycle is the entire sequence that goes from the beginning of the support on the 

ground of one foot to the beginning of the following support of the same foot. The single step, 

on the other hand, is represented by the mass sequence that ends with the start of the support of 

the contralateral foot. For each of the two legs, two phases are defined during the walking 

cycle: 

• support phase (stance): begins when the foot first touches the ground and ends when the 

same foot leaves the ground. The stance phase makes up approximately 60% of the gait 

cycle. 
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• suspension phase (swing): begins when the foot first leaves the ground and ends when 

the same foot touches the ground again. The swing phase makes up the other 40% of 

the gait cycle. 

when we talk about walking, we refer to two specific quantities: 

• Cadence (steps / min) c 

• Cycle time 𝑡𝑐  

The step frequency 𝑓𝑝  is obtained by dividing the cadence by 60; alternatively, the cycle 

frequency 𝑓𝑐 is obtained by dividing the cadence by 120. The speed of path v can be calculated 

as a function of the length of the step 𝑙𝑐 and the respective frequencies[154]. 

𝑡𝑐 =
120

𝑐
 [𝑠]       

(67) 

𝑣 = 𝑙𝑐𝑓𝑐 = 𝑙𝑝𝑓𝑝 =
𝑙𝑐
𝑡𝑐
=
𝑙𝑝

𝑡𝑝
 [𝑚/𝑠]    

(68) 

Walking speed, as shown , varies with stride length or stride frequency.  

 

Figure 27: Step parameters. 

The length of the step is related to the frequency by the following relationship: 

𝑙𝑝 = 𝑞 + 𝑏𝑓𝑐        
(69) 
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𝑏 > 0      
(70) 

q and b are constant coefficients defined based on the person who undergoes the 

examination.  To better understand how the foot functions, the stance phase can be further 

broken down into more refined sub-phases to enable a more in-depth look. These phases are 

called: 

• Contact phase: is the first heel contact of the lead leg and ends at the “toe-off” of the 

contralateral leg. The contact phase makes up 14-20% of the stance phase. 

• Foot-flat: or “loading response” phase is essential since body weight is transferred to 

the lead leg at this point and thus must absorb this weight while maintaining forward 

momentum. This phase is defined by the first heel contact of the lead leg to the first 

contact of the first metatarsal head of the lead leg. The foot-flat phase makes up 16-

22% of the stance phase. 

• Mid-stance phase: the support limb moves from shock absorption to more of a 

stability function. This phase is defined from the toe-off point of the contralateral leg 

to the first point the heel comes off the ground of the lead leg. The mid-stance phase 

makes up 29-37% of the stance phase. 

• Propulsive phase (active and passive): During the propulsive phase, the foot typically 

supinates to allow for a more rigid mid-foot, so it can act more like a lever (Windlass 

mechanism) to help propel the body forward. The propulsive phase of gait is 

sometimes broken down into an active and passive propulsive phase. The reason for 

this division is to isolate the component of the propulsive phase while still in single 

support and the passive component of the propulsive phase when in double support. 

The total propulsive phase is the point at which the heel comes off from the lead leg 

to the toe-off of the lead leg. This phase makes up 45-55% of the stance phase. 

3.5. Human pose estimation 

 

Many biomechanical analyses provide an adequate representation of the underlying skeletal 

structure for describing motor coordination and functional performance. Pose estimation is a 

prevalent task in Computer Vision. In artificial intelligence (AI), computer vision enables 

machines to perform image processing tasks to imitate human vision. Essentially it is a way to 
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capture a set of coordinates for each joint (arm, head, torso), which is a critical point that can 

describe a person's pose. The connection between these points is known as a pair. The 

connection between the points has to be significant, meaning that not all points can form a pair. 

From the outset, HPE aims to form a skeleton-like representation of a human body and then 

process it further for task-specific applications. However, There are three types of approaches 

to modelling the human body [155]: 

• Skeleton-based model 

• Contour-based model 

• Volume-based model 

The motion capture technique often defines the trajectories of the body's joints in multi-body 

simulations. With it, the movement of an object is recorded through various video capture 

devices arranged in space. From the recorded images, it can find the coordinates (X, Y, Z) of a 

series of markers affixed to the subject; this allows to quantify the position, the speed, the 

acceleration of these points and, consequently, the movement produced by the subject during a 

determined action. It will allow us to fully understand the mechanical characteristics 

underlying the activities of the human body and the rules for controlling motor skills. All 

approaches for pose estimation can be grouped into bottom-up and top-down methods[156]: 

• Bottom-up methods estimate each body joint first and then group them to form a 

unique pose. Bottom-up methods were pioneered with DeepCut (a method we will 

cover later in more detail).  

• Top-down methods run a person detector first and estimate body joints within the 

detected bounding boxes. 

In traditional object detection, people are only perceived as a bounding box (a square). By 

performing pose detection and pose tracking, computers can develop an understanding of 

human body language. However, conventional pose tracking methods are neither fast enough 

nor robust enough to occlusions to be viable. High-performing real-time pose detection and 

tracking will drive some of the biggest trends in computer vision. For example, tracking the 

human pose in real-time will enable computers to develop a finer-grained and more realistic 

understanding of human behaviour. Pose estimation uses position and orientation to predict and 

track the movement of a person or object in an image or video. Most pose estimators are 2-pass 

structures that detect human bounding boxes and then estimate the pose within each box. The 
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installation estimation works by finding the key points of a person or an object. For a human, 

the characteristic points are joints such as the elbow, knees, and wrists. There are two types of 

pose estimation: multiple pose and single pose. 

• Single pose is used to estimate the poses of a single object in each scene. 

• Multiple poses are used when detecting poses for multiple objects. 

CNNs can learn complex features when provided with enough training-validation-testing 

data. Toshev et al [157] used CNN to estimate human pose, switching from the classical-based 

approach to the deep learning-based approach. The authors also proposed an additional method 

where they implemented the cascade of such regressors to get more precise and consistent 

results. They argued that the proposed Deep Neural Network could holistically model the given 

data, i.e. the network can model hidden poses, which was not true for the classical approach. 

there are different types of architecture such as: 

 

• Openpose: is one of the most popular bottom-up approaches for multi-person human 

pose estimation. This architecture features real-time, multi-person pose estimation. 

OpenPose is an open-sourced real-time multi-person detection with high accuracy in 

detecting body, foot, hand, and facial key points. An advantage of OpenPose is that it 

is an API that allows users to select source images from camera fields, webcams, and 

others, more importantly for embedded system applications (for instance, integration 

with CCTV cameras and systems). It supports hardware architectures, such as CUDA 

GPUs, OpenCL GPUs, or CPU-only devices. The lightweight version is efficient 

enough for Edge inference applications with on-device processing in real-time with 

edge devices.  

• High-Resolution Net (HRNet) is a neural network for human pose estimation. It is an 

architecture used in image processing problems to find what we know as key points 

(joints) concerning the specific object or person in an image. One advantage of this 

architecture over other architectures is that most existing methods match high-

resolution representations of postures from low-resolution representations with 

respect to using high-low resolution networks. In place of this bias, the neural 

network maintains high-resolution representations when estimating postures. For 
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instance, this HRNet architecture is helpful for the detection of human posture in 

televised sports. 

• DeepCut is another popular bottom-up approach for multi-person human pose 

estimation. DeepCut is used for detecting the poses of multiple people. The model 

works by detecting the number of people in an image and then predicting the joint 

locations for each image. DeepCut can be applied to videos or images with multi-

persons/objects, for example, football, basketball, and more.  

• Regional Multi-Person Pose Estimation (AlphaPose) is a popular top-down pose 

estimation method. It helps detect poses in the presence of inaccurate human 

bounding boxes. It is an optimal architecture for estimating human poses via 

optimally detected bounding boxes. AlphaPose architecture is applicable for detecting 

both single and multi-person poses in images or video fields.  

• DeepPose: This is a human pose estimator that leverages deep neural networks. The 

deep neural network (DNN) of DeepPose captures all joints, hinges a pooling layer, a 

convolution layer, and a fully-connected layer to form part of these layers. 

• PoseNet: it is a pose estimator architecture built on tensorflow.js to run on lightweight 

devices such as browser or mobile devices. Hence, PoseNet can estimate either a 

single pose or multiple poses.  

• DensePose: This pose estimation technique aims at mapping all human pixels of an 

RGB image to the 3D surface of the human body. DensePose can also be used for 

single and multiple pose estimation problems.  

• TensorFlow Pose Estimation: Tensorflow Lite provides pose estimation with a 

lightweight ML model optimized for low-power edge devices. 

Deep learning algorithms need proper evaluation metrics to learn the distribution well during 

the training and perform well during the inference. Evaluation metrics depend upon the tasks at 

hand.This section will briefly discuss the four evaluation metrics required for HPE. PCP 

(Percentage of Correct Parts) is used to measure the correct detection of limbs. If the distance 

between the two predicted joint locations and the true limb joint locations is almost less than 

half of the limb length then the limb is considered detected. However, sometimes it penalizes 

shorter limbs, for example, a lower arm. In order to fix the issue raised by PCP, a new metric 

was proposed.  It measures the distance between the predicted and the true joint within a 

certain fraction of the torso diameter and it is called the percentage of detected joints (PDJ).  

PDJ helps to achieve localization precision, which alleviates the drawback of PCP since the 
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detection criteria for all joints are based on the same distance threshold. PCK is used as an 

accuracy metric that measures if the predicted keypoint and the true joint are within a certain 

distance threshold. The PCK is usually set with respect to the scale of the subject, which is 

enclosed within the bounding box.  

3.6. Body segment models 

Geometric modelling is a mathematical approach in which shapes are used to represent 

individual segments of the body. The body CAN be modelled as a combination of cylinders 

and spheres [158] or as functions that consider the complex geometry of individual body 

segments [159]. Geometric models require anthropometric measurements representing body 

size at various points, allowing for individualized estimates. Simmons et al. (1960) wrote the 

first works in this area, approximating the body as a set of cylinders and spheres[148]. 

Subsequently, both Hanavan [158] and Whitsett (1963) represented the body composed of 16 

and 14 segments, respectively (Figure 28). 

 

Figure 28: Geometric models using cylindrical and spherical shapes. These models had a high 

degree of estimation resulting in large errors in BSIP estimations. Left Side: 16 segment model 

(Hanavan, 1964). Right Side: 14 segment model (Whitsett, 1963) 
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 Based on cadaver studies, the models used the mass regression equations developed by 

Barter [160]. Jensen [160] presented a geometric model, which used elliptical zones stacked on 

each other to represent the body. Jensen's model was based on some of the ideas proposed by 

Weinbach [161], which Dempster [149] considered suitable enough for volume estimation 

(Jensen 1978). With the Elliptical Cylinder Model (ECM), developed by Jensen, the body was 

segmented into 16 segments. Total body mass estimated using the ECM produced errors of less 

than 1.5% compared to scale measurements. Jensen's experiment showed that he could reduce 

the mass estimation error by about 10% compared to the results determined using Hanavan's 

model [158]. 

 

Figure 29: The Elliptical Cylinder Model (ECM) proposed by Jensen [160]. The model is 

designed to be adaptive to a range of body morphologies. Shown is a manually digitized 

human subject. The elliptical shapes are based on the counters of the body and adapt to a 

range of body morphologies [160]. 

In recent years, the ECM model has been used to estimate the BSIP of pregnant women 

(Figure 30), a poorly represented population in the biomechanical field. The versatility of the 

ECM model offers the possibility of estimating BSIPs, without a great deal of training from the 

operator or researcher [162]. A more rigorous model than Hatze [163] presented a geometric 

model that required 242 anthropometric inputs by dividing the body into 17 segments. The 

model used gender-dependent density values and did not assume segment symmetry. Hatze 

used the same body segments as Hanavan [158] but modified the shoulder, trunk and buttock 

segments to more accurately describe these positions. 
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Figure 30 : Image shows early pregnancy (left) and late pregnancy (right) with the abdomen 

region significantly increased in size. The ECM is adapted to estimate BSIPs (Yessoufou et al., 

2014). 

Although Hatze's model is mathematically rigorous, most calculations can be programmed, and 

only the 242 anthropometric input parameters are needed to evaluate numerical solutions. An 

essential aspect of the model is that no assumptions are made about the coronal symmetry of 

the abdominal pelvic or abdominal-thoracic segments. As a result, any severe non-symmetry in 

regions such as the breast or large stomach is considered in the parameters, allowing for 

customization. This robustness allowed the modelling of subjects with more prominent features 

in the torso and abdomen regions, allowing for highly personalized subject-specific estimates 

[163]. Hatze's model reports the lowest error between measured and predicted total body mass 

(error <0.5%), but has rarely been used by researchers, possibly due to the 242 measurement 

inputs [164]. Figure 31 shows the model and a computerized version proposed by Robertson 

[164], which has not yet been evaluated in detail. Yeadon [165] proposed a geometric model 

consisting of 20 body segments and requiring 95 anthropometric inputs for evaluation. Yeadon 

argued that using ellipses to shape the body is done because it is mathematically convenient. 

Yeadon proposed solid stadium shapes, a mixture of rectangles and semicircles, to shape the 

body segments accurately. The Yeadon model estimated total body mass with a maximum 

error of about 3%[165]. Yeadon commented that this error is sufficient due to the reduced 
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measurement time of 30-40 minutes compared to Hatze's 90+ minutes (1980). In both Hatze's 

(1980) and Yeadon's models, the cumbersome demand for 95-242 anthropometric 

measurement inputs is problematic. 

 

Figure 31: Left Side: The model presented by Hatze requiring 242 measurements of the body to 

be taken Right Side: A proposed computerized model of Hatze’s (1980) model. [163],[164] 

Time requirements and the association of errors with anthropometric measurements are some 

of the inconvenient demands of these techniques. 30 Geometric models present a method for 

estimating BSIPs. The input parameters for mathematical models can be easily manipulated 

thanks to the adjustability. For example, tissue density and anthropometric measurement inputs 

are under the operator's control; however, this requires assumptions about density values. The 

input density data in the models already mentioned were based on Dempster (1955) and 

Chandler et al. (1975). However, the density values can be used from other sources, such as 

medical imaging. A limitation of mathematical models is that they will only be accurate to the 

extent that they model physical morphology. Other limitations, such as manual measurement 

requirements and assumptions about the segment's shape, also need to be considered. 
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4.  WORKFLOW  

 

 

 

 

Thanks to the development of additive manufacturing techniques, prosthetic surgery has 

reached increasingly advanced levels, revolutionizing the clinical course of patients with joint 

arthritis, rheumatoid arthritis, post-traumatic arthrosis, and congenital dysplasia. 3D printing 

has made it possible to obtain customized prostheses according to the use [166] on the needs of 

patients, using high-performance materials such as 316L stainless steel or Ti-6Al-4V [167], 

[168]. However, wear is caused by regular gait activities such as walking, sitting, or running, 

leading to the deterioration of the material used in the joint[169]. Friction and wear in hip 

prostheses are topics studied by many authors [170], [171]. Shankar et al.[172] investigated the 

tribological behavior of zirconia-hardened alumina (ZTA) versus titanium alloy (Ti-6Al-

4V).The use of traditional materials has been gradually replaced using more performing 

materials [80–82] which has made it possible to obtain customized devices for the needs of 

patients and, therefore, more effective. Moreover, to guarantee a longer life cycle of the 

prosthesis and appropriate lubrication, the application of nanostructured coatings and surface 

processing was studied [83–86], such as the surface laser texturing technique already widely 

used in other industrial sectors [180], [181]. Numerical techniques have recently been adopted, 

such as the Finite Element Method (FEM), which, supporting the experimentation, allows the 

calculation of the useful life and the optimization of the functionality of the prostheses [182], 

allowing to precisely evaluate the distribution of the load on the prosthesis.  The purpose of the 

following paper is the development of an algorithm that optimizes the hip prosthesis from the 

mechanical point of view using a machine-learning algorithm coupled with multi-body and 

finite element method simulations. The innovative aspect is represented using: 

• Artificial intelligence to evaluate human kinematic, 

• A humanoid model in the ADAMS® environment  

• FEM model, which allows the prosthesis's optimization, suggests the best geometry. 
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For optimizing the prosthesis, walking was chosen as the movement, as an act characterizes 

the great frequency in daily activities. It turns out to be a complex phenomenon that involves 

many components. As in humans, most of the musculoskeletal and nervous systems participate 

in walking. The forces and torques exchanged by the lower limbs during walking are 

transmitted through the joints, ligaments, and muscles to the trunk. The accelerations generated 

by the movement of upper limbs and, to the extent permitted by vertebral joints and the trunk, 

generate forces of inertia capable of balancing the body and combining with those generated by 

the lower limbs to generate the desired movement[183], [184]. Once the type of movement to 

be analysed has been defined, the algorithm to optimize hip replacement was defined.  The 

algorithm consists of 5 steps, described in the Figure 32. 

 

Figure 32: Simulation’s steps. 

 

The five steps for the realization of this optimization consist of: 

1) Motion capture: capturing the subject's pose during movement 

2) Extraction of the joint angles: extraction of the joint angles, of the positions of the 

markers that represent the joints between the various joints 

3) Creation of humanoid model: the creation of a parametric multibody model having the 

dimensions and weight distribution of the subject under analysis 
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4) Fem analysis of the prosthesis: calculation of the stresses acting on the prosthesis based 

on the loads to which the hip joint is subjected 

5) Optimization of results: shape optimization algorithm based on the gradient descent 

method.   

4.1. First step – Motion Capture 

 

In the two-dimensional acquisition of the human pose, the problem of locating key 

anatomical points or "parts" has been concentrated on the search for parts of the human 

body[92–101]. Human pose estimation is the process of inferring human poses from a digital 

image. Pose estimation requires highly accurate detection and identification of human joints. 

Pose estimation algorithms follow a top-down or bottom-up approach. The execution time of 

these top-down approaches [102–108] is proportional to the number of people: for each survey, 

a pose estimator is performed for a one-person, and the more people there are, the higher the 

computational cost. Conversely, bottom-up approaches are interesting in that they offer solidity 

to early engagement and have the potential to decouple the complexity of the runtime from the 

number of people in the image. However, bottom-up approaches do not directly use global 

contextual cues from other parts of the body and other people. In practice, the previous bottom-

up methods [202], [203] do not preserve the efficiency gains since the final analysis requires a 

costly global inference. One model was evaluated to define the subject's pose while walking, 

OpenPose.[111–113] It is a bottom-up real-time multi-person human pose detection library that 

detects the human body, foot, hand, and facial key points on single images. It can detect 135 

vital body points from a digital image. The innovative tense is that no markers are needed. A 

single CNN is used for both key-point detection and association.  
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Figure 33: Architecture of the two-branch multi-stage CNN. Each stage in the first branch 

predicts confidence maps St, and each stage in the second branch predicts PAFs Lt. After each 

stage, the predictions from the two branches, along with the image features, are concatenated 

for next stage[205]. 

When key points are detected, a numerical score between 0 and 1 is assigned. It is a measure 

of the overall confidence in the key points estimated. OpenPose has been trained to produce 

three different pose models. The difference is represented by the number of points identified: 

1) MPI  can estimate a total of 15  key-points  

b) COCO can estimate a total of 18 points  

c) BODY_25 can estimate a total of 25 points.  

The most exhaustive pose model is the third. In addition to the key points estimated by MPI 

and COCO models, it contains descriptors for the feet and pelvic centre. Exist also a new and 

experimental model of OpenPose that is named body_25b(Figure 34). As reported in [207], 

[208], This model has the highest accuracy parameters, which is more accurate than the default 

body_25 and reduces the number of false positives. The keypoint definition differs from MPII 

for the evaluation of head and neck keypoints and removes the neck and middle hip keypoint 

of the body_25 model.  
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Figure 34: The experimental body_25b OpenPose. 

The first step implemented was classifying all the points captured by the algorithm. As in the 

Figure 34, it can be seen that the algorithm is capable of identifying 25 points. The subject's 

movement was captured with an action camera placed in front of the subject. The 

characteristics of the camera are shown in the Table 1. 



PART II 

Experimental activities 

65 

 

Table 1: Technical characteristics. 

Camera Technical Features 

Resolution 4K(30fps), 2.7K(30fps), 1080P(60/30fps), 

720P(120fps) 

Pixel  20MP, 16MP, 12MP, 8MP, 5MP 

Dimensions 5.9 x 2.5 x 4 cm; 60 g 

 

Once the camera was placed in front of the subject, a rehearsal session was started. The next 

step was to start the algorithm to superimpose the skeleton on the subject, as shown in the 

Figure 34.  

4.2.  Second step – Giant analysis and angle extrapolation 

 

The subject was positioned in front of the camera in an upright position. The subject was 

placed at 90 cm from the camera lens. The initial pose of the subject was defined with an angle 

of 180 between the trunk and leg. A video of his movement was recorded. The subject 

performed the walking exercise sequentially. Openpose extrapolated the pose. As in [209]  the 

knee angle was calculated using the vector dot product.  

𝜃 = cos−1 (
𝑎 ∗ �⃗� 

|𝑎 ||�⃗� |
) 

(71) 

 

Two vectors were constructed from the hip, knee, and ankle coordinates obtained from the 

pose data. The first vector was formed with the hip and knee joint, while the knee and ankle 
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joint formed the second one. The same things were done to evaluate hip angle. The following 

equation gives the knee angle (𝜽).  

 

Figure 35: Angle measurements from video frame. [210] 

 

Two vectors were constructed from the hip, knee, and ankle coordinates obtained from the 

pose data. The first vector was formed with the hip and knee joint, while the knee and ankle 

joint formed the second one. [210] 
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Figure 36: Definition of the joint angles, the hip angle created between trunk and thigh is 

identified by 𝛼; the knee angle between thigh and shank is identified with 𝛽; finally, the ankle 

angle between shank and foot is identified with 𝛾. 

Once the vectors have been created, the angles have been redefined as in [211]. The initial 

pose of the subject provides that the articular angles are all zero; from that moment on, the 

movements can be calculated as a function of them. After the extrapolation of the angles from 

the frames, the laws of motion were created in MSC Adams. By way of example, Figure 37 

shows values that will be attributed to joint rotations in order to move the human model in 

MSC Adams environment. 

  

(a) (b) 

Figure 37: output from motion capture. a) Hip angle variation during the time; b) Knee angle 

variation during the time.  
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4.3. Third step – Human multi-body system  

 

The development of virtual human models has grown with the need to understand the 

biomechanical nature of movements to understand the consequences that affect comfort. [119–

122]. Simulation techniques such as the multibody study the movement of the whole body 

since they consider it a set of joints connected by joints. Multibody simulations [216] find an 

excellent application in sports biomechanics [217]. On this basis, the definition of the dynamic 

equation of human movement and the acquisition of the dynamic parameters of human action 

constitute the critical steps in the theoretical analysis of the biomechanics of movement.  

The purpose of the following paper led to the creation of a human multibody model in 

ADAMS® environment, because this software is the most used software in the world for 

multibody dynamics supports engineers in studying the dynamics of moving parts and 

analysing the distribution of forces and loads through mechanical systems. This model has 

been divided into three major macro areas. 

• Upper limbs: Left / Right Upper arm, Left / Right Forearm, Left / Right Hand. 

• Torso: Pelvis, Abdomen, Thorax. 

• Lower limbs: Left / Right Thigh,Left / Right Shank, Left / Right Foot. 

As reported in [143], the global reference system has been set up on the ground with the lines 

described in the Figure 38. 
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Figure 38: Global coordinate system. 

 

4.3.1.  Mannequins dialog boxes  

The author has set up the system in such a way as to be able to decide whether to analyse 

subjects defined by human percentiles or on specific subjects. For this reason, two separate 

dialog boxes have been created, representing respectively in Figure 39a, the option for creating 

humanoids has been created according to the human percentile, race, sex and number of parts 

with which they are composed. In contrast, in Figure 39b, it can be seen that the creation of the 

mannequin has been delegated to specific measures such as the weight, height of the subject 

and seated height. 
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(a) (b) 

Figure 39: dialog box with anthropometric measures(a), dialog box for a specific subject (b) 

 

Particular attention was paid to manipulating the subject's posture since the humanoid must 

make up for different analyses. Therefore, it must be able to be customized both in terms of 

dimensions to simulate any subject, its positions, and orientations for each joint, to put it with 

the initial conditions most suitable for the analysis. An example of the potential of the human 

model created is described in Figure 40. In this case, the mannequin, thanks to the equations 

that define the range of movement, can be positioned within models, such as the car or 

motorcycle, and finally define the system's dynamics. 

 

Figure 40: examples of human posture 

Lastly, Figure 41 shows the dialog box relating to the customization of the angles of the 

humanoid joints. 
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Figure 41: dialog box for parametric joint orientation. 

 

Figure 41 shows the dialog box relating to the posture of the subject. As reported in [218]–

[220],the limits of static movement that can be performed with the model have been defined. 

Once created, all this was generated to position the model in the position representing the 

instant 0 of the analysis. The rotation limits of each joint have been entered since they are 

helpful in the static phase for positioning the manikin, while in the dynamic phase of the 

movement, they represent the maximum rotation obtainable from a given joint. 
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4.3.2.  Type and orientation of Joint  

 

The term joint refers to the contact area between adjacent bones and the set of organs and 

tissues that may be present and which influence, allow or prevent the relative movement 

between the bones. Among the joints those that allow movements are diarthrosis. Regarding 

the movement of the upper limb, the movement of the shoulder, arm, forearm, and wrist can be 

distinguished. In particular, the shoulder allows an ante-retroposition movement, i.e. rotation 

around an axis parallel to the frontal plane and the raising-lowering movement of the shoulder. 

As for the arm, abduction-adduction, flexion-extension and finally, internal-external rotation 

are identifiable. The movements allowed for the forearm are flexion-extension and pronation-

supination of the hand. Finally, abduction-adduction and flexion-extension movements are 

identified at the wrist. Seven DOFs can be identified for the upper limb, 3 in the shoulder, 1 (2) 

in the elbow and 2 (3) in the wrist. Wrist and elbow share pronosupination movements; 

depending on the analysis, a degree of freedom can be attributed to one and taken away from 

the other [221], [222]. In the proposed humanoid model, it was decided to proceed as shown in 

the Figure 42 

 

Figure 42: kinematic schematic of the upper limb. 
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As for the lower limb, the elements that make it up are all the joints starting from the coxo-

femoral. The included joints are the thigh, leg, and foot. From the point of view of the 

movement, the hip allows flexion/extension of the thigh, abduction/adduction of the leg and 

internal/external rotation of the femur. In the knee, the flexion of the leg itself and the 

extension that aligns the thigh and leg are allowed. Finally, the ankle allows flexion-extension, 

eversion, and inversion and finally, internal, and external rotation. Also, in this case, there are 

seven overall degrees of freedom (Figure 43). 

 

 

Figure 43: kinematic schematic of the lower limb. 

 

As shown in the Figure 44 Each part was connected to another by a spherical joint. Each 

human segment has 3 DOF. Two knee and elbow joint rotations were locked. Contact with the 

ground and left and right feet were created. 

 



PART II 

Experimental activities 

74 

 

 

Figure 44: Dummy model. 

The ISB (International Society of Biomechanics) standards has been used to define the 

coordinate systems for each joint [143], [223], [224] . 

4.3.3.  Body dimension selection  

The parametric model of humanoid, as reported in [225] is made up of 32 dimensions listed 

in Table 2.  The model, as described above, provides for the selection of two macro types of 

humanoids. 

 

Figure 45: Body selection scheme. 
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The first, called "custom selection", provides that, as shown in the Figure 45, the 

characteristic dimensions of the manikin (Table 2) are defined by regression lines. In the 

second case, all 32 dimensions are known as they represent human percentiles. 

 

Table 2: Body Dimensions. 

Reference 

Number
Dimension

Reference 

Number
Dimension

0 Weight 16
Hip Breadth, 

Standing

1 Standing Height 17
Shoulder to Elbow 

Length

2 Shoulder Height 18
Forearm-Hand 

Length

3 Armpit Height 19 Biceps Circumference

4 Waist Height 20 Elbow Circumference

5 Seated Height 21
Forearm 

Circumference

6 Head Length 22 Waist Circumference

7 Head Breadth 23 Knee Height, Seated

8
Head to Chin 

Height
24 Thigh Circumference

9 Neck Circumference 25
Upper Leg 

Circumference

10 Shoulder Breadth 26 Knee Circumference

11 Chest Depth 27 Calf Circumference

12 Chest Breadth 28 Ankle Circumference

13 Waist Depth 29 Ankle Height, Outside

14 Waist Breadth 30 Foot Breadth

15 Buttock Depth 31 Foot Length  

 

The dimensions in both cases were retrieved from the ANSUR II database [226], the 2012 

US Army Anthropometric Survey. As for the creation of the mannequin with human 

percentiles, the 32 dimensions come from the calculation of the percentiles. For the custom 

manikin, tests were performed to evaluate that the data follow a Gauss distribution (Normal). 

In this case, there were made two tests: 
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• Graphical Test: These are methods for plotting data and qualitatively assessing 

whether the data looks Gaussian. 

• Statistical Test: These methods calculate statistics on the data and quantify the 

probability that the data was extracted from a Gaussian distribution.  

 

Figure 46: Histogram plot of body dimensions.  
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The histogram is a simple and commonly used plot to check the distribution of a sample of 

data quickly. The histogram divides the data into a pre-specified number of groups called bins. 

The plot shows the bins across the x-axis maintaining their ordinal relationship and the count in 

each bin on the y-axis.  

From a first visual inspection, the data were arranged according to a normal distribution 

(Figure 46). Once the first graphic inspection was done, it was decided to proceed with a 

statistical test as it is more relevant to the study.  

The method used was 𝜅2. In statistics, D'Agostino's [227], [228] test is a way to measure 

departure from normality. The test aims to establish whether the given sample comes from a 

normally distributed population. The test is based on transformations of the sample kurtosis 

and skewness. 

• Skew is a quantification of how much a distribution is pushed left or right, a measure 

of asymmetry in the distribution. 

• Kurtosis quantifies how much of the distribution is in the tail. It is a simple and 

commonly used statistical test for normality. 

With an alpha of 5%, it was all dimensions passed the test, so it was possible to state that all 

parameters follow a normal distribution.  

Established that the data follow a normal distribution, it was decided to do a correlation 

analysis between the dimensions considered. The results are plotted in the Figure 47. It can be 

said that there is a direct correlation between the data, so we proceeded to define the regression 

lines. 
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Figure 47: Correlation matrix body dimensions. 

The parameters taken into consideration to generate the regression lines were: 

 

1) Age ; 

2) Gender; 

3) Race; 

4) D0 = Weight; 

5) D5 = Seated Height; 

6) D1 = Stature; 
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Table 3: coefficients for human body parameters regression. 

D2 D3 D4 D6 D7 D8 D9 D10

intercept -35,0752 -88,9414 -67,9392 139,1846 143,1841 -50,2432 349,0654 170,5202

Gender=1 -4,27851 -6,9721 -1,55094 2,329641 2,200917 4,642459 24,67028 14,23185

Gender=2 4,278509 6,9721 1,55094 -2,32964 -2,20092 -4,64246 -24,6703 -14,2318

DODRace=1 2,886842 0,642943 -1,06407 0,40566 -2,0637 -1,0486 1,096223 -2,94326

DODRace=2 -3,12681 1,173143 2,673628 3,797626 -1,06982 -4,97077 3,410271 3,645565

DODRace=3 2,819559 0,824092 -2,66458 -0,71443 -0,70767 -0,10966 1,144341 -0,50916

DODRace=4 0,1358 -1,2516 -3,80248 -4,00328 3,442317 5,25488 -1,88565 -0,01976

DODRace=5 3,653606 0,987634 -3,46435 -0,87705 -1,31647 -0,11059 4,368109 -2,3373

DODRace=6 0,543401 -0,17121 -1,19532 -2,29479 1,448188 2,465993 -2,21955 -1,12008

DODRace=8 -6,91239 -2,205 9,517183 3,686254 0,26715 -1,48125 -5,91374 3,284008

D1 0,961761 0,959749 0,948472 0,008091 -0,00987 0,03216 -0,08359 0,082181

D5 -0,27204 -0,27767 -0,53194 0,036056 0,017902 0,241609 0,033113 0,049896

Age 0,207609 0,020843 -0,42966 -0,04233 -0,0375 0,021484 0,263896 -0,13763

D0 0,382971 -0,08027 -0,43935 0,131941 0,146687 -0,05167 1,531549 0,543288

D11 D12 D13 D14 D15 D16 D17 D18

intercept 270,8249 187,1619 300,2746 300,0636 235,5625 235,5625 20,97108 -12,8851

Gender=1 -8,03363 0,437929 0,558095 -3,74832 -18,7323 -18,7323 1,567949 -4,32025

Gender=2 8,033626 -0,43793 -0,55809 3,748316 18,73233 18,73233 -1,56795 4,320252

DODRace=1 3,130378 3,553167 5,54259 5,364772 1,741953 1,741953 -0,49389 1,283766

DODRace=2 -5,6795 -4,00538 -0,71357 -15,7674 -7,70292 -7,70292 -1,99274 -4,25511

DODRace=3 2,881168 3,058379 4,051204 4,4603 0,774624 0,774624 -1,27621 2,422319

DODRace=4 -0,93896 2,128051 0,295663 0,569265 -2,68698 -2,68698 -2,7644 2,621483

DODRace=5 6,728274 4,26936 5,647507 6,322115 -3,04108 -3,04108 -0,86677 5,09703

DODRace=6 -4,31745 -1,5694 -1,51684 1,068048 -1,37887 -1,37887 -2,00709 2,791252

DODRace=8 -1,80392 -7,43418 -13,3066 -2,01708 12,29327 12,29327 9,401099 -9,96074

D1 -0,04457 -0,00975 -0,09878 -0,07347 -0,02916 -0,02916 0,288175 -0,31413

D5 -0,11129 0,032895 -0,12748 -0,06649 0,046067 0,046067 -0,18221 0,833149

Age 0,359245 0,170009 0,680797 0,309605 0,020104 0,020104 0,05572 0,181823

D0 1,860624 0,951855 2,37097 2,444981 1,604672 1,604672 0,018717 0,49996

D19 D20 D21 D22 D23 D24 D25 D26

intercept 58,99494 237,0901 1003,805 85,76155 21,85094 613,9906 339,3991 159,4887

Gender=1 5,652799 13,71748 -7,8856 5,306619 -0,40075 -21,5069 -11,6297 -0,7638

Gender=2 -5,6528 -13,7175 7,885604 -5,30662 0,400745 21,50691 11,62972 0,763798

DODRace=1 -1,92269 -1,68502 17,48515 -0,0968 -1,35741 -1,18089 -3,50796 0,814544

DODRace=2 -0,1498 4,952964 -27,8709 0,389397 1,618652 10,05841 1,529692 -1,82095

DODRace=3 -0,97957 -3,51971 16,15016 -1,3394 0,437177 -0,81797 -3,60727 -1,37594

DODRace=4 -0,66447 -4,28816 3,311566 -2,17919 -2,33762 -5,13557 1,114973 -1,0112

DODRace=5 -2,21701 -2,08291 20,83149 -1,23112 -2,46222 -11,2751 -5,03291 -0,09604

DODRace=6 -3,95651 -1,52185 0,147556 -0,41871 -0,84744 -1,06595 2,897605 0,031818

DODRace=8 9,890053 8,144687 -30,055 4,875824 4,948863 9,417041 6,60587 3,45778

D1 -0,03768 -0,04023 -0,27006 0,011924 0,497649 -0,21449 -0,10102 -0,01878

D5 0,080274 0,018511 -0,35618 0,032571 -0,3963 0,054767 0,077417 0,04886

Age 0,069382 0,000493 1,793394 0,016554 -0,04134 -0,67732 -0,26531 -0,36311

D0 0,429696 1,330543 7,97775 0,394273 0,287769 4,431975 2,31966 0,813644
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Table 4: coefficients for human body parameters regression. 

D27 D28 D29 D30 D31

intercept 343,3524 159,4887 14,13556 55,04734 53,30592

Gender=1 -4,37168 -0,7638 2,380362 2,03831 3,97116

Gender=2 4,371681 0,763798 -2,38036 -2,03831 -3,97116

DODRace=1 -1,0082 0,814544 0,833649 -1,32355 -2,00122

DODRace=2 -2,58204 -1,82095 -1,55921 0,318322 4,459381

DODRace=3 -5,43996 -1,37594 0,090156 -0,19662 0,553188

DODRace=4 5,757421 -1,0112 -1,28971 0,741282 -2,77116

DODRace=5 -5,16481 -0,09604 -0,73488 -0,46507 0,843705

DODRace=6 5,371055 0,031818 -0,19701 1,728862 2,181747

DODRace=8 3,066539 3,45778 2,856993 -0,80323 -3,26564

d1 -0,08758 -0,01878 0,034958 0,017484 0,142605

d5 0,048142 0,04886 -0,0125 0,001221 -0,05402

Age -0,30639 -0,36311 0,006212 -0,04423 -0,07435

D0 2,030296 0,813644 0,070043 0,176949 0,186842  

 

The equations that define the dimensions are defined as follows: 

𝐷𝑖 = 𝐺 + 𝑅 + 𝐷1𝑥1 + 𝐷5𝑥2 + 𝐷0𝑥3 + 𝐴𝑔𝑒 𝑥4 
(72) 

 

Where Di represents the dimension to be calculated, G represents the gender chosen for the 

analysis. As seen in the table, there are two choices for gender, male and female. The 

coefficient to be replaced in the equation changes depending on the choice. R represents the 

race. There are 8 different types of choices for the breed. x1 represents the D1 dimension 

entered by the user, which must be multiplied by the relative coefficient shown in the Table 3-

Table 4. The same goes for the coefficients x2 (dimension D5), x3 (dimension D0) and x4 (age). 

The missing dimensions are obtained from the combination of the following variables, 

according to the parameters defined in (72). 

The following analysis decided to evaluate the custom modelling based on a specific subject 

whose dimensions are shown in the Table 5. 
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Table 5: Subject dimension. 

Human characteristics 

Weight 85 kg 

Standing Height 1755 mm 

Seated Height 918 mm 

Age 28 

4.3.4. Inertial parameters  

In the following paper, the mass properties have been calculated as: 

𝑚𝑠 = 𝑝𝑠𝑀 
(73) 

Where 𝑝𝑠 is a percentage of the mass of the joint concerning the total mass M. The position 

of the centre of mass was calculated about a known reference system. 

𝑟𝑠 = 𝐿𝑠 (

𝑐𝑠
𝑋

𝑐𝑠
𝑌

𝑐𝑆
𝑍

) 

(74) 

𝑐𝑠
𝑋, 𝑐𝑠

𝑌, 𝑐𝑠
𝑍 are the coordinates of the centre of mass expressed as a percentage of the length of 

the segment under examination 𝐿𝑠. 
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Figure 48: An MRIBSP human model (*, the ratio of the segment mass is expressed as a 

percentage of total body mass; **, the percentage of segment length from the proximal end; 

***, the percentage of segment length from the distal end).[229] 

The inertia matrix, on the other hand, is defined as: 

𝑟𝑠 = 𝑚𝑠(𝐿𝑠)
2 [

(𝑟𝑠
𝑋𝑋)2 (𝑟𝑠

𝑋𝑌)2 (𝑟𝑠
𝑋𝑍)2

(𝑟𝑠
𝑌𝑌)2 (𝑟𝑠

𝑌𝑍)2

𝑠𝑦𝑚 (𝑟𝑠
𝑍𝑍)2

] 

(75) 

Where 𝑟𝑠
𝑋𝑋,𝑟𝑠

𝑌𝑌,𝑟𝑠
𝑍𝑍 are the gyrating radii of inertia expressed as a percentage of the length of 

the segment. Figure 49 shows the positions of the reference points taken into consideration for 

calculating the length of the segments. 
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Figure 49: Skin landmarks, joint centers estimated by regression equations, and body 

segments[230]. 

4.3.5.  Multibody simulation output 

Once the mannequin model has been defined, as reported previously, the state variables have 

been created. The set of variables represents the angle variation in the three components of the 

25 points identified by the motion capture algorithm. As shown in Figure 50, the system's input 

is the neural network output. At the same time, the three components relating to the forces 

along the three axes of rotation of the spherical joint located in the hip are calculated at the 

output. 

 

Figure 50: Model for load calculus from the multibody system 
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The system receives the inputs from Openpose, instant by instant, it transfers the data on the 

angles reproduced by each joint, and the mannequin reproduces the movement (Figure 51) 

 

Figure 51: Dummy motion. 

Figure 51 describes the walking cycle. At the instant of departure in which both feet are in 

support (Figure 51a),  it can be seen in Figure 51b that the left foot is in stance position and the 

right foot in swing position, it is clear that the movement has begun. Finally, Figure 51c shows 

the cycle's end and the beginning of the next cycle. As described above, the characteristic 

parameters of walking were calculated.  

Table 6:Gait parameters. 

Gait Parameters 

fP Step frequencies [step/min]  18 

lc Cycle length [m] 1.4 
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From the parameters in Table 6, it is possible to calculate the walking speed, the cycle time and 

energy consumption. Speed and cycle time was calculated as follows: 

𝑣 =
𝑙𝑝𝑓𝑝
60

=
0.7𝑥18

60
= 0,21 𝑚/𝑠 = 0.76𝑘𝑚/ℎ 

(76) 

𝑡𝑝 = 3,33 𝑠 
(77) 

𝑡𝑐 = 6,66 𝑠 
(78) 

Finally, the enegretium consumption was calculated as reported in [152]: 

𝐸�̇� = 2.23 + 1.26𝑣
2 = 2.23 + 1.26𝑥0,21 = 2,3 

𝑊

𝑘𝑔
 

(79) 

The reaction forces due to the contact between the floor and the feet have been calculated. 

Finally, the forces acting on the hip are calculated (Figure 52) and then transferred to the fem 

model. The nine walking cycles within Figure 52 have been highlighted, equivalent to the 18 

steps taken during the 60 s simulation. The data shown in Figure 52 represent the forces 

generated at the right hip joint. 

 

Figure 52: Forces applied on hip joint. 

By Analyzing Figure 52, there are two phases considering a cycle of nine described. The first 

phase causes an increase of forces in x and y direction, and a sharp decrease in the same 
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characterizes the second. During the first phase, there is an increase in the forces because the 

foot is in a stance position, so all the vertical load is discharged on the hip, while in the x 

direction, the increase in force is due to friction with the ground. While in the second, doing 

the vertical load acting on the hip is due only to the weight force since the leg is lifted off the 

ground.  

4.4. Fourth step – Fem Analysis  

The fourth phase is characterized by the structural analysis of the "hip prosthesis" 

component. This process was included in the workflow with the fifth step - optimization since 

the static type of analysis was set using the loads from the multibody model as input. The 

tested component is a hip prosthesis. 

4.4.1.  Pre-processing – Loads and Constraints 

The prosthesis is of the parametric type as a succession of static analyzes were carried out in 

the workflow until the correct shape was obtained for the loads acting on the system. A 

sensitivity analysis was carried out based on the system's displacement values reproduced in 

the output. For this reason, the mesh was thickened until a displacement value equal to or less 

than 2% compared to the previous simulation was obtained. Figure 53 shows the outputs of this 

procedure. The mesh used for the geometry consists of tetrahedral (SOLID186) elements with 

a lower limit of 1 mm in size for the prosthesis. SOLID186 is a higher-order 3-D 20-node solid 

element that exhibits quadratic displacement behaviour. The element is defined by 20 nodes 

having three degrees of freedom per node: translations in the nodal x, y, and z directions. The 

mesh has been generated through the “MultiZone method” also, in this case, implemented in 

Ansys. It allows using hexahedral elements to have a smoother mesh to apply the load 

conditions.  

Table 7: Mesh properties 

Node  150,000 

Elements 105,000 
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Table 7 shows the average number of nodes and elements for analysis during the 

optimization process. It is considered an average number because, during each cycle, the 

geometer evolves and changes its size. 

 

Figure 53: Mesh sensitivity. 

 

As previously defined, the loads come from the multibody system. Schematically, the system 

was tested as follows: 

1) Constraints: the constraint is of the fixed type, applied on the lower faces of the 

prosthesis. 

2) Loads: concentrated load applied on the horizontal face of the prosthesis neck. 

Figure 54 shows the diagram of the loads and constraints. The constraints are represented in 

blue, while the loads are secured according to their lines of action using a different colour 

foreach axis. 
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Figure 54: Load and constraint of the system. 

 

4.4.2.  Pre-processing – Material selection 

For the choice of material, AISI 316 L was decided, a material studied in the literature to 

produce custom hip prostheses [231], [232]. Specimens were made, and the material was tested 

to obtain its properties. An analysis was also carried out using the static thermographic method. 

This approach returns limiting stress which represents the first damage to the material. It can 

be said that, during a static tensile test of common engineering materials, the temperature 

evolution detected employing an infrared camera is characterized by three phases (Figure 55). 

Firstly, an approximately linear decrease due to the thermoelastic effect (Phase I); therefore, 

the temperature deviates from linearity up to a minimum temperature value (Phase II), then 

undergoes a higher increase until the material fails (Phase III)[233], [234].  
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Figure 55: Qualitative ΔTs trend vs machine time (t) vs applied stress (σ)[235]. 

Under uniaxial stress and adiabatic test conditions, Lord Kelvin's thermoelastic law can be 

simplified as: 

ΔT= KmT0σm 
(80) 

here Km is the thermoelastic coefficient (Pa-1), T0 is the initial specimen’s temperature (K), 

and σm is the average stress in the specimen cross-section (MPa). Within the material, in the 

first phase (Phase I), where all the crystals are elastically stressed, the temperature trend 

follows the linear thermoelastic law; while, in the second phase (Phase II), some crystals are 

plastically deformed, and the temperature trend deviates from the linearity as the plastic 

deformations are more prevalent, in correspondence of the yielding stress of the material [233], 

[234], temperature increase up to failure. Important information derives from the fact that, if it 

is possible during a static test to estimate the stress related to the macroscopic damage at which 

the temperature trend loses the linearity characteristics, this stress could be correlated to a 

stress level that creates microscopic irreversible deformation. This critical stress is the same 

that, if applied cyclically to the material, will lead to fatigue failure. 
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Figure 56: a) Experimental setup for STM, b) Qualitative ΔTs trend vs machine time (t) vs 

applied stress (σ) AISI 316 L 

As shown in Figure 56a, the tests were conducted, under stress or displacement control, 

adopting a rate to assure adiabatic conditions during the tests, i.e. the specimen must not have 

the time to exchange heat with the surrounding environment. Under this hypothesis, as reported 

by Melvin and Lucia [233], [234], the “characteristic heat diffusion time” for the specimen is 

more and more less than the whole test time. Environmental conditions, such as room 

temperature, can severally affect the energy release of the material, allowing it to exchange 

heat with the surrounding environment by conduction and convection. All the static tensile test 

under consideration were performed at the mechanical laboratory of the University of Messina. 

The materials under study were stainless steel AISI 316L The typical experimental setup 

requires a servo-hydraulic loading machine and an infrared camera (Figure 56a). For steel 

specimens, an INSTRON 8854 and an MTS 810, up to 250 kN of maximum load, were 

adopted. For plastic and composite material, an ITALSIGMA 25 kN servo-hydraulic load 

machine was adopted. The infrared camera FLIR A40 (thermal sensitivity of 0.08° C at 30° C) 

with a sample rate of 1 image per second was adopted to monitor the surface of the specimen’s 

reduced section. The maximum temperature value has been recorded and filtered in 

MATLAB® with a rlowess filter with a data range of 5%. To enhance the thermal emissivity 

of the material up to 0.98, the specimen’s surface was covered with a black paint. Finally, the 

data were processed by creating the two adjustment lines that will identify the transition from 
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linear to non-linear behaviour; their intersection, as already mentioned, defines the limit stress 

of the material (Figure 56b).   The value of the limit stress determinate by STM on specimens 

change between σlim ave= 236 ± 30 MPa. The characteristics of the material used in the FEM 

are shown Table 8. 

 

Table 8: AISI 316 L properties 

Material Properties 

Density[kg/mm3] 7954 

Young Modulus [GPa] 195 

Poisson Ratio 0,25 

Bulk Modulus [GPa] 190 

Shear Modulus [GPa] 78 

Yeld Strength [MPa] 250 

Tangent Modulus [MPa] 2091 

 

4.5. Fifth step - Optimization Process 

The creation of an optimization algorithm characterized the last part of the analysis. The 

algorithm in question is FMINCON, a function included in MATLAB's Optimization Toolbox, 

which seeks the minimizer of a scalar function of multiple variables within a region specified 

by linear constraints and bounds. The algorithm follows the procedure shown in Figure 57. 
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Figure 57: Optimization chart. 

As mentioned in the introduction, this work aimed to describe a general but practical 

optimization framework and use that framework in the context of a structural optimization 

problem. The Fmincon is chosen because this algorithm converges significantly faster than 

other algorithms. Fmincon is the preferred algorithm, especially when function evaluations are 

expensive. The objective function to be minimized has as input the geometric characteristics 

(the three parameters that define the shape of the prosthesis) of the prosthesis system, while in 

output, the request is to minimize the stress of Von Mises Massimo within the system 

studied(Figure 57). 
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The first phase of the following procedure was characterized by setting the parameters of the 

prosthesis. As shown in Figure 58, three independent parameters were identified for the 

prosthesis study. Each iteration cycle has provided that one / or more of them change 

simultaneously. 

 

Figure 58: Parameters setting. 

Three parameters have been constrained so as not to be able to assume values outside the 

predetermined ranges, to overcome problems such as calculating trivial solutions. Once the 

parameters were obtained and the geometry created, the algorithm began to iterate by 

calculating the system solution for the set parameters. As shown in Figure 59, the first solution 

was identified with characteristic prosthesis parameters for the subject chosen under 

examination and was identified as the target. Subsequently, the subsequent solutions were 

compared with this target. When the solution elaborated in the "i" cycle reported a value lower 

than the target, it was overwritten on it. The system carried out iterations until it captured the 

minimum of the objective function. Figure 59 shows a flow of simulations performed by the 

optimization algorithm. 
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Figure 59: Simulation flow 

Once the system has been optimized, the data have been extrapolated and evaluated. Table 9 

shows the change in size between the initial prosthesis and the one in which the shape has been 

optimized for loading. 

Table 9:Shape optimization parameters. 

Shape Optimization 

 Original Dimensions Optimizated Dimensions 

P1 [mm] 15  18 

P2[mm] 111 114,78 

P3[mm] 26 25 

  



PART II 

Experimental activities 

95 

 

Once the system has been optimized, the data have been extrapolated and evaluated. Table 10 

Table shows the change in size between the initial prosthesis and the one in which the shape 

has been optimized for loading. 

Table 10: Volume and mass variation. 

Shape Optimization 

 Original Dimensions Optimizated Dimensions Variation 

Volume [mm3] 28012 35066 20% 

Mass [kg] 0,22 0,28 21% 

Stress [MPa] 120 72 39% 

 

It can be seen that: 

• There was an increase of around 20% in both the volume and mass of the prosthesis. 

• The maximum Von Mises stress calculated by the system was reduced by 39%. 

  It was decided to proceed with a second optimization, to optimize the weights. In this case, 

the optimization was topological. 

Thanks to the rapid evolution of additive manufacturing today, it is possible to realize high 

strength open porous scaffolds constructed with beam elements [140–142], which can provide 

favourable property compromises when considering mechanical and biological factors. 

Parametric approaches can help design lattices for scaffold applications by exploiting 

parameter coupling and scale relationships, which has been a successful approach for designing 

complex biomechanical systems [237], [238]. As previously reported lattice structures can 

generally be classified according to their mechanical response as dominated by bending or 

dominated by elongation. The cellular topology of a lattice structure defines if will be bent or 

dominated by elongation. The most common strut-based cell topologies that have been studied 



PART II 

Experimental activities 

96 

 

are the body-centred cube (BCC). These structures dominated by elongation are rigid and 

robust, especially considering their mass, while structures dominated by flexion conform and 

deform more consistently. As in [173] this structure are used to realise hip prostheses. For this 

reason, Cubic cells, with crossed rods centred on the body, were used as the basis for the lattice 

structures. The future aim is to make a comparison between structures and obtain the best one 

for this type of application 

 

 

Figure 60: Unit cells are grouped in (A) Cubic, (B) Octahedron, and (C) Truncated families 

based on their topology.[238] 

Table 11 shows the characteristics chosen for the unit cell. 

Table 11: Lattice cell features. 

Cell features 

Minimum density 0,1 

Maximum density  0,8 

Lattice cell size 

[mm] 

1 

 



PART II 

Experimental activities 

97 

 

Once the properties attributed to the lattice were defined, a subsequent fem analysis was 

defined using the same conditions previously used. Once the correct shape was obtained, the 

following analysis identified the internal areas of the prosthesis in which the stress was lower 

than the critical one and overlapped them with lattice structures to decrease the sample's mass 

while maintaining the same values compared to the previous case. Figure 61 shows the output 

obtained. 

 

 

Figure 61: Lattice optimization output. 

 

From the evaluation of the masses, after the topological optimization, a mass reduction was 

obtained compared to the initial case of 18%. If the choice had relapsed only to perform the 

shape optimization, the result would have been the opposite, i.e. an increase in mass of 21%. In 

this case, comparing the two optimizations, there is a 35% decrease in mass in favour of 

topological optimization compared to simple shape optimization. Table 12 shows the results 

obtained. 
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Table 12: mass properties of the system before optimization and after optimization. 

Shape Optimization 

 Original Dimensions Shape Optimization Lattice Optimization 

Mass [kg] 0,22 0,28 0,18 

 

 

5. CONCLUDING REMARKS 

 

 

 

 

 

The work presented in this Ph.D. thesis is the synthesis of the intense activity research, 

performed over a period of three years, in the field of biomechanics. 

Most of the research activities have been presented in national conferences and published in 

peer reviewed journals. 

The main aim of the research activities performed has been the application of a new approach 

to define a custom geometry for an hip prosthesis. 

The approach using Deep Learning algorithms has made it possible to demonstrate that it is 

possible to identify the pose of a subject more quickly and at a lower cost than traditional 

techniques. 
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Using a parametric human model has broadened the horizons of the following evaluation 

since it allows us to identify the dynamics of several subjects simultaneously. It also allows 

you to define a specific subject to be analyzed. 

The combined use of the multibody model with Openpose has made it possible to reduce the 

evaluation times for the gait analysis, thus allowing the identification of the loads acting on the 

hip during this cycle. 

As can be seen, the use of a shape optimization algorithm has allowed optimizing the shape 

of the prosthesis for the load to which it is subjected. Unfortunately it has led to an increase in 

its weight and volume, which required the use of a second procedure, topological optimization, 

which made it possible to reduce the masses by about 20% compared to the initial case. 

The following analysis has also deduced that neither the yield strength for this prosthesis nor 

the limit stress of first damage has been reached. For this reason, the analysis of the static case 

has been completed. 

Finally, it can be deduced that the AISI 316 L material is confirmed as correct for the 

realization of such prostheses.  
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