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1. Introduction 
Biomechanics represents a fundamental field in the study of human locomotion. From 

my perspective, the ideal of lower limb biomechanics lies in the construction of a 
comprehensive and applicative framework through which the interactions of the anatomical 
systems of the hip, knee, and ankle can be explained and quantified under both static and 
dynamic conditions [1]. 

This approach requires not only understanding the underlying physical and 
physiological phenomena but also transforming this knowledge into effective solutions for 
rehabilitation and diagnostic purposes. 

Within the context of this doctoral thesis, the ideal of lower limb biomechanics is 
materialized through a rigorous scientific analysis of the functional behavior of the anatomical 
segments of the lower limb during gait, under the influence of mechanical constraints 
(orthoses), and with the use of modern motion analysis technologies.  

Building on these considerations, the doctoral thesis entitled “Studies and Research on 
the Biomechanics of the Lower Limbs” aims to conduct both theoretical and experimental 
investigations in the field of lower limb biomechanics. The work integrates approaches from 
biomechanics, biomedical engineering, and rehabilitation engineering, with applications in 
orthoses, prostheses, and computer-aided prototyping. 

The main objectives of the thesis are the investigation of the biomechanics of the hip, 
knee, and ankle joints; the theoretical modeling of movement using analytical methods 
(inverse dynamics); the design of a modular experimental system for motion analysis; the 
functional comparison of two types of orthoses (certified and prototype); the experimental 
validation of acquired data; and their statistical interpretation. 

The scientific research carried out during five years of doctoral training resulted in the 
publication of 22 scientific papers, both nationally and internationally. 

Chapter 1, “Introduction,” situates the thesis topic within the current scientific context, 
defines the research objectives, and argues for the relevance of the chosen theme in the field 
of applied biomechanics. 

Chapter 2, “Current State of Research,” presents the fundamental concepts of anatomy 
and biomechanics, the reference anatomical position, and the fundamental joint movements. 
Modern motion analysis technologies such as Kistler, Footscan, and Xsens MVN are reviewed.  

Chapter 3, “Rationale and Objectives of the Doctoral Thesis,”  outlines both the 
motivation for the chosen research topic and the specific objectives, which include developing 
the state-of-the-art review, conducting theoretical and experimental studies, and analyzing 
the biomechanical parameters of the lower limb. 
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Chapter 4, “Theoretical Studies and Research,”  constitutes a key section, providing a 
detailed analysis of joint biomechanics and the application of mathematical modeling to the 
lower limb. 

Chapter 5, “Experimental Studies,”  encompasses all stages of experimental research 
within the thesis, including the definition of objectives, the selection of measurement 
methods, experimental conditions, sensor synchronization, and repeatability. Static and 
dynamic joint models developed by researchers are presented, followed by experimental case 
studies on knee testing. 

Chapter 6, “General Conclusions. Personal Contributions. Future Research Directions,”  
synthesizes the results obtained, highlights the original contributions, and proposes future 
research pathways in applied biomechanics, rehabilitation, and the development of intelligent 
orthoses. 

This doctoral thesis is the result of research carried out over a period of five years, with 
the scientific and logistical support of many individuals and institutions, to whom I owe my 
deepest gratitude. 

I would like to express my sincere appreciation to my scientific supervisor, Professor 
Ileana Roșca, PhD Eng., for her constant support, valuable guidance, and professionalism 
throughout my doctoral training. 

My thanks also go to the members of the advisory and evaluation committee for their 
methodological and scientific contributions: Professor Luciana Cristea, PhD Eng., Professor 
Marius Luculescu, PhD Eng., and Lecturer Corneliu Drugă, PhD Eng., from the Faculty of 
Product Design and Environment, Transilvania University of Brașov. I also wish to thank the 
professors from the same faculty for their important role in strengthening my academic 
background and providing conceptual guidance for essential aspects of my research. I am 
particularly grateful to Lecturer Ionel Șerban, PhD Eng., Professor Mihaela Baritz, PhD Eng., 
and Professor Sorin Zamfira, PhD Eng., for their valuable suggestions regarding the 
development and evaluation of biomechanical devices, as well as for encouraging a 
multidisciplinary approach to this research. 

Above all, I extend heartfelt thanks to my family for their moral and financial support, 
for their trust, patience, and unconditional encouragement, especially during the most 
challenging moments of my doctoral journey. I am also profoundly grateful to God the Father, 
His Son, and the Holy Mother for their guidance and blessings. 

“The human foot is a masterpiece of engineering and a work of art.”  
 Leonardo da Vinci 
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2. Current state of research 
The anatomical or biped-orthostatic position of the human body is defined as the 

upright posture, with the upper limbs hanging alongside the body, gaze directed forward, and 
hands in supination. From this, it can be stated that the human body is a three-dimensional 
structure characterized by three main axes and three spatial planes, as illustrated in Figure 2.1 
[2]. 

 
Fig. 2.1. Axes and planes of the human body [2.] 

Flexion – the bending movement in the sagittal plane of a body segment relative to the 
initial orthostatic position, achieved by moving away from this reference, characterized by the 
decrease of the articular angle relative to a fixed body part. 
Extension – the opposite movement of flexion, characterized by the increase of the articular 
angle relative to the fixed segment, occurring in the direction of returning to the orthostatic 
position or surpassing it (e.g., trunk hyperextension beyond the neutral upright posture). 

These movements have specific nomenclature. For example, at the shoulder, flexion is 
referred to as anteprojection (antepulsion), while extension is termed retroprojection 
(retropulsion). For the foot, the terms dorsiflexion (instead of “foot flexion”) and plantar flexion 
(instead of “foot extension”) are preferred. 

Abduction – movement of a body segment away from the sagittal plane.  
Adduction – the opposite of abduction, bringing the segment closer to the sagittal plane [2].  
Circumduction – a conical movement of a body segment, in which the apex corresponds to the 
joint axis, such as the circular motion of the arm at the shoulder joint.  
Rotation – the movement of a body segment around its own longitudinal axis, i.e., a “pivoting” 
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motion. For the trunk, rotation occurs around the main vertical axis passing through the body’s 
center of gravity [2]. 

2.1. Devices fot the analysis of biomechanical parameters of the 
lower limbs 

2.1.1. Kistler force plate 
The multicomponent force plate enables dynamic and quasi-static measurement of the 

three orthogonal components of a force (Fx, Fy, Fz) acting from any direction on the upper 
plate [5][72]. 

2.1.2. Footscan System 
In general, all foot-scanning systems operate in a similar manner: the pressure plate 

records plantar pressure through an XY resistive matrix with pressure-sensitive sequential 
scanning sensors. 

  
Fig. 2.2. Footscan pressure plate. [6.] 

Footscan systems (Figure 2.2) are available in three sizes: 0.5 m, 1 m, and 1.5 m. The 
plates connect directly to a computer USB2 port either via a fixed device (0.5 m and 1 m 
systems) or via a detachable USB cable (1 m and 1.5 m systems) [6][72].  

2.1.3. Xsens – MVN system 
The MVN-Xsens device (Figure 2.3) is a full-body inertial motion capture system that 

integrates synchronized video data. It allows the identification of joint angles and external 
interaction forces. Depending on the configuration, the system includes either a Lycra suit or 
a set of mounting straps. Two variants are available: the Lycra-suit system and the strap-
based configuration for joint-specific placement. 
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Fig. 2.3. Xsens MVN system [7.] 

2.2. Orthotics and prosthetics of the lower limb 
The emergence of orthoses and prostheses as medical devices in healthcare followed 

a trajectory parallel to that of physiotherapy. Their development is strongly associated with 
three major historical events: World War I, World War II, and the onset and spread of 
poliomyelitis in the 1950s [8][89]. 

The modern term orthosis appeared in the late 1940s and was officially adopted by 
American orthopedic physicians when the American Orthotics and Prosthetics Association 
was established, replacing its predecessor, the Artificial Limb Manufacturers Association. An 
orthosis is a device that provides stability during locomotion and assists in joint recovery 
following medical conditions. In 1948, the American Board for Certification in Orthotics and 
Prosthetics was founded to establish and promote high professional standards [8]. 

 
Fig. 2.4 Key characteristic of orthotic-prosthetic rehabilitation [8.] 

2.2.2. Orthotics of the lower limb 
Numerous factors must be considered when designing an orthosis for individuals with 

musculoskeletal or neuromuscular dysfunctions affecting mobility and gait. An orthosis may 
be designed to substitute for muscular performance. 

Orthoses can provide stance-phase stability and support to improve limb alignment in 
cases of structural instability in one or more joints of the lower extremity. They may also 
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restrict joint motion or redistribute forces during locomotion, thereby supporting post-surgical 
healing or preventing injury to vulnerable joints [8]. 

 
Fig.2.5. Custom solid ankle-foot orthosis [8.] 

The custom-made solid ankle-foot orthosis (Figure 2.5) maintains the ankle in the 
closest possible alignment to the optimal static position for the patient. Mediolateral ankle 
stability is achieved through medial trim lines at the level of the malleoli, with a high medial 
wall and slight proximal flare at the medial malleolus to counteract abnormal flexible subtalar 
valgus. An anteriorly crossed Velcro strap aids in correct posterior foot placement within the 
heel section of the orthosis [8]. 

The orthosis shown in Figure 2.6 immobilizes the ankle joint. The combination of slight 
plantar flexion and a long rigid plate generates a plantarflexion-extension knee couple, acting 
during mid-stance to terminal stance phases of gait. The padded anterior shell absorbs the 
extension moment, thus stabilizing the knee. Additionally, built-in corrugations in the medial 
and lateral walls provide extra rigidity. 

 
Fig. 2.6. Flexible ankle orthosis [8.] 

Dynamic orthoses allow a certain degree of sagittal-plane ankle movement. Many 
enable dorsiflexion during stance phase to facilitate rollover, while restricting plantar flexion 
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during swing phase to aid foot clearance. Such devices incorporate a type of orthotic ankle 
joint [8][92–96]. 

In Figure 2.7, a functional orthosis is illustrated, comprising the following components: 
the calf cuff with its closure (A); medial and/or lateral condylar pads (B); medial and lateral 
uprights (C); the thigh cuff with its closure (D); an adjustable knee hinge (E); and the thigh strap 
(F). 

The stabilizing forces typically applied by the orthosis include: a posterior force over the 
proximal anterior thigh (1); an anterior force on the distal posterior femur (2); a posterior force 
at the level of the proximal anterior tibia (3); and an anterior force at the mid-axis of the 
posterior tibia (4) [8][97]. 

  
Fig. 2.7. Functional orthosis with cuffs and components  [8.] Fig. 2.8. Multifunctional orthosis [8.] 

2.3. Conclusions 
The anatomical reference position, also known as the orthostatic position, represents 

the starting point for understanding human body movements in space. From this position 
derive the three fundamental axes (vertical, sagittal, transverse) and the three planes (frontal, 
sagittal, transverse), which form the basis of biomechanics. This tridimensional geometry 
enables precise description of joint movements in terms of direction and amplitude, an aspect 
crucial for functional assessments, rehabilitation, and the design of orthotic and prosthetic 
devices. 

In this context, biomechanical technologies such as the Kistler force plate, Footscan 
system, and Xsens MVN inertial system have revolutionized functional gait analysis. These 
instruments enable accurate recording and interpretation of data concerning force 
distribution, center of pressure trajectory, segmental accelerations, and joint angles, thus 
providing a comprehensive representation of body–environment interactions. In particular, 
portable systems such as Xsens MVN allow real-time motion monitoring in open 
environments without restricting the patient to a clinical setting, representing a major step 
forward toward ecological and personalized assessments. 

In conclusion, understanding human motion through anatomical planes and 
measurable biomechanical parameters is not merely a didactic requirement but a cornerstone 
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of modern rehabilitation, orthopedic surgery, and advanced healthcare technologies. The 
convergence of functional anatomy and contemporary biomechanical instrumentation 
provides specialists with the means to personalize treatments and devices, thereby optimizing 
functional outcomes and improving patients’ quality of life.  
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3. Rationale for the topic and objectives of the Doctoral 
Thesis 

3.1. Research rationale 
In recent years, the interest in studying the biomechanics of the lower limb has 

increased considerably, in parallel with the growing need for personalized solutions in 
rehabilitation, orthopedics, and functional gait analysis. Within this context, the present 
research is positioned as an applied and innovative endeavor, focused on investigating knee 
biomechanics under controlled conditions, using self-developed experimental systems. 

Although the specialized literature provides multiple approaches and biomechanical 
analysis tools—such as Kistler force plates, Contemplas optoelectronic systems, or advanced 
inertial systems like XSens MVN—these solutions are often costly, difficult to access, or 
challenging to integrate into a personalized, application-oriented framework. 

The first stage of the research consisted in designing a functional knee orthosis 
equipped with a BNO055 sensor, integrated into a low-cost acquisition system. The recorded 
data were correlated and validated using the CONTEMPLAS system, through high-resolution 
video recordings subsequently processed with CVMob software, dedicated to motion analysis.  

In the second stage, in order to increase the precision and fidelity of the measurements, 
an improved version of the orthosis was developed, incorporating an MPU6050 sensor 
connected to the professional BIOPAC platform, whose accelerometers allow for a more 
refined analysis of segmental movements during dynamic exercises.  

The central motivation of this research lies in the aim to contribute an alternative, 
feasible, reproducible, and cost-efficient methodology for the study of joint biomechanics, 
particularly at the knee, by means of internally developed devices and experimentally validated 
analytical methods. 

Thus, the thesis not only addresses the real need for optimizing functional 
rehabilitation but also opens new directions for the development of intelligent systems for 
monitoring human motion biomechanics. 

3.2. Objectives of the Doctoral Thesis 
  O.1. Identification of the relevant anatomical planes and axes for the movements of 

the lower limb segments, with a focus on the knee. This objective establishes the fundamental 
geometry underlying flexion–extension motions, thereby facilitating the understanding of 
three-dimensional kinematics. 

  O.2. Biomechanical analysis of the knee joint in relation to its functional role, based 
on natural flexion–extension movements. The aim is to understand the contribution of the 
knee within the kinematic chain of the lower limb, as well as variations in amplitude and 
acceleration under different testing conditions. 
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  O.3. Development of a functional orthosis (Solution I) equipped with a BNO055 inertial 
sensor for monitoring flexion movements. This initial hardware solution is designed for 
segmental motion capture, with subsequent video analysis (CONTEMPLAS + CVMob).  

  O.4. Design of a second, improved experimental solution, consisting of a novel 
orthosis equipped with the MPU6050 sensor and connected to the BIOPAC system. This 
objective aims to enhance data acquisition accuracy through an optimized hardware 
architecture. 

  O.5. Comparative analysis of the biomechanical behavior of the knee at two flexion 
angles (45° and 60°), in the presence of the two orthosis types. The study investigates 
differences in acceleration, deceleration, and stability between prototypes, in order to assess 
the biomechanical efficiency of each solution. 

  O.6. Validation of the experimental results by comparing segmental acceleration data 
with video analysis (CVMob) and the professional BIOPAC system. This objective ensures the 
reliability of measurements, demonstrating the correlation between analytical methods and 
raw data. 

  O.7. Determination of the limitations and potential of each solution in terms of clinical 
and experimental applicability. The performance of both prototypes will be assessed regarding 
accuracy, patient adaptability, and reproducibility of the results.  

 O.8. Formulation of design optimization proposals for the orthosis, based on the 
observed biomechanical behavior during testing. Depending on comparative results, technical 
or structural improvements will be suggested for the final prototype, with the aim of 
increasing stability and functionality. 

 O.9. Contribution to the development of an accessible experimental method for 
investigating knee biomechanics in a functional context. The work intends to provide a valid 
alternative to traditional laboratory approaches, by employing internally developed technical 
resources and accessible processing methods. 
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4. Theoretical Studies and Research 

4.1. Biomechanics of the lower limb 

4.1.1. Biomechanics of the hip join 
The possible movements of the hip joint include flexion and extension around the 

transverse axis, adduction and abduction around the anteroposterior axis, and medial and 
lateral rotation around the vertical axis. The three axes intersect at the center of the femoral 
head. Since the femoral head is positioned at an angle relative to the femoral shaft, all 
movements involve a common rotation of the femoral head [3].  

Hip flexion is free and limited by the contact of the thigh with the abdomen when the 
knee is flexed. With the knee extended, hip flexion is restricted by muscle tension. Hip 
extension beyond the vertical is limited partly by the tension of the associated ligaments and 
partly by the morphology of the articular surfaces. Under normal conditions, extension greater 
than 30° is not possible (Figure 4.1). 

 
Fig. 4.1. Flexion and extension of the hip joint [3.] 

Abduction and adduction of the hip joint (Fig. 4.2.), approximately 45° each, are free in 
all positions of the lower limb, except, of course, for adduction in the anatomical position. 
Abduction is greater when the hip is partially flexed. It is limited by the tension of the adductor 
muscles and the pubofemoral ligament. Adduction is easier with the hip flexed than when it is 
extended; it is limited by the opposite limb, the tension in the abductor muscles, and the lateral 
part of the iliofemoral ligament. [3.] 
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Fig. 4.2. Abduction and adduction of the hip joint [3.] 

4.1.2.  Biomechanics of the knee joint 
Regarding knee movements, two separate joints must be considered: the joint between 

the femur and tibia, which is the most important as it controls the lower limb, and the joint 
between the patella and femur, with the patella acting as a pulley for the quadriceps tendon, 
changing its line of action. [3.] 

 
Fig. 4.3. Flexia și extensia genunchiului. [3.] 

Active knee flexion can reach 140° if the hip is already flexed, but only 120° if the hip 
is extended (Fig. 4.3). This is because the hamstring tendons lose efficiency when the hip is 
extended. [3.] 

The movement of the femoral condyles occurs through a combination of rolling and 
sliding actions, with the ratio between rolling and sliding changing during flexion and extension 
(Fig. 4.4). 

 

 
Fig. 4.4. Movement of the femoral condyles [3.] 
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The two menisci follow the movements of the femoral condyles during axial rotation 
(Fig. 4.5). Therefore, during lateral femoral rotation, the medial meniscus is pulled forward over 
the tibia, while the lateral meniscus is pulled backward. The reverse occurs during medial 
femoral rotation. [3.] 

 
Fig. 4.5. Displacement of the femoral condyles [3.] 

4.1.3. Biomechanics of the ankle joint 
Movement at the ankle joint occurs around a transverse axis, with its pivot at the tip of 

the lateral malleolus and slightly below the level of the medial malleolus. The possible 
movements at the ankle joint are dorsiflexion and plantarflexion of the foot,  with a maximum 
range approaching 90°. 

In the normal standing position, the foot forms a right angle with the leg; this is the 
neutral position of the joint (Fig. 4.6, a). However, there are considerable individual variations 
in the extent of these movements (Fig. 4.6, b). 

 
a)                                                           b) 

Fig. 4.6. Movements at the ankle joint (a); geometric parameters (b)  [3.]  

4.2. Biomechanical modeling and simulation of the lower limb 
From a biomechanical perspective, bipedal locomotion (walking) is a process of 

displacement in which the human body, in motion, is cyclically and alternately supported by 
each lower limb (except during a transition period when both feet are on the ground).  
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Fig. 4.7. Division of the gait cycle 

Walking, defined as "alternating bipedalism," uses the gait cycle (double step) as its unit 
of measure, represented by the distance between the point of ground contact (heel) of one 
foot and the immediately subsequent contact point of the same foot. Functionally, the gait 
cycle is divided into two main phases: the stance phase and the swing phase, as shown in 
Figure 4.7. 

The five phases that define the stance phase are: initial contact, loading response, mid-
stance, terminal stance, and toe-off [4][13]. 

 

Fig. 4.8. Duration of gait cycle phases: stance phase and swing phase, representing approximately 
60% and 40% of the gait cycle, respectively 

During the swing phase, there are three subphases: acceleration, mid-swing, and 
deceleration. Acceleration begins when the foot leaves the ground, activating the hip muscles 
to propel the leg forward. At this stage, the lower limb reaches its minimal length, the hip and 
knee joints flex, and the ankle joint moves to bring the foot into dorsiflexion. At this moment, 
the weight of the human body is entirely supported by the opposite lower limb [4][13].  
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Fig. 4.9. Stance phases of the foot during normal walking: initial contact (a); loading response (b); mid-

stance (c); terminal stance (d); toe-off (e) 

The parameters of a single step in bipedal locomotion, according to Figure 4.10, are: 
step length, walking frequency (cadence), walking speed, step angle, step width, and foot 
imprint on the ground [14]. 

 

Fig. 4.10.  Parameters of a single step in bipedal locomotion [14.]. 

4.2.1.  Modeling of anatomical systems 
 According to the theories of Vaughan, Haz, and Andrews (1982), there are two main 

approaches to describing the dynamics of rigid bodies associated with anatomical structures. 
The first approach is forward dynamics, in which the dynamic parameters acting on a 
biomechanical system are known, and the goal is to determine the resulting kinematic 
parameters produced by the movements occurring within the system. 
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The second approach is inverse dynamics, in which the kinematic data of the 
biomechanical system are defined in detail, and the goal is to determine the dynamic 
parameters that cause the system’s movements [13].  

Inverse dynamics uses rigid body models to represent the mechanical behavior of 
connected pendulums, or more specifically, the limbs of the human body. Here, 
anthropometric parameters, dynamic parameters, and kinematic parameters of the human 
body segments are used as input data for the system of dynamic equilibrium equations to 
determine internal reaction forces and the moments that generate the system’s movements 
(Figure 4.11) [14][13]. 

 

Fig 4.11.  Schema de principiu a implementării metodei dinamicii inverse pentru exprimarea dinamicii 
solidelor rigide asociate corpurilor anatomice. 

 The inverse dynamics method requires the use of specific conditions, regardless of the 
human body segment under investigation. 

Table 4.1. Anthropometric parameters and scaling coefficients for the main segments of the human 
body in subjects over 18 years of age [15][14]. 

Subjects upper 18 years old 

Segment 
Length 
L = cH  

m 

Mass 
m = %M  

kg 

Center of gravity position 
relative to the distal point 

%L 

Moment of inertia 
% J                       

kgm2 

Head 0,126 7,8 50 49,5 
Trunk 0,312 49,7 50 50,3 
Arm 0,188 2,8 56,4 32,2 
Forearm 0,146 1,6 55 30,3 
Hand 0,108 0,6 50 39,7 
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Thigh 0,265 10 59,05 32,3 
Shank 0,226 4,65 56.05 30,2 
Foot 0,152 1,45 50,85 47,5 

Thus: 
• Region A – between the upper extremity of the head and the upper limit of the 

trunk; 
• Region B – between the upper and lower extremities of the trunk; 
• Region C – between the upper extremity of the trunk and the upper extremity 

of the arm; 
• Region D – between the upper extremity of the arm and the upper extremity of 

the forearm; 
• Region E – between the upper extremity of the forearm and the hand; 
• Region F – between the lower extremity of the trunk and the pelvis; 
• Region G – between the pelvis and the upper extremity of the shank; 
• Region H – between the upper extremity of the shank and the foot. 

 

Fig. 4.12.  Distribution of human body regions and their most important anthropometric parameters 

The inverse dynamics method, employed for the biomechanical modeling of anatomical 
systems, reduces the human body to a system of rigid bodies. According to the specialized 
literature, a rigid-body system consists of two or more bodies interconnected by joints. These 
joints, which establish the system from multiple rigid elements, are referred to as internal 
connections. In addition, within a rigid-body system, there also exist external connections, 
linking the bodies of the system to external structures. 

The dynamic equilibrium equations can be expressed as follows: 
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where: Fx,y is the resultant of the action and reaction forces, both external and internal, 
acting along the Ox and Oy axes [N]; M is the moment of forces [Nm]; m is the body mass [kg]; 
ax,y is the body acceleration along the Ox and Oy directions [m/s²]; I is the moment of inertia of 
the body [kg·m²]; ε is the angular acceleration of the body [rad/s²]. 

 
Fig. 4.13.  The force reduction method applied to the ankle–foot anatomical system model 

In Figure 4.13, the technique of reducing the forces acting at the level of the ankle joint 
is illustrated. The following notations are used: Fm1,2,3…n represent the forces generated by the 
calf muscles [N]; Ft1,2,3…n denote the forces exerted in their insertion tendons [N]; Fo is the force 
transmitted between the bony structures (tibia, fibula, and talus) [N]; Rsx,y correspond to the 
ground reaction forces acting on the foot along the Ox and Oy axes [N]; GP is the weight of the 
foot [N]; F represents the resultant of all the above-mentioned forces. This resultant force F 
is reduced at the ankle rotation center A to a wrench composed of the equivalent force F* = F 
and a moment Mg [N·m], equal to the couple moment (-F*, F). Furthermore, Rgx,y are the 
reaction forces within the ankle joint along the Ox and Oy axes [N]. O denotes the center of 
gravity of the foot, while A, B, C represent the vertices of the triangle corresponding to the 
ankle–foot anatomical system: the heel, the ankle, and the tip of the toes, the latter being 
considered at the head of the second metatarsal. 
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     a)                                                                               b) 

 

Fig. 4.14. Biomechanical modeling of the ankle–foot anatomical subsystem using the inverse 
dynamics method during the support phases of the foot on the ground: initial contact (a); loading 

response (b); mid-stance (c); terminal stance (d); pre-swing (e) 

Figure 4.14 illustrates the biomechanical models of the ankle–foot system, developed 
using the inverse dynamics method 

4.2.2. Biomechanical simulation of the lower limb: inverse dynamics method 

 The biomechanical modeling of the knee–shank anatomical system is based on the 
same specific conditions of the inverse dynamics method, following the same stages as in the 
modeling of the ankle–foot system. 

 In Figure 4.15, the force reduction technique acting at the level of the knee joint is 
presented, where: F′m1,2,3…n are the forces exerted by the calf muscles [N]; F′t1,2,3…n are the forces 
transmitted through their insertion tendons [N]; F′o represents the force transmitted between 
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the contacting bony structures (femur, tibia, and patella) [N]; Gg is the weight of the shank [N]; 
Mg is the ankle joint torque [N·m]; Rgx,y are the reaction forces in the ankle joint along the Ox 
and Oy axes [N]; F denotes the resultant of the muscle, tendon, and contact bone forces [N]; 
F* is the resultant of the same forces, transposed to the knee joint [N]; –F* is the balancing 
force introduced to counteract F* [N]; M′g is the net moment generated by the couple of forces 
F* and –F* acting at the knee joint [N·m]; O′ represents the center of gravity of the shank; A is 
the ankle joint; and D is the knee joint. 

 
Fig. 4.15.  Force reduction method applied to the biomechanical model of the knee–shank anatomical 

system 

In Figure 4.16, the biomechanical models of the knee–shank system are illustrated, 
using the inverse dynamics method during the support phases of the foot on the ground, 
where: mg is the mass of the shank [kg]; M is the total body mass of the subject [kg]; a′x,y are 
the linear accelerations of the shank with respect to its center of gravity, along the Ox and Oy 
axes [m/s²]; φ is the angle between the symmetry axis of the thigh and the horizontal [°]; α is 
the angle between the symmetry axis of the shank and the horizontal [°]; εg is the angular 
acceleration of the shank in the plane of motion (sagittal plane) [rad/s²]; Ig is the moment of 
inertia of the shank [kg·m²]; d5,6 are the horizontal and vertical distances, respectively, between 
the centers of rotation of the ankle and knee joints [m]; d7,8 are the horizontal and vertical 
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distances, respectively, between the knee joint center and the center of gravity of the shank 
[m]. 

In this case, according to the principle of action and reaction, the internal reaction forces 
in the ankle joint will have the same magnitude and direction, but opposite sense compared to 
those defined in the biomechanical modeling of the ankle–foot system. To determine the 
reaction forces at the knee joint during the support phases of the gait cycle, the dynamic 
equilibrium equations were written as follows: 
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For the first phase of gait, also referred to as the heel-strike (initial contact) phase 
(Figure 4.22, a), the equations (4.13) can be expressed in the following form: 
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d)                                                      e) 

Fig. 4.16. Biomechanical modeling of the knee–shank subsystem using the inverse dynamics method 
during the support phases of the foot on the ground: initial heel contact (a); full foot contact (b); mid -

stance (c); heel-off (d); toe-off (e) 

From the system of dynamic equilibrium equations (4.14), the following is obtained: 
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Analogously, for the second support phase of the foot on the ground, the system of 
dynamic equilibrium equations (4.13) is particularized, for the situation illustrated in Figure 
4.16, b, as follows: 
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Following the solution of the system of equations (4.16), the following results are 
obtained: 
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Regarding the third support phase of the foot on the ground, represented by the model 
in Figure 4.16, c, the system of equilibrium equations can be written as follows: 
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From (4.18), the following results are obtained: 
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Similarly, for the fourth support phase of the foot on the ground, represented in Figure 
4.16, d, the system of dynamic equilibrium equations (4.13) can be written as follows: 
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Following the solution of the system of equations (4.20), the corresponding results are 
obtained: 
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For the fifth phase of the gait cycle (Figure 4.16, e), the dynamic equilibrium equations 
for the knee–shank anatomical system take the form: 
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Upon solving the system of equations (4.22), the resulting values are obtained:  
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4.3. Conclusions 
The in-depth study of the biomechanics of the hip, knee, and ankle joints highlights 

their structural and functional complexity, as well as their interdependence in performing 
essential movements for gait, posture, and stability. Each of these joints exhibits unique 
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mechanical characteristics that significantly influence the biomechanical behavior of the lower 
limb. A detailed understanding of these characteristics is fundamental for rehabilitation, 
orthopedics, and biomedical engineering. 

Biomechanical analysis of the lower limb demonstrates that every movement results 
from the precise collaboration of multiple structures. This coordination enables the human 
locomotor system to adapt and function efficiently under varying loads and motion conditions. 
A comprehensive understanding of these mechanisms is, therefore, essential for any 
therapeutic, technological, or educational intervention in the field of movement science and 
rehabilitation. 

Furthermore, the biomechanical study of human gait reveals the complexity and 
refinement of neuromuscular coordination involved in bipedal locomotion. Walking is not 
merely a sequence of steps but a cyclic activity that requires the rhythmic and controlled  
transfer of body weight from one lower limb to the other, ensuring both stability and 
propulsion. The alternation between support and swing phases allows efficient displacement 
of the body in space, optimizing energy expenditure and enhancing adaptability to the 
environment. 

The significance of this model lies not only in the precision of force calculations but also 
in the potential for personalization based on individual anthropometric characteristics. By 
incorporating specific parameters (height, mass, segment lengths) into the system of 
equations, it is possible to estimate biomechanical behavior realistically and reproducibly. 
Integrating these models into the design of orthoses, prostheses, or functional recovery 
assessment provides a solid scientific foundation for personalized therapeutic interventions. 

From an applied perspective, this biomechanical approach is essential in multiple 
domains: 

• Neuromotor rehabilitation, for qualitative and quantitative gait assessment; 
• Orthopedics, for planning surgical interventions and functional reconstruction; 
• Biomedical engineering, for designing exoskeletons, implants, or intelligent 

biomechanical sensors. 
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5. Experimental studies 

5.1. Experimental design for determining of lower limb 
biomechanical parameters  

The first measurement system consisted of a prototype functional knee orthosis with 
an integrated BNO055 sensor. This nine-degree-of-freedom inertial module includes an 
accelerometer, gyroscope, and magnetometer. The sensor was positioned on the orthosis to 
accurately track knee joint movements, primarily during flexion at specific angles: 30°, 45°, 
and 90°. 

The second system represents an advanced and improved version, featuring both a 
redesigned, more ergonomic and stable orthosis and a new measurement module. This 
system integrates an MPU6050 sensor (triaxial accelerometer and gyroscope) placed on the 
thigh and shank to measure accelerations across both anatomical segments.  

Both systems not only serve as measurement tools but also represent concrete steps 
toward developing personalized biomechanical devices for orthopedic, rehabilitation, and 
biomedical engineering applications. 

5.1.1. Experimental objectives 
The main objectives were to determine dynamic parameters (accelerations along the 

Ox, Oy, and Oz axes) for both solutions. For the first system, experiments were conducted on 
a human subject. The second, improved system was used for studying the lower limb  
biomechanics during normal gait and single-leg support in healthy subjects. Data were 
subsequently used to analyze variations in knee joint accelerations along the three coordinate 
axes. 

5.1.2. Selection of measurement methods 
 Bipedal locomotion occurs in real time, requiring methods that can accurately capture 

continuous movements. To qualitatively analyze successive positions and determine 
accelerations between anatomical segments, as well as joint trajectories (hip, knee, ankle) and 
foot-ground interactions, high-precision visual analysis is necessary. 

For the first solution, a high-speed video recording method was used. The Contemplas 
system with Templo Motion software recorded continuous gait, while CVMob software 
allowed the placement of virtual markers at key points, particularly at the knee joint where the 
BNO055 sensor was positioned. 

The second solution introduced an ergonomic functional knee orthosis and a new data 
acquisition module (Arduino Nano replacing Arduino Uno). Two MPU6050 sensors measured 
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accelerations on the thigh and shank, rather than only at the knee. The BIOPAC system with 
accelerometers was also used to validate and analyze lower limb biomechanics. 

5.1.3. Experimental conditions 
Measurements were performed under optimal conditions to ensure the stability of 

both prototype and commercial devices and to allow continuous, accurate motion recording. 

5.2. Biomechanical analysis of the lower limb 

5.2.1. Static and dynamic models of the hip joint 
The coordinate system used for analyzing the hip joint consists of the Ox axis, which 

coincides with the transverse axis, the Oy axis, indicating the forward walking direction, and 
the Oz axis, aligned along the femoral axis. The components of force, Fx,Fy, and Fz, are reported 
as negative values relative to the x, y, and z directions and are all directed toward the center 
of the femoral head. R represents the resultant force, while F and T indicate the loading 
directions in the frontal and transverse planes, respectively.  

The static biomechanical model, shown in Figure 5.1a, represents the standard 
estimation of the hip abductor force. In this model, the ground reaction force (GRF), which is 
perpendicular to the ground, is assumed to pass nearly vertically through the body’s center of 
mass during locomotion. This model provides a static approximation of the forces and 
moments acting on the hip joint during normal walking. While useful for initial analysis, static 
models are complemented by dynamic models to account for accelerations, velocities, and 
more complex interactions of lower limb segments during gait.  

 
Fig. 5.1. a. Coordinate system at the femoral head [18.] 
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Inverse dynamics (Figure 5.2b) models the lower limb as a series of connected 
segments, where the foot, shank, and thigh act as rigid bodies interacting at frictionless joints 
[19][20]. 

 
a)                                                       b) 

Fig. 5.2.. b  Static (a) and dynamic (b) model of the hip joint [21.] 

5.2.2. Dynamics of the knee joint 

Dynamics is a branch of mechanics that studies the relationship between the forces 
acting on a body and the changes they produce in the body's motion. The forces between the 
foot and the ground are measured using a force plate capable of recording the time history of 
ground reaction forces. The force data are combined with kinematic data using Newton's 
second law to calculate joint moments. The process of using known kinematic data and 
external forces to obtain inter-segmental joint forces and moments is called the inverse 
dynamics approach. 

Knee dynamics were measured during level walking, stair ascent, and stair descent (Fig. 
5.3.). During level walking, the joint initially experienced external flexion of the knee extension, 
followed by a moment of knee forces to ensure joint stability.  
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Fig. 5.3. Variation of the knee angle during stair ascent and descent [25.] 

In the latter half of the stance phase, there was a moment of external knee extension. 
During stair ascent, an initial external knee flexion moment was required to initiate the upward 
movement of the body. During the weight-bearing phase on the stairs, the knee moment 
shifted to an external extension moment. Conversely, during stair descent, the initial knee 
moment was an external extension moment, which then changed to an external knee flexion 
moment for most of the phase. This external flexion moment was necessary to stabilize the 
joint during stair descent. The peak knee flexion moment during stair descent occurred in the 
final phase, unlike the peak knee flexion moment observed in the initial phase for level walking 
and stair ascent [25]. 
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5.3. Analyzed characteristics 
For the biomechanical evaluation of lower limb movements during walking, the study 

employed several specialized devices and technologies, each providing distinct contributions 
to measuring and interpreting functional parameters. These included the MPU6050 and 
BNO055 sensors integrated with Arduino microcontrollers, the BIOPAC system with TSD109C 
sensors and a dedicated acquisition platform, as well as the CVMob video analysis application.  

These tools allowed the recording and analysis of essential biomechanical 
characteristics describing locomotor function: Linear acceleration along the three reference 
axes (Ox, Oy, Oz), measured using both MPU6050 and BNO055 sensors. Linear acceleration 
was the primary parameter in gait analysis. Ox (anteroposterior axis): Provides data on 
propulsion force and stability in the walking direction. Oy (mediolateral axis): Relevant for 
dynamic balance and postural control during single-leg support. Oz (vertical axis): Reflects 
lifting components and ground impact, especially during foot contact and lift-off phases. 

Movement velocity, obtained either by integrating the accelerometer signals (from 
MPU6050 and BNO055) or through video frame analysis in CVMob. Velocity provides insights 
into impulse efficiency, reaction time, and rhythmic control of steps.  

5.4. Methods and technical means 

5.4.1. Contemplas system and CvMOB Software 
Using multi-camera systems allows movements to be recorded from different 

perspectives, significantly improving automatic tracking. The system can operate with 
multiple high-speed cameras depending on the analysis requirements, enabling synchronous 
recording and integration of additional measurement systems, such as EMG 
(electromyography). 

The Contemplas system records the subject’s movements in real time. In this study, 
the subject performed flexion-extension movements, both with and without the functional 
knee orthosis [45]. 

 
Fig.5.4. GigE High-Speed Camera 
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Figure 5.4 shows the GigE high-speed camera used in the Contemplas system. The 
cameras are mounted on a tripod (Figures 5.5 and 5.6), which can be positioned differently for 
stability depending on the desired field of view, such as capturing different planes of the 
human body (frontal or sagittal). 

                                                   

Fig. 5.5. Camera positioning on the tripod Fig. 5.6. Example of camera positioning 

5.4.2. BIOPAC system 
The BIOPAC MP150 system (Figure 5.7) is a flexible modular data acquisition and 

analysis system, well-established for life sciences research. This 16-channel system includes 
the AcqKnowledge software with specialized analysis capabilities. It is applicable to over 40 
research fields, with additional modules available for electrogastrography, microelectrode 
recording, non-invasive blood pressure measurement, electrical bioimpedance (cardiac 
output), and more. 

To facilitate the discovery process and ensure reproducible and publishable data, 
robust automated analysis routines are available for ECG, HRV, EEG, EMG, EGG, and many 
other signals [74][46]. 

 
Fig. 5.7. BIOPAC system 
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The TSD109C accelerometer (Figures 5.8 and 5.9) is a high-precision electrical 
transducer from the BIOPAC measurement systems range, used for the simultaneous 
determination of linear accelerations, up to ±5 g, of anatomical segments along the Ox, Oy, 
and Oz axes [47]. 

  

Fig. 5.8. TSD109C Accelerometer – Frontal view Fig. 5.9. TSD109C Accelerometer – Transversal 
view 

This electrical transducer operates on the piezoelectric principle, whereby movements 
produced by a human body segment are transmitted to a mass (m) acting on the piezoelectric 
material along the Ox, Oy, and Oz axes. As a result of these mechanical actions, the 
piezoelectric material generates electrical signals, which are amplified by a built-in signal 
amplifier inside the accelerometer and subsequently sent to the HLT100C signal modulator. 
This modulator interfaces the accelerometer with the MP150 central unit of the BIOPAC 
system. 

Tabelul 5.1. Technical specifications of the TSD109C accelerometer [47] 

Nr. Caracteristici tehnice Descriere 
1 ieșiri 3 (pentru axa Ox, Oy, Oz) 
2 domeniul de măsurare 5 g 
3 sensibilitatea 2 % 
4 eroarea de aliniament 1 % 
5 neliniaritatea 0,2 % din domeniul de măsurare 
6 greutatea 17 g 

7 dimensiuni 
lungimea – 33 mm 

lățime bază – 28 mm 
înălțimea – 19 mm 

8 lungimea cablului 3000 mm 
9 tensiunea de ieșire 5 V la un curent de 9 mA 
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5.4.3. CoolTerm  
CoolTerm is a serial communication program used to interact with hardware devices 

via serial connections. It provides a variety of functionalities that distinguish it from other 
similar programs and is available for Windows, macOS, and Linux [48].  

 
Fig. 5.10. Data reception in CoolTerm 

Figure 5.10 shows the data received through the serial port, illustrating CoolTerm’s 
ability to collect and interpret information transmitted by the device.  

 
Fig. 5.11. Saving collected values in .txt format 

Figure 5.11 shows the process of saving the acquired data in text format, allowing the 
user to archive and later analyze the collected information. 
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5.4.4. Data acquisition and processing 
The data collection and processing were carried out using two measurement devices: 

the prototype device and the certified device (BIOPAC). Each generated data in a different 
format, and to ensure a coherent comparative analysis, the data were manually imported and 
processed in the Origin software. 

For statistical analysis and graphical representation of the collected data, the Origin 
software was used (Figure 5.12), due to its advanced numerical data processing capabilities. 

 
Fig. 5.12.  Origin software interface 

The functionalities used in Origin included manually importing data from .txt and .csv 
files for both measurement devices, and performing statistical analyses of the datasets, 
including: mean, standard deviation, sum of values, skewness, kurtosis, mean absolute 
deviation, extreme values (minimum and maximum), and median. Using this software, 
graphical representations of the data were created to highlight differences between the 
prototype and the certified device. 



 
 

36 

 

Fig. 5.13. Table in Origin 

 
Fig. 5.14. Graphs in Origin 

Using Origin, the collected data were efficiently processed, providing a solid foundation 
for interpreting results and comparing the performance of the two measurement systems.  
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5.5. Applications in biomechanical studies 

5.5.1. Design and implementation of a functional knee orthosis with 
aacceleration measurement device. Discussion 

5.5.1.1. Solution I – Prototype Functional Knee Orthosis 
Solution I presents the first prototype of a functional knee orthosis along with an 

experimental device attached to the orthosis at the knee joint level for studying knee 
biomechanics. 

The functional knee orthosis was designed using the SolidWorks software. The 
dimensions of the orthosis are shown in Figure 5.15b, and the active angles are presented in 
Figure 5.15a. 

 
Fig. 5.15. Dimensions and active angles of the knee orthosis 

The designed components of the functional knee orthosis are shown in Figure 5.16: 
1. Upper component (pos. 1) 
2. Lower component (pos. 2) 
3. Inner cover (right) of the fastening assembly (pos. 3) 
4. Outer cover (right) of the fastening assembly (pos. 4) 
5. Inner cover (left) of the fastening assembly (pos. 5) 
6. Outer cover (left) of the fastening assembly (pos. 6) 
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Fig. 5.16. Components of the functional knee orthosis 

The forces ensuring stability, which are usually exerted by the orthosis, include: A 
posterior force over the proximal anterior thigh, an anterior force on the distal posterior femur, 
a posterior force on the proximal anterior tibia, an anterior force on the midline of the posterior 
tibia 

The measurement device consists of an Arduino Uno R3 microcontroller and a 9-axis 
motion processing board [77]. These boards are stacked using all the pins of the Arduino 
(Figure 5.17), and in Figure 5.18 it can be seen how the two boards are connected to a data 
processing program. The system connects to a laptop using a USB A-B data cable [86]. 

 
Fig. 5.17. Arduino Uno R3 (left) and 9-axis motion shield (right) 
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Fig. 5.18. System connected to laptop 

Data acquisition is performed using MS Excel with the Data Streamer module, as shown 
in Figure 5.19. 

 
Fig. 5.19. MS Excel- Data Streamer 

5.5.1.1.1. Results and discussion 
The experimental stand testing was carried out in four stages: 

1. Verification of a complete locomotion cycle, with the experimental stand 
positioned on the anterior thigh. 

2. Verification of recorded parameters during lower limb flexion-extension (Figure 
10.2a), with the stand positioned on the anterior thigh. 

3. Verification of recorded parameters during lower limb abduction-adduction, 
with the stand positioned on the anterior thigh. 
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4. Verification of recorded parameters during lower limb rotation (Figure 5.66c), 
with the stand positioned on the anterior thigh. 

The experiment was conducted with a subject weighing 64.5 kg and having a height of 
1.73 m. 

 
Fig. 5.20. Positioning of the experimental stand – anterior thigh, right leg 

The first testing stage involved placing the experimental stand on the subject's right 
thigh (Figure 5.20). The subject performed multiple simple steps, repeating the locomotion 
cycle. The data obtained were recorded in Table 5.2. 

Tabelul 5.2. Biomechanical parameters – locomotion – stand positioned on anterior thigh 

Acc.    
(Ox) 
m/s2 

Acc.    
(Oy) 
m/s2 

Acc.    
(Oz) 
m/s2 

Acc. 
Lin.(Ox) 
m/s2 

Acc. Lin  
(Oy) m/s2 

Acc.lin. 
(Oz) 
m/s2 

Acc.grv. 
(Ox) m/s2 

Acc.grv. 
(Oy) 
m/s2 

Acc.grv. 
(Oz) m/s2 

-0.02 -10.68 -0.44 -0.77 -1.01 0.94 0.76 -9.67 -1.42 
0.41 -9.13 -0.8 -0.32 0.57 0.4 0.73 -9.7 -1.2 
0.65 -8.68 -3.55 -0.06 1.03 -2.5 0.73 -9.71 -1.15 
0.49 -10.52 1.9 -0.15 -0.75 2.5 0.65 -9.76 -0.6 
0.57 -8.95 -0.8 -0.17 0.82 -0.76 0.73 -9.77 -0.14 
1.62 -7.58 -2.51 0.79 2.17 -2.95 0.82 -9.76 0.44 
0.11 -7.85 -2.49 -0.67 1.91 -2.95 0.78 -9.76 0.46 
-1.06 -9.22 -2.82 -1.96 0.54 -2.75 0.89 -9.76 -0.06 
0.01 -10.93 -4 -1.29 -1.04 -3.13 1.16 -9.69 -0.93 
1.24 -10.4 -2.08 0.09 -0.95 0.24 1.15 -9.45 -2.33 
0.31 -10.01 -1.23 -0.56 -0.91 2.31 0.92 -9.13 -3.43 
0.57 -9.18 -2.16 -0.04 -0.26 1.86 0.62 -8.91 -4.02 
-0.72 -10.44 -4.4 -1.11 -1.57 -0.23 0.38 -8.86 -4.16 
-2.86 -9.86 -2.55 -2.8 -0.65 1.2 0.13 -8.91 -4.08 
0.07 -9.41 -2.15 0.19 -0.4 1.71 -0.11 -9.01 -3.86 
-1.47 -9.31 -3.02 -1.35 -0.2 0.6 -0.1 -9.09 -3.66 
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-2 -9.12 -2.52 -1.83 0.1 0.96 -0.17 -9.2 -3.39 
0.66 -9.11 -2.54 0.9 0.18 0.56 -0.23 -9.28 -3.14 

 
In the second stage of parameter identification, as in the first stage, the device was 

positioned on the anterior thigh, but this time, specific flexion and extension movements of 
the leg were performed. The positioning of the stand can be seen in Figure 5.20 from Stage I. 
The graph shows the lower limb accelerations during flexion and extension, highlighting the 
dynamic variations of acceleration along the measured axes throughout the movement cycle.  

 
Fig. 5.21. Parameters of lower limb flexion-extension movements 

In the third stage, the position of the experimental stand was not changed from the 
previous stage. Measurements were carried out during abduction-adduction movements of 
the lower limb, represented graphically in Figure 5.22. 

 
Fig. 5.22. Parameters of lower limb abduction-adduction movements 

5.5.1.1.1.1. Stage I – Active functional knee brace up to an angle of 30° 
In the first stage, the subject performed flexion-extension movements with the 

functional knee brace activated at an angle of 30°. 
In Figure 5.23, the maximum angle of 30° that the subject can achieve with the 

activated brace is shown. 
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Fig. 5.23 . Maximum active angle of the brace – 30⁰ 

After performing the flexion-extension movements, the video is analyzed using the 
CvMob program, and Figure 5.24 shows the trajectory of the subject along the two axes, Ox 
and Oy. 

 

Fig. 5.24. Subject trajectory on the Ox and Oy axes during flexion-extension movements 

An analysis of the knee joint velocity was performed, represented graphically in Figure 
5.25, while Figure 5.26 shows the acceleration of the knee joint. 

 
Fig. 5.25.  Knee joint velocity, Stage I 
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Fig. 5.26. Knee joint acceleration, Stage I 

5.5.1.1.1.2. Stage II – Functional Knee Orthosis activated at 45° 
In Figure 5.27, the maximum angle of 45° that the subject can achieve with the 

activated orthosis is shown. 

 
Fig. 5.27. Maximum active angle of the orthosis: 45° 

After performing the flexion-extension movements, the video is analyzed using the 
CvMob program, and Figure 5.28 shows the trajectory of the subject during the movement. 
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Fig. 5.28.  Knee joint trajectory: maximum angle of 30°, Stage II  

Using the virtual marker, the trajectory along the Ox and Oy axes is plotted in Figure 
5.29. 

 
Fig. 5.29. Knee joint trajectory along Ox and Oy axes, maximum angle 45° 

A velocity graph of the knee joint was created (Figure 5.30). 
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Fig. 5.30. Knee joint velocity, Stage II 

5.5.1.1.1.3. Stage III – Functional Knee Orthosis activated at 90° 
In this stage, the subject performs flexion-extension movements with the knee 

functional orthosis activated at a maximum angle of 90° (Figure 5.31). 

 
Fig. 5.31. Maximum active angle of the orthosis: 90° 

After performing the flexion-extension movements, the video is analyzed with CvMob, 
and Figure 5.32 shows the trajectory of the subject during locomotion. Additionally, Figure 
5.33 shows the trajectory along the Ox and Oy axes in a graphical representation. 
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Fig.5.32. Knee joint trajectory – Stage III, maximum angle 90° 

 

Fig. 5.33. Graphical representation – knee joint trajectory with orthosis activated at 90° 

5.5.1.1.1.4. Experimental stage I – Functional Knee Orthosis (30°) with analysis device 
In the first stage of the second experimental phase, the subject performs flexion-

extension movements during locomotion with the knee functional orthosis activated at 30° 
and with the attached device recording linear accelerations. The trajectory graph is created, 
where the point of interest is the device attached to the orthosis (Figure 5.34), analyzed using 
the CvMob program. 
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Fig. 5.34. Trajectory of the analysis device on the functional orthosis – lower limb, shank segment 

In Figure 5.35, the acceleration graph is identified using CvMob, while Figure 5.36 
shows the acceleration graph obtained with the Data Streamer module in Microsoft Excel. 

 
Fig. 5.35. Acceleration graph of the analysis device on the functional orthosis (maximum active angle 

30°), CvMob program 
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Fig. 5.36. Acceleration graph of the analysis device on the functional orthosis (maximum active angle 

30°), Data Streamer module 

During the recording of flexion-extension at a maximum angle of 30° using the 
Contemplas setup, the experimental device was synchronized, acquiring a total of 252 values 
in the Data Streamer module and 1,207 values in CvMob. These data were used to calculate 
the mean acceleration along the two axes and the standard deviation, as presented in Table 
5.3. 

Tabel 5.3.  Analysis of recorded acceleration values along Ox and Oy axes with CvMob and Data 
Streamer (experimental device), 30° angle 

 Ox Oy 
Mean acceleration- CvMob [m/s2] -0.02323 0.063219 
Mean acceleration - Data Streamer(BNO055) [m/s2] 0.484683 -0.03131 
Mean acceleration difference – CvMob vs Data Streamer 0.230725 0.015955 
Standard deviation – CvMob [m/s²] 1.639915 1.714382 
Standard deviation – Data Streamer (BNO055) [m/s²] 1.139411 0.792125 
Number of values recorded in CvMob 1207 1207 
Number of values recorded in Data Streamer 252 252 

 
5.5.1.1.1.5. Experimental stage II – Functional Knee Orthosis (45°) with analysis device 
The subject performs flexion-extension movements with the knee functional orthosis 

activated at 45° and with the attached device. The trajectory of the device is created, as shown 
in Figure 5.37, with a virtual marker attached, analyzed using CvMob. 
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Fig. 5.37. Trajectory of the analysis device on the functional orthosis: maximum active angle 45°, 

lower limb segment 

 

Fig. 5.38 . Device trajectory along Ox and Oy axes: graphical representation 

In Figure 5.38, the trajectory is illustrated along the Ox and Oy axes. The acceleration 
graph is shown in Figure 5.39 using CvMob, and Figure 5.40 shows the acceleration graph 
obtained with the Data Streamer module in Microsoft Excel.  
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Fig. 5.39. Acceleration graph of the analysis device on the functional orthosis (maximum active angle 

45°), CvMob program 

 
Fig. 5.40. Acceleration graph of the analysis device on the functional orthosis (maximum active angle 

45°), Data Streamer module 

5.5.1.1.2. Final conclusions 
The testing of the experimental setup described in this study was designed to perform 

a detailed biomechanical analysis of the lower limb during various types of movement. The 
purpose of this analysis was to investigate how accelerations and trajectories of body 
segments change depending on the type of movement and potential restrictions imposed by 
the use of orthoses. The evaluation was structured in multiple stages, each targeting a specific 
type of motor activity and a particular joint area. 

In the first stage, the experimental setup was positioned at the knee joint on the 
anterior surface, and the subject performed simple steps to allow the recording of 
characteristic data for the complete gait cycle. This phase allowed obtaining values for 
accelerations along the three axes (Ox, Oy, Oz). 

Subsequently, the biomechanical analysis was extended to evaluate isolated 
movements of the hip joint. Three types of movements were analyzed: flexion-extension, 
abduction-adduction, and internal-external rotation. For each movement type, the setup 
remained fixed on the anterior thigh, and the obtained data were graphically represented to 
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highlight differences in trajectories, velocities, and accelerations. This stage was particularly 
important for understanding knee joint biomechanics, which is characterized by a high range 
of motion but also a high level of mechanical demand during daily activities. 

In conclusion, the testing enabled a complex and relevant biomechanical analysis of the 
lower limb under varied movement conditions and with different levels of joint restrictions. 
The constant positioning of the experimental setup on the thigh ensured the comparability of 
results across stages, while the use of multiple data acquisition methods increased the 
accuracy and validity of the analysis. These data are valuable not only for fundamental 
research but also for the development of smart orthoses and biomechatronic assistive 
systems aimed at rehabilitation and optimization of functional performance. 

5.5.1.2. Solution II 
To increase subject comfort, provide biomechanical efficiency, and reduce factors that 

might interfere with natural knee joint movements, a new version of the functional knee 
orthosis was developed. The functional knee orthosis features a new clamping system for the 
upper and lower arms, resulting in an optimized solution both structurally and functionally. 

The new design protects the main arms against mechanical wear, extending the 
orthosis’s lifespan, while allowing successful daily use. It provides secure fixation that can be 
adapted to each user’s needs. The orthosis dimensions were not modified (dimensions 
mentioned in previous chapters); only the clamping system connecting the upper and lower 
arms was redesigned, as shown in Figures 5.41 and 5.42. Figure 5.43 shows the functional 
knee orthosis. [70.] 

 
Fig.5.41. Sistem External clamping system – right side 
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Fig.5.42. Internal clamping system – right side 

 
Fig. 5.43.  Functional knee orthosis – CATIA V5 

The functional knee orthosis was 3D-printed using carbon fiber-reinforced material 
with a layer height of 0.254 mm. 

In Figures 5.44 and 5.45, the printed functional knee orthosis is shown. 

                           
Fig. 5.44. Printed and assembled functional 

orthosis – frontal view 
Fig. 5.45. Printed and assembled functional 

orthosis – lateral view 
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5.5.1.2.2. Development of the acceleration measurement system 
To increase the precision of biomechanical measurements and improve the ergonomics 

of the device on functional knee orthoses, a new acceleration measurement system was 
designed and implemented. The system uses two MPU6050 sensors integrated into a 
compact assembly based on an Arduino Nano board, replacing the initial configuration that 
used an Arduino Uno board and a BNO055 sensor. Each component is mounted in a custom 
3D-printed case for protection and ease of use. 

The MPU6050 sensor is a system that combines a 3-axis gyroscope, a 3-axis 
accelerometer, and a digital thermometer. 

 
Fig. 5.46 MPU6050 sensor [62.] 

Arduino Nano (Fig. 5.47) is an intelligent development board designed to build 
prototype devices quickly while keeping the size minimal.  

 
Fig. 5.47. Arduino Nano [66.] 

A compact and lightweight system was created using the Arduino Nano and two 
MPU6050 sensors, compared to the previous configuration of Arduino Uno and the BNO055 
sensor board. The new configuration also uses two independent sensors, which can be 
mounted on different anatomical segments (ankle and thigh) without relying on a bulky 
centralized system. 

To calibrate the acceleration measurement system with Arduino Nano and the two 
MPU6050 sensors, a source code was implemented to generate graphs along the three axes 
– Ox, Oy, and Oz – showing acceleration values. The graphs are generated using MATLAB 
R2023a. 
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Fig. 5.48.  MATLAB program interface 

MATLAB is a high-performance programming language for technical computing. It 
integrates computation, visualization, and programming in one environment. MATLAB is a 
modern programming environment: it has sophisticated data structures, built-in editing and 
debugging tools, and supports object-oriented programming. 

After writing the source code, the measurement system was connected to a laptop, 
compiled, and the linear acceleration graphs were obtained as shown in Figure 5.49. 

 
Fig. 5.49. Acceleration graphs – MATLAB 

5.5.2. Experimental protocol 
The main objectives of the experiment are to establish the differences between the 

prototype device, developed using the Arduino Nano board and MPU6050 sensors, and the 
validated device – BIOPAC with TSD 109C sensors. It also aims to determine the impact of 
using the orthosis on the knee joint by analyzing statistical parameters such as mean values, 
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standard deviation, sum of values, data distribution skewness, kurtosis, mean deviation, 
extreme values (minimum and maximum), and median. 

5.5.2.1. Purpose and importance of the research 
The main purpose of this research is to analyze and compare the biomechanical 

parameters of the knee joint while using two types of orthoses: the prototype developed in 
this study and a validated device (BIOPAC). By measuring accelerations along the three axes 
(Ox, Oy, Oz), the study aims to evaluate the impact of each orthosis on knee stability and 
movement. 

Specific objectives include determining the efficiency of the prototype compared to the 
validated device, analyzing the biomechanical differences between the two types of orthoses, 
and identifying their effect on joint movement. Additionally, the study seeks to technically 
validate the measurement system integrated into the prototype by comparing its results with 
those provided by the BIOPAC system. 

5.5.2.2. Description of the experiment 
The experiment consists of testing the two types of orthoses mounted on the right leg 

of the subjects. The subjects performed standardized movements to ensure data 
compatibility. Accelerations along the three axes (Ox, Oy, Oz) were measured using sensors 
mounted at the midpoint of the anatomical segments – thigh and shin. 

The analysis of the knee joint during the use of both orthoses – the developed 
prototype and the validated device (BIOPAC) – is a fundamental aspect of this study. This 
analysis aims to determine how each device influences knee stability and dynamics. For this 
comparison, relevant biomechanical parameters are measured, with emphasis on linear 
accelerations along the three reference axes: Ox (anteroposterior), indicates acceleration 
variations in the forward-backward direction, relevant for analyzing gait stability; Oy 
(mediolateral), highlights lateral deviations and postural control of the knee and Oz (vertical), 
measures lifting and lowering variations of the thigh and shin segments, relevant for balance 
analysis and ground reaction forces. 

The experiment is structured so that each subject is evaluated under the same 
conditions, both with the prototype orthosis and the validated device. Each device is 
positioned on the subject’s right leg, with sensors fixed at the midpoint of the thigh and shin 
segments. Data collection follows a standardized protocol, where subjects perform specific 
movements such as walking and knee flexion-extension. The data are processed using Origin 
software, and comparative statistical analysis highlights any significant differences between 
the two devices. 

To ensure the relevance and consistency of the experimental results, subjects were 
selected based on well-defined criteria to ensure group homogeneity. The included subjects 
have similar anthropometric characteristics: height between 1.68 m and 1.75 m, ensuring 
comparable biomechanical ratios between thigh and shin segments, and weight between 58 
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kg and 67 kg to maintain a balanced force distribution and avoid the influence of body mass 
on measured accelerations. Additionally, subjects were selected to have no pre-existing 
orthopedic conditions, muscular imbalances, or pathologies that could affect the experiment. 
Participants were instructed on the experimental procedure and evaluated before testing to 
confirm eligibility. 

Two types of orthoses were used in the experiment to analyze knee joint biomechanical 
parameters:prototype orthosis- an experimental device developed in this study, designed to 
improve knee stability and biomechanical control. It includes integrated sensors for measuring 
accelerations and validated device (BIOPAC), with a clinically validated system used in 
biomechanical studies to collect data on joint movement and stability.  

Both the prototype and BIOPAC device were positioned on each subject’s right leg, with 
sensors mounted at the midpoint of the thigh and shin segments to obtain accurate 
measurements of knee movements. The choice of these devices was based on reliability, 
measurement accuracy, and compatibility with the experimental methodology, allowing a 
relevant comparison between the two systems and providing essential information for 
validating and optimizing the prototype orthosis. 

The experiment was conducted in two distinct stages, varying the combination of 
orthosis and measurement devices. In each stage, the devices were mounted according to 
protocol, and sensors were positioned strategically to capture knee joint accelerations 
accurately. 

5.5.2.3. Mounting the validated orthosis with measurement devices 
The validated orthosis was fixed on the right leg according to the manufacturer’s 

instructions, ensuring stability without interfering with natural knee movement (Fig. 5.50). 
Sensors from both devices were mounted on the thigh and shin at the same reference points 
to allow a direct comparison of measurements between the two systems. 

After mounting, each subject was instructed to perform a series of standardized 
movements to collect the necessary data. This stage allowed recording biomechanical data 
under the use of a clinically validated orthosis, providing a reference point for subsequent 
comparison with the prototype. 
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Fig.5.50. Positioning of the validated orthosis and measurement devices – example 

5.5.2.4. Mounting the prototype orthosis with measurement devices 
In the second stage of the experiment, subjects were equipped with the prototype 

orthosis (Fig. 5.51), and measurements were again performed with the two devices: the 
prototype device, integrated for evaluating its performance under real-use conditions, and the 
validated device (BIOPAC), used to compare results and verify the accuracy of measurements 
obtained with the experimental system. 

The prototype orthosis was mounted on the right leg using the same principles as for 
the validated orthosis to maintain consistency in testing. Sensors were positioned at the same 
points on the thigh and shin to ensure comparability of measurements between  the two 
experimental sessions. After mounting, subjects performed the same standardized 
movements as in the first stage, allowing analysis of the differences between the two 
configurations. 

 
Fig.5.51. Positioning of the prototype orthosis and measurement devices – example 
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To minimize measurement errors caused by sensor displacement or rotation during the 
experiment, the following measures were implemented: sensors were fixed using adjustable 
elastic bands, ensuring firm contact with the skin or orthosis surface, sensors were 
recalibrated before each measurement session using a standardized protocol to verify axis 
alignment, after each test, collected data were checked to identify any deviations caused by 
incorrect sensor positioning. 

5.5.2.5. Analysis of experimental data 
Data were recorded for 20 subjects for two flexion-extension angles: 45° (when the 

subject walked approximately 2 meters) and 60° (when the subject stood on one leg while 
performing the flexion-extension movement). Each subject was evaluated under conditions of 
acceleration measurement using two types of orthoses (validated orthosis and prototype 
orthosis) and two measurement devices (BIOPAC – validated device and AX – prototype 
device). Table 5.4 lists the abbreviations used in graphs and tables containing statistical 
parameters. 

Tabel  5.4. Abbreviations used in statistical tables and graphs 

No. Abbreviation Description 
1 OO Validated orthosis 
2 OP Prototype orthosis 
3 45 Angle of 45° 
4 60 Angle of 60° 
5 BP Measurement device – BIOPAC 
6 AX Measurement device – prototype 
7 Sup Sensor positioned on the thigh 
8 Inf Sensor positioned on the shin 

For each subject, a table was created including statistical parameters for the two 
devices and two orthoses, for each angle (45° and 60°). Each table includes the analyzed 
statistical parameters (mean, standard deviation, skewness, kurtosis, minimum, maximum, 
and median) for each device and orthosis, separated by angle and for each subject (Figs. 5.52 
and 5.53). 
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Fig. 5.52. Example of statistical parameters – Subject 1 – angle 45° 

  
Fig. 5.53. Example of statistical parameters – Subject 1 – angle 60° 
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5.5.3.  Results and discussion 
In the second experiment, the statistical analysis involves evaluating parameters that 

allow correct interpretation of the data and extraction of relevant conclusions. The statistical 
parameters usually analyzed include measures of central tendency, dispersion, and data 
distribution. 

Analysis and Interpretation of Data on Ox – 45° Angle – Standard Orthosis 

This study analyzes the data obtained from a series of measurements performed on a 
group of 20 subjects (Table 5.5) who performed a flexion movement of the right lower limb up 
to an angle of 45°, wearing a standard orthosis. Measurements were carried out using a 
prototype system of linear acceleration sensors mounted on the right leg, and the analysis 
focused on the linear accelerations recorded along the Ox axis. 

Regarding the mean values of linear accelerations, all values were negative, ranging 
between -0.475 g and -0.334 g, indicating a general trend of movement deviation in a negative 
direction along the Ox axis. The overall mean acceleration recorded for all subjects is 
approximately -0.390 g, suggesting a uniform trend of movement in the same direction, 
influenced by the use of the standard orthosis. 

Tabel 5.5. Statistical Parameters – Ox Axis Values, Standard Orthosis 

 
On the other hand, comparing the median to the mean shows that in most cases they 

are close, suggesting a relatively symmetric distribution of the data. However, significant 
differences between the mean and median for some subjects indicate that the acceleration 
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distributions were influenced by the presence of outliers. This is also supported by the 
skewness and kurtosis coefficients, which suggest that the data are not completely symmetric 
and contain significant deviations in some cases. 

The analysis of linear accelerations along the Ox axis while using the standard orthosis 
at a 45° angle suggests a common trend of negative movement deviation for all subjects; 
however, there is significant variability between subjects, highlighting the importance of an 
individualized approach in evaluating motor response. Standard deviation, skewness, and 
kurtosis indicate a non-uniform data distribution, with extreme deviations in some cases. 
These discrepancies may be attributed to individual factors, such as neuromuscular adaptation 
or technical errors in the measurement process, suggesting the need for further analysis to 
better understand these variables and the orthosis’s impact on movement.  

Analysis and Interpretation of Data on Ox – 45° Angle – Prototype Orthosis 

Regarding the mean acceleration values, these were generally negative for all subjects, 
indicating a predominant trend of movement in the negative direction along the Ox axis. Mean 
values ranged between -0.40564 g and -0.29579 g, with an overall mean of approximately -
0.3465 g. This suggests that, in most cases, movements are influenced by the prototype 
orthosis, which may cause a consistent deviation of the foot trajectory in the negative direction 
(Table 5.6). 

The standard deviation of accelerations ranges from 0.14952 g to 0.22795 g, indicating 
moderate variability of movements between subjects. These values suggest that despite the 
presence of a general movement pattern, there are significant differences between subjects 
in how they adapt to using the prototype orthosis. Observed variations may be attributed to 
individual factors or possible differences in how the device is used.  

Confidence intervals for each subject are relatively narrow, with lower and upper limits 
ranging between -0.45252 g and -0.26035 g. This reflects a relatively precise estimate of the 
mean acceleration for each subject, and most intervals confirm the general trend of the data 
toward negative values. 
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Tabel 5.6. Statistical Parameters – Ox Axis Values, Prototype Orthosis 

 
The median acceleration values are, in most cases, close to the mean, suggesting a 

relatively balanced data distribution. However, there are cases where medians differ 
significantly from the mean, indicating asymmetry in certain subjects’ behavior or an ex ternal 
influence on their movements. 

The mean absolute deviation, reflecting data dispersion relative to each subject’s 
median, varies between 0.1076 g and 0.1636 g. This indicates relatively low dispersion in most 
cases, confirming that, in general, subjects exhibited similar behavior during movement 
execution, although individual variability remains evident in some cases.  

The data analysis suggests that the prototype orthosis significantly impacts subjects’ 
movements, causing a negative deviation trend along the Ox axis. At the same time, inter-
subject variability is evident, and the presence of extreme values and large data dispersion 
indicates that each subject may respond differently to using the device, an aspect that must 
be considered in any further evaluation of the prototype orthosis performance. 
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Fig. 5.54. Distribution of acceleration values recorded during the use of the standard orthosis and 

prototype measurement system – Ox

 

Fig. 5.55 Distribution of acceleration values recorded during the use of the prototype orthosis and 
prototype measurement system – Ox 

The analysis of accelerometry data (Table 5.7) for the flexion-extension movement at 
60° along the Ox axis demonstrates a clear movement control pattern under the influence of 
the medical device. Mean acceleration values, expressed in gravitational units, are 
concentrated within a relatively narrow range between -0.49 g and -0.57 g, indicating a 
constant and well-defined braking action. This narrow range of means reflects the efficiency 
of the device in limiting joint movement. 
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The distribution of recorded accelerations shows remarkable consistency among 
participants, with standard deviations varying moderately between 0.23 g and 0.26 g. This 
uniformity in response to the applied constraints suggests that the device’s mechanism of 
action is predictable and reproducible across the studied group. The 95% confidence intervals, 
entirely situated in the negative range between -0.44 g and -0.62 g, confirm the statistical 
significance of the observed braking effect. 

Within this generally homogeneous distribution (Figure 5.56), a few particular cases 
merit attention. One subject recorded an extreme minimum value of -1.23 g, significantly 
below the group mean, while another participant exhibited the only notable positive 
acceleration of 0.16 g. Although rare, these deviations may reflect individual variations in 
anatomy, biomechanics, or neuromuscular adaptation to the device. It is important to note 
that these extreme values do not affect the overall conclusions due to their limited number 
and marginal position within the distribution. 

The dynamic profile of the movement, as revealed by these measurements, illustrates 
the complex interaction between the passive forces generated by the device and the active 
response of the musculoskeletal system. The predominance of negative acceleration values 
emphasizes the dominance of braking forces over accelerative forces during controlled 
movement. The relatively compact distribution of data for most subjects suggests the 
adoption of a similar motor pattern in response to the applied constraints.  

The results convincingly confirm the medical device’s capacity to generate consistent 
and controlled braking of joint movement. The internal coherence of the measurements, 
highlighted both by relatively small standard deviations and tight confidence intervals, 
validates both the experimental protocol and the method of device application. Individual 
variations, though limited in number, still emphasize the importance of a personalized 
approach in applying and adjusting medical devices to ensure optimal response at the 
individual level. 
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Fig. 5.56. Distribution of acceleration values recorded during the use of the certified orthosis and the 

prototype measurement system – Ox axis 

Tabel 5.7. Statistical parameters – Ox axis values, certified orthosis 
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Analysis and interpretation of Ox-axis data – 60° angle – prototype orthosis 
The accelerometry data obtained (Table 5.8) from the evaluation of the flexion-

extension movement at a 60° angle along the Ox axis provide valuable insights into joint 
dynamics under constrained conditions. The study revealed a distinct acceleration pattern, 
with mean values clustered within a narrow range from -0.38 g to -0.46 g. This concentrated 
distribution highlights the consistent effect of the device on movement control, with relatively 
small interindividual variation. 

Individual particularities emerge as distinctive notes in this statistical picture. Extreme 
values close to -0.9 g, as well as isolated cases of near-neutral or slightly positive 
accelerations, can be interpreted through three complementary hypotheses: individual 
anatomical variations, differences in joint compliance, or subject-specific neuromuscular 
adaptations. Although these deviations represent exceptions within an otherwise 
homogeneous majority response, they are noteworthy. 

From the perspective of movement dynamics, the predominance of negative 
accelerations illustrates the device’s efficiency in generating a controlled braking effect. The 
absolute mean deviations and median standard deviations, showing minor variations between 
participants, validate not only the experimental protocol but also the method of device 
application. The internal coherence of the results supports the reliability of the drawn 
conclusions (Figure 5.57). 

 
Fig. 5.57. Distribution of acceleration values recorded during the use of the prototype orthosis and 

measurement system 
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Tabel 5.8. Statistical parameters – Ox axis values, prototype orthosis 

 

5.5.4. Conclusions of the experimental study 
The analysis of experimental data allowed for the identification of detailed conclusions 

regarding the impact of certified and prototype orthoses on knee flexion-extension movement 
at angles of 45° and 60°. Along the Ox axis, the negative mean acceleration values indicated 
a consistent tendency to brake movement, more pronounced at the 60° angle compared to 
45°. This observation suggests that the constraints imposed by orthoses are more evident at 
larger angles, where muscle demand is higher. Conversely, along the Oy and Oz axes, positive 
values reflected more stable secondary movements, with moderate variations between 
subjects. 

Inter-subject variability was moderate but with significant differences between angles 
and orthosis types. Extreme values appeared more frequently at the 60° angle, likely due to 
increased muscular effort. Analysis of distribution asymmetry showed differen t tendencies 
across axes: for Ox, the distribution was slightly left-skewed, whereas for Oy and Oz, 
distributions were more balanced but with cases of positive skewness. Based on these 
findings, future research directions could include optimizing the prototype orthosis to reduce 
variability, expanding the study to larger groups for robust statistical validation, and 
implementing advanced analyses such as multivariate or time-frequency methods. 
Longitudinal studies could clarify how subjects adapt to orthoses over time, while 
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improvements in data acquisition systems could increase measurement accuracy. Such 
enhancements could lead to better orthosis personalization and the implementation of real-
time feedback systems for clinical applications. 

In conclusion, the results of this study provide an in-depth understanding of knee 
movement dynamics under mechanical constraint imposed by orthoses. The two analyzed 
flexion angles (45° and 60°) demonstrated distinct biomechanical behaviors with important  
implications for the design and use of medical devices. 

From the perspective of statistical analysis, the presence of extreme values and 
asymmetric distributions, particularly at the 60° angle, highlights the complexity of the 
interaction between mechanical constraint and individual neuromuscular response. These 
observations justify further investigation into factors influencing device adaptation, including 
anatomical characteristics, muscle activity levels, and duration of use.  

In practical terms, the results support the development of personalized orthosis 
adaptation protocols, taking into account both device characteristics and individual user 
specificities. Implementing real-time monitoring systems could optimize the adaptation 
process and improve therapeutic efficacy. 

Ultimately, this study lays the foundation for interdisciplinary research combining 
medical engineering, biomechanics, and neurophysiology, aiming to develop optimal solutions 
for restoring joint functionality. Continued investigations along these lines could lead to 
significant innovations in assistive medical devices. 
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6. Final conclusions. Personal contributions. Future 
research directions 

6.1. General conclusions 
The doctoral thesis entitled “Studies and Research on the Biomechanics of the 

Lower Limb” aimed to deepen the understanding of lower limb biomechanics, 
encompassing theoretical studies, analytical research, experimental analyses, and the 
design of advanced orthotic solutions. This research was conducted interdisciplinarily, at 
the intersection of functional anatomy, bioengineering, and rapid prototyping technology. 

6.1.1. Conclusions on the current state of research in lower limb 
biomechanics 

The reference anatomical position provides an essential geometric framework for 
describing segmental movements of the human body. By defining anatomical axes and 
planes, biomechanical evaluation and the design of rehabilitation medical devices are 
grounded in a precise framework. It was observed that fundamental movements (flexion, 
extension, abduction, adduction, rotation, circumduction) vary depending on the segment 
and are influenced by joint architecture. 

Specialized studies highlight the contribution of modern technologies such as Xsens 
MVN, Footscan, and Kistler in real-time movement monitoring without environmental 
constraints. These technologies enable the collection of valid biomechanical data for 
rehabilitation planning and the design of customized prostheses or orthoses.  

6.1.2. Conclusions from the analytical study on lower limb biomechanics 
The hip, knee, and ankle joints were analyzed theoretically, highlighting their 

complex biomechanical behavior. The hip functions in three planes, involving the entire 
lower limb in its movements. The knee is a compound joint with rotational and translational 
motions, while the ankle shows oblique movement and planar contact with the ground.  
Biomechanical modeling using the inverse dynamics method allowed for the determination 
of personalized joint reaction forces and moments. The locomotor system is a kinematic 
chain of interconnected rigid bodies, enabling results applicable in orthopedics and 
biomechanical engineering. 
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6.1.3. Conclusions from the experimental study and analysis of 
experimental data 

The experimental study aimed to evaluate the biomechanical behavior of the lower 
limb under controlled laboratory conditions as well as in functional conditions as close to 
reality as possible. Testing included simple steps, isolated movements, and the use of 
orthoses at different flexion angles (30°, 45°, and 90°), allowing observation of segmental 
behavior in varied scenarios. Measurements were performed using accelerometers, video 
systems, and specialized software (CvMob, Data Streamer, MatLab, Origin), resulting in an 
extensive database. 

The following conclusions were highlighted: 
➢ Significant changes in segmental accelerations occurred when movement 

was restricted by orthoses, particularly along the longitudinal axis. 
➢ Certified orthoses generated more predictable biomechanical movement, 

with uniform data distribution and lower standard deviations. 
➢ The prototype orthosis exhibited greater value dispersion and higher 

incidence of extreme values, indicating potential design or adaptability 
inconsistencies. 

➢ Negative acceleration values along the Ox axis reflect stronger braking 
during flexion-extension movements, with higher amplitudes at larger 
angles (60°), indicating increased muscular demands. 

➢ Asymmetric data distributions across axes highlight variable neuromuscular 
responses to orthotic constraints. 

6.1.4. Conclusions on experimental devices 
The experimental setup was configured to allow sensor attachment to the thigh and 

knee for continuous monitoring, and the data recording systems included MPU6050 
sensors, the BIOPAC system, high-speed video cameras, and analysis programs. These 
systems were used in parallel to evaluate fidelity and reproducibility. 

Key conclusions are: 
➢ The MPU6050 sensor device (named AX) provided high portability and ease 

of integration but recorded greater variability, indicating a need for additional 
calibration via MatLab. 

➢ The BIOPAC system produced more stable and precise data but required 
more complex setup and imposed mobility constraints on subjects.  

➢ CvMob software allowed precise video analysis of trajectories and angles, 
but correlating with dynamic data required careful synchronization. 

➢ Comparing results from multiple sources showed that integrating systems 
enhances accuracy in biomechanical analysis. 
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6.1.5. Conclusions on the experimental protocol and analysis of  
biomechanical parameters 

The experimental protocol was structured in several stages, from natural walking, 
through isolated knee movements, to testing orthoses in various configurations. This 
progression allowed the construction of a robust experimental model, validated through 
repetition and inter-device synchronization. 

Analyzed biomechanical parameters (accelerations along Ox, Oy, Oz axes, 
segmental trajectories, and movement angles) were statistically interpreted, leading to the 
following conclusions: 

➢ Variability in recorded values between subjects is influenced by 
anthropometric characteristics and the level of adaptation to the device. 

➢ Flexion at 60° imposed by the orthosis induces the largest acceleration 
variations, potentially impacting stability and muscular load. 

➢ The orthotic prototype requires optimization to reduce variation amplitude 
and increase response consistency. 

➢ Time-frequency analysis and probabilistic data distributions provide a more 
accurate representation of biomechanical behavior than mean values alone. 

The developed protocol proves reproducible, scalable, and applicable in clinical or 
research contexts, providing a solid basis for functional knee evaluation under orthotic 
constraints. 

6.2. Personal contributions 
The doctoral thesis integrated methodologically and practically concepts from 

functional biomechanics, kinematic analysis, medical engineering, and rapid prototyping 
technology. Each chapter represented a logical step in developing a functional solution for 
analyzing and optimizing lower limb movements, particularly in the presence of devices 
such as functional knee orthoses. 

In Chapter 2, “Current State”, a systematic analysis of the literature was performed, 
emphasizing the correlation of the reference anatomical position with planes and 
movement axes, providing a geometric framework for understanding biomechanics. 
Personal contributions in this chapter include: 

➢ Introducing an interdisciplinary perspective on anatomical position 
correlated with modern functional evaluations. 

➢ Arguing the essential role of portable systems (Xsens, Footscan) in natural 
gait assessment. 

In Chapter 4, “Theoretical Studies and Research”, an in-depth analysis of hip, knee, 
and ankle joint biomechanics was conducted, along with detailed mathematical modeling 
using inverse dynamics. Original contributions include: 
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➢ Integrating individual anthropometric data for personalized modeling 
results. 

➢ Discussing the impact of hip joint position on knee functional limits, relevant 
for orthotic adaptation. 

In Chapter 5, “Experimental Study”, an adaptable experimental protocol was 
designed and tested for evaluating knee dynamics with orthoses (both certified and 
prototype). Contributions include: 

➢ Designing and implementing a complex experimental setup with 
accelerometers, progressively restrictive orthoses, and high-speed video 
cameras. 

➢ Developing and integrating a proprietary data acquisition device 
synchronized with commercial systems such as BIOPAC. 

➢ Comparative evaluation of two types of orthoses, demonstrating 
biomechanical behavior differences and inter-subject variability. 

➢ Detailed kinematic and statistical analysis of knee movements under 
restriction, revealing distinct behaviors at 45° and 60° flexion. 

Across all chapters, personal and original contributions include: 
➢ Formulating a scalable experimental protocol applicable to lower limb 

biomechanics research and product development. 
➢ Correlating theoretical modeling with experimental data, validating both 

numerical and field methods. 
➢ Designing a complete analysis cycle: from identifying a clinical problem 

(limited knee flexion) to proposing, testing, and evaluating a prototype 
orthosis. 

➢ Developing a reproducible methodology extendable to other joints or 
orthotic devices. 

➢ Advocating rapid prototyping as an efficient method for creating 
personalized devices for orthopedics and functional rehabilitation. 

➢ Proposing a strategy for integrating sensor technologies and commercial 
software into an analysis system tailored to patient needs. 
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6.3. Future research directions 
Research can be expanded in the following directions: 

➢ Optimizing the prototype orthosis: testing new materials, improving 
geometric shape for perfect anatomical fit. 

➢ Correlating biomechanical data with EMG muscle activity: simultaneous 
analysis of muscular activation and segmental movements. 

➢ Biomechatronic feedback: integrating real-time (visual) feedback for 
automatic movement adjustment. 

➢ Applications in robotics and exoskeletons: using developed biomechanical 
models for designing intelligent assistive systems. 

These directions ensure continuity and extension of research, supporting the 
evolution of orthotic technologies from passive solutions to intelligent biomechatronic 
systems adapted to individual patient needs and modern clinical contexts.  

6.4. Valorizations of results 
The scientific research conducted on this topic and related fields over five years 

resulted in outcomes disseminated through publications in various categories of 
specialized journals: 

• Scientific works published in the volumes of international conferences 
indexed in BDI :  

[68.] Tulică, A.-C., Roșca, I.-C., Drugă, C.-N. and Șerban, I., Measurement of biokinetic 
parameters with the CvMob program at the level of the lower limb with a functional 3d 
printed knee orthosis,  (2023) IFMBE Proceedings, pp. 125–133. doi: 10.1007/978-3-031-
42782-4_14., p.125- SCOPUS 

[69.] Șerban, I., Drugă, C.-N., Braun, B. C. and Tulică, A.-C. , Design of the Hardware 
Subsystem of a Proposed Autonomous Drone , (2023) IFMBE Proceedings, pp. 479–486. 
doi: 10.1007/978-3-031-42775-6_51., p.479 

[70.] Torcătoru, C. and Tulică, A.-C., A 3D-Printed functional knee orthosis for daily 
activities,  (2024) Lecture Notes in Networks and Systems, pp. 129–141. doi: 
10.1007/978-3-031-54664-8_13., p.129 

[71.] Tulică, A. C. and Șerban, I. , Identifying the Level of Ionizing Radiation Using  a 
Device Implemented on the Arduino Development Board ,(2022) IFMBE Proceedings, pp. 
185–192. doi: 10.1007/978-3-030-92328-0_25., p.185 

[72.] Tulică, A. C., Roșca, I. C. and Drugă, C. N., Analysis of Mechatronic Devices or 
Systems that Identify the Biomechanical Parameters of the Lower Limb, (2022) IFMBE 
Proceedings, pp. 193–199. doi: 10.1007/978-3-030-92328-0_26., p193- SCOPUS 



 
 

74 

[73.] TULICĂ, A. C. (2022) Technology of dental work scanning, Home. Universitatea 
Tehnică a Moldovei. Available at: http://repository.utm.md/handle/5014/20643  

• Scientific papers published in the proceedings of international conferences, 
with a peer-review committee: 

[74.] Tulică A., Evaluarea performanței ortezelor funcționale de genunchi cu 
sistemul BIOPAC,  Available at: http://81.180.74.21:8080/handle/5014/28057  

[75.] Drugă, C., Serban, I., Tulică, A. and Braun, B., Air quality monitoring in a home 
using a low-cost device built around the Arduino Mega 2560 platform , (2024) IFMBE 
Proceedings, pp. 99–104. doi: 10.1007/978-3-031-51120-2_11., p99 

[76.] Tulică, A.-C., Șerban, I. and Grigorescu, C.-A., Design and construction of a 
mechatronic system for measuring oxygen concentration in hospital institutions , 
(2024) Springer Proceedings in Physics, pp. 175–184. doi: 10.1007/978-3-031-48087-
4_19., p.175 

[77.] TULICĂ, A. C. (2021) Evaluarea accelerațiilor la nivelul membrelor inferioare 
prin utilizarea dispozitivului cu senzor BNO055, Home. Universitatea Tehnică a Moldovei. 
Available at: http://repository.utm.md:8080/handle/5014/24021. 

[78.] DRUGĂ, C., ȘERBAN, I., BRAUN, B. and TULICĂ, A. (2021) Analysis of the 
Influence of the Layer Height on the Strength of 3D Printed Structures, aspeckt.unitbv.ro. 
Sciendo. Available at: http://aspeckt.unitbv.ro/jspui/handle/123456789/2607 .  

[79.]Tulică A., Drugă. C., Study on the variation of the argon volume and the degree 
of loading of the paper filter in a 3D printer type MYSINT 100 during the process of selective 
laser melting of metal powders (SLM) , (No date). Available at: 
http://aspeckt.unitbv.ro/jspui/bitstream/123456789/2618/1/030%20-
%20Study%20on%20the%20variation%20of%20the%20argon%20volume%20and%20the%2
0degree.pdf, p.273 

• Scientific papers published in the proceedings of international conferences 
indexed in ISI: 

[80.] Tulică, A. C., Roșca, I., Drugă, C. and Torcătoru, C., Design and printing of a case 
for an Arduino system , (2023) Macromolecular Symposia, 411(1). doi: 
10.1002/masy.202200167 

[81.] Druga, C., Braun, B., Serban, I. and Tulica, A., Device for measurement 
concentration of toxic gas in an enclosure,  (2022) Macromolecular Symposia, 404(1). doi: 
10.1002/masy.202100439. 

[82.] Tulică, A. C., Drugă, N. C., Şerban, I. and Roşca, I. C., Rehabilitation of working 
platforms for 3D printing device on metal, (2022) Macromolecular Symposia, 404(1). doi: 
10.1002/masy.202100431. 
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[83.] A.C. Tulică, C.N. Drugă, I. Șerban, Printing of Dental Works from Cobalt-Chrome 
Metal Powder and Composite Material, (No date). Available at: 
https://ieeexplore.ieee.org/document/9657693. 

[84.] Tulică, A. C. and Drugă, C. N., Realization of Dental Metallic Works Using a 3D 
Printer Type MYSINT 100 Through the Selective Laser Melting Process, 
(2021) Macromolecular Symposia, 396(1). doi: 10.1002/masy.202000290 

• Articles published in BDI-indexed journals, other than those recognized by 
the CNATDCU specialty commissions: 

[85.] Tulică A.C., Roșca I., ANALIZA MIȘCĂRILOR ÎN TIMPUL LOCOMOȚIEI LA 
NIVELUL MEMBRULUI INFERIOR (no date) Buletinul Agir - Numere Publicate. Available at: 
https://www.buletinulagir.agir.ro/articol.php?id=3273, p.15 

[86.] Alexandru-Constantin, T. and Ileana-Constanța, R., Realization of the 
experimental stand for the identification of angular velocities at the lower limbs , 
(2022) IOP Conference Series: Materials Science and Engineering, 1256(1), p. 012025. doi: 
10.1088/1757-899x/1256/1/012025. 

• Articles published in Romanian journals recognized by CNCSIS – category B+. 
[87.]Tulică A.C.,  Drugă C.N. , PROIECTAREA UNUI DISPOZITIV PENTRU MĂSURAREA 

TEMPERATURII DIN CAMERA DE SINTERIZARE A IMPRIMANTEI 3D DE CO-CR (no 
date) Buletinul Agir - Numere Publicate. Available at: 
https://www.buletinulagir.agir.ro/articol.php?id=3198 , p.55

https://www.buletinulagir.agir.ro/articol.php?id=3273
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