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INTRODUCTION

Biomechanical rehabilitation is a multidisciplinary field that brings together
principles from engineering, medicine, and physiotherapy, aiming to restore the function
of the musculoskeletal system. For patients affected by traumatic injuries, neurological
disorders, or surgical interventions, orthoses play a central role, providing mechanical
support and helping to regain mobility, strength, and the ability to perform daily activities

[1].

Recent advances in medical technologies have led to the development of smart
orthotic devices, capable of monitoring biomechanical responses in real time and
actively assisting in the therapeutic process. Among these solutions, the integration of
therapeutic vibrations into hybrid orthoses opens promising perspectives for
personalized neuromuscular rehabilitation [2][23].

Controlled local vibrations can positively influence tissue regeneration,
proprioception, and motor function, by transforming mechanical stimuli into biological
responses at the cellular level [3]. Recent studies have shown their effectiveness in
reducing spasticity and accelerating recovery, particularly in neurological conditions
[4][6][7].

Conventional orthoses provide mechanical support, but the lack of active
stimulation mechanisms limits their therapeutic impact, highlighting the need for modern
solutions that integrate vibration-based approaches [13].

The present work addresses this need through a comprehensive approach that
combines theoretical analysis, numerical modeling (FEM), and experimental testing of
3D-printed orthoses, aiming to identify natural vibration modes and provide a scientific
basis for their use in biomechanical rehabilitation [14].

Figure 1. Portable orthotic device for hand rehabilitation, equipped with sensors and IoT capabilities for
real-time monitoring and assessment
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Research Objectives

The thesis aims to investigate the potential of using therapeutic vibrations in

biomechanical rehabilitation through hybrid orthoses, with a focus on theoretical,
numerical, and applied analysis aspects. In this regard, the specific objectives are:

1.

To provide a literature review on the use of orthoses in musculoskeletal
rehabilitation and the integration of vibrations as a therapeutic method.

To identify and classify vibration parameters (frequency, amplitude, duration,
direction) and analyze their effects on biological tissues.

. To perform numerical modeling of an orthotic system with vibration stimulation,

using methods such as finite element analysis (FEM) or biomechanical
simulation.

To simulate the biomechanical response of the human body to vibration
application under controlled conditions, based on simplified hybrid orthosis
models.

To validate the results obtained through simulation, by comparing with literature
data or relevant experimental studies.

Applied Methodology

The methodological approach is complex, combining theoretical, numerical, and

documentary aspects in order to provide a coherent evaluation of the impact of vibrations
on the human body through a hybrid orthosis. The methodological structure can be
summarized as follows:

1.

Review of the specialized literature, with emphasis on the biomechanical
applications of therapeutic vibrations, the typologies of orthoses, and the
evolution of hybrid orthotic devices.

Identification and classification of vibration parameters used for therapeutic
purposes, according to frequency, amplitude, duration, and direction.

Numerical modeling of a virtual orthotic system that integrates vibration
functions, using methods such as finite element analysis (FEM) and
biomechanical simulations;

Simulation of the dynamic behavior of the model under vibration exposure and
analysis of force distribution on musculoskeletal structures in controlled
conditions.

Comparison of the obtained results with data from the specialized literature, in
order to validate the consistency of the model and highlight the potential benefits
or limitations of this technology.
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CHAPTER 1: THEORETICAL FOUNDATIONS OF BIOMECHANICS AND
ORTHOTICS

Orthotics is a fundamental field of biomechanical rehabilitation, with the role of
supporting, aligning, or correcting the function of affected body segments through
external devices called orthoses. These devices make a significant contribution to
restoring motor function in patients with various traumatic, neurological, degenerative,
or post-surgical conditions. For their effective application, a deep understanding of the
biomechanics of the musculoskeletal system is required, since each orthosis acts
directly on the body, influencing force transmission and movement control [13][15][18].

The human musculoskeletal system is composed of bones, joints, muscles,
tendons, and ligaments, which work together to ensure mobility and maintain posture.
An orthosis interacting with this system must respect functional alignments and transmit
forces in a biomechanically efficient way. For example, aligning the orthosis with the joint
rotation axes prevents unnecessary strain on soft tissues and ensures patient comfort
[15][18][23].

The design of orthotic devices is based on several biomechanical principles,
among which the principle of the lever is particularly important. In this context, the
orthosis functions as a first-, second-, or third-class mechanical lever, depending on the
positioning of the fulcrum, resistance, and force. Such levers are integrated, for instance,
in knee orthoses to reduce muscle effort, or in spinal orthoses, where support forces are
redistributed to areas more tolerant to pressure [25][26].
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Figure 2. Representative examples of the three types of mechanical levers applied in
orthotic devices [25][26]

Another frequently applied principle is the three-point pressure system, through
which the orthosis exerts forces in a controlled manner to correct joint or postural
deviations. The simultaneous application of two forces on either side of the segment,
along with an opposing counterforce, generates a corrective biomechanical moment.
This approach is found, for example, in thoracic orthoses for scoliosis, knee orthoses for
varus or valgus deviations, and corrective devices used in pediatric rehabilitation
[18][23][25].
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An essential aspect for the functionality of an orthosis is the correct distribution
of pressure at the interface between the device and the skin. Excessive pressure
concentrated on a small area can lead to irritation, ulcers, or even tissue damage. To
prevent these effects, the contact surface of the orthosis is designed to distribute
mechanical pressure evenly. This is achieved by adapting the internal shape to the
patient's morphology, using deformable materials, and analyzing force distribution
through digital simulation [14][39].

Figure 3. Illustration of how the shape of the orthosis influences the distribution of contact
pressure on the forearm

In recent decades, technological progress has enabled the integration of
advanced materials into orthoses: lightweight composites, shape-memory materials, gel
inserts, or smart textiles. The choice of material influences not only the weight and
comfort of the orthosis, but also its ability to transmit or absorb forces applied during
walking, support, or functional re-education [33][38].

From the perspective of functional adaptability, orthoses can be classified
according to their therapeutic purpose: immobilization, stabilization, functional,
corrective, or compensatory. In addition, depending on the degree of mobility allowed,
they can be static (immobile), semi-dynamic (with limited mobility), or dynamic (with
controlled freedom). This classification influences both the type of conditions for which
they are recommended and the way the patient interacts with the device [18][23].

The thesis reviews the main conditions that require orthotic treatment, grouped
by their causes: trauma (fractures, sprains, ligament injuries), neurological disorders
(stroke, cerebral palsy), degenerative diseases (osteoarthritis, spondylosis), congenital
and pediatric conditions (hip dysplasia, clubfoot), post-surgical indications
(postoperative immobilization), and other special clinical cases.

For each category, examples of orthoses are presented: the AFO (Ankle-Foot
Orthosis) for neurological conditions of the lower limb, the Pavlik harness for hip
dysplasia, Denis Browne splints for foot position correction, and lumbosacral orthoses
used in post-surgical recovery. These are designed to meet precise biomechanical
requirements, adapted to each clinical context.
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Another important aspect discussed in this chapter is the role of numerical
modeling in orthosis design. Using methods such as finite element analysis (FEM), the
structural behavior of orthoses can be simulated under real usage conditions. This
approach makes it possible to optimize the shape, evaluate stress distribution, prevent
mechanical failure points, and achieve full customization of the orthotic device
[20][21][39].

The integration of these principles and modern technologies into contemporary
orthotics has led to increasingly efficient, adaptable, and comfortable devices. These not
only help maintain joint function and prevent further damage, but also actively support
neuromuscular recovery, especially when combined with active control systems or
stimulation technologies, as in the case of hybrid orthoses analyzed in the following
chapters of this thesis.
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CHAPTER 2: THE INFLUENCE OF VIBRATIONS ON THE HUMAN BODY

Vibrations are an omnipresent physical phenomenon, defined as the mechanical
oscillations of a system around an equilibrium position [13]. In a biomechanical context,
they can directly influence human health, having both beneficial and harmful effects
depending on the exposure parameters and the individual characteristics of the body
[14][15]. The main parameters used to characterize vibrations are frequency, amplitude,
and acceleration. The relationship between displacement, velocity, and acceleration is
expressed by the formula:

a(t) = —w? - x(t), w =21 (1)
where x(t) is the displacement, and w is the angular velocity.

Exposure of soft tissues to vibrations leads to structural and functional changes.
The effects include increased muscle tension, circulatory changes, and influences on
tactile sensitivity [17][18]. At the bone level, the response depends on frequency and
amplitude, with the potential to stimulate osteogenesis at controlled values, but also with
the risk of microtrauma and degeneration when exposure is excessive [11].
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Figure 4. Bone tissue response to mechanical vibrations depending on frequency and duration

Each biomechanical structure has a natural frequency of oscillation. This can be
calculated (in simple models) using the formula:

wo = | (2)

m

where kis the stiffness of the segment [N/m], mis the equivalent mass [kg] si w, is the
natural angular frequency [Hz].

The human body exhibits resonance frequencies at different segments, which
leads to variability in the effects. The lumbar region is sensitive to vibrations of 4-6 Hz,
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while the head and neck respond mainly to 20—-30 Hz [18]. These values are essential for
understanding how vibrations can cause selective discomfort or injury.

The soft tissues of the body, such as muscles, tendons, ligaments, and cartilage,
respond differently to vibrations depending on the physical parameters and the individual
characteristics of the subject [8]. At low frequencies (5—20 Hz), muscle reflexes and slow
fibers are stimulated, which are useful for maintaining posture, while higher frequencies
(30-100 Hz) activate fast fibers, enhancing strength but also increasing the risk of
fatigue. In well-calibrated therapeutic regimes (20-50 Hz, small amplitudes, short
exposures), vibrations can stimulate circulation, reduce excessive tone, and support
muscle recovery [9].

On the other hand, uncontrolled or prolonged exposures can be harmful. Tendons
and ligaments, although partially absorbing vibration energy, may suffer micro-injuries or
local inflammation, especially at frequencies above 60 Hz [3][8][11]. Articular cartilage,
with its limited regenerative capacity, is vulnerable to structural degradation; however,
low and well-dosed vibrations can stimulate chondrocyte regeneration [4][18]. Overall,
the beneficial or harmful effects depend on the balance between frequency, amplitude,
and duration, which makes the adjustment of vibration parameters essential for the
safety and effectiveness of clinical interventions [6][8][11].

Parameter Predominant Tissue Response

<20Hz neuromuscular reflexes, postural activation

30-60 Hz peak EMG activation, metabolic stimulation

>60 Hz risk of fatigue, local inflammation, microtrauma

< 710 min predominantly positive effects (if parameters are optimal)
> 30min onset of adverse reactions and local overstrain

Table 1. The response of soft tissues is significantly influenced by vibration
characteristics.

These tissue mechanisms also explain how clinical syndromes develop in
individuals professionally exposed to vibrations. Whole-body vibration (WBV) is
commonly encountered among heavy vehicle operators and may lead to low back pain,
intervertebral disc damage, and chronic muscular disorders. In contrast, local exposure
(HAV), typical of using electric or pneumatic tools, manifests as hand-arm vibration
syndrome (white finger), peripheral neuropathies, and reduced fine manipulation ability
[26].

These clinical manifestations have led to the need for clear health protection
regulations for exposed workers. In this regard, international bodies such as 1ISO and HSE
have established strict standards that define permissible thresholds and evaluation
methods for both whole-body vibration (WBV) and hand-arm vibration (HAV) [11][44]. ISO
2631-1:2001 sets action values and limits for daily exposure to whole-body vibrations,
while ISO 5349-1:2001 establishes similar thresholds for local exposure, associated with
the risk of developing HAVS [11][44]. Compliance with these limits, complemented by
practical strategies such as the use of vibration-damping materials, ergonomic

11
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suspension systems, and rational work scheduling, forms the basis of preventing
occupational complications [44][50].

Besides risks, vibrations can also be used for therapeutic purposes when applied
in a controlled manner. Low-frequency, low-amplitude vibrations have proven effective in
stimulating muscle contractions, increasing bone density, and improving balance.
However, improper application or excessive exposure may cause adverse effects such
as micro-injuries, inflammation, or joint degradation.

An emerging field is the integration of vibrations with Functional Electrical
Stimulation (FES). This method involves inducing muscle contractions through electrical
impulses applied to muscles or nerves. Combining FES with vibrations allows the
integration of mechanical and electrical stimuli, which can enhance the effectiveness of
neuromuscular rehabilitation.

Internal vibrations

Functional Muscle
electrical response
stimulation

Figure 5. Induction of therapeutic vibrations through electrical stimulation

Overall, vibrations have a dual nature: they can be sources of severe occupational
disorders, but also valuable tools in rehabilitation when application parameters are
carefully controlled. Understanding the underlying mechanisms, complying with
standards, and integrating modern technologies are essential prerequisites for
harnessing the therapeutic potential of vibrations and minimizing associated risks,
aspects detailed within this chapter.

12
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CHAPTER 3: THE USE OF ORTHOSES IN BIOMECHANICAL
REHABILITATION

This chapter provides a detailed analysis of how orthoses are used as tools for
support, correction, and movement facilitation in biomechanical rehabilitation therapies.
In the modern context, an orthosis is no longer just a passive support, but an active
component integrated into multidisciplinary treatments that include electrostimulation,
functional exercises, and sensory feedback [13].

Depending on the objective, orthoses may serve to stabilize, correct, or provide
functional support: in acute injuries such as fractures or surgical interventions, they
protect healing structures, while in neurological pathologies, such as cerebral palsy or
stroke, they help maintain proper biomechanical alignment and prevent secondary
deformities [15]. At the same time, modern orthoses actively contribute to neuromotor
re-education by supporting correct movements, reactivating residual musculature, and
improving postural stability and gait; for elderly patients or individuals with disabilities,
they reduce energy expenditure and the risk of falls [18][23][24].

The prescription of orthoses has become part of a multidisciplinary approach in
which orthopedic surgeons, rehabilitation physicians, physiotherapists, and biomedical
engineers collaborate to personalize the device according to therapeutic goals and the
patient’s specific characteristics [23]. In this context, recent technological advances have
radically changed the design and manufacturing of orthoses. Whereas in the past they
were standardized devices, today they are fully customizable thanks to digital
technologies, computer-aided modeling, and the integration of numerical methods. Finite
element analysis (FEM) enables simulation of biomechanical behavior, highlighting
stress zones, stiffness, and functional efficiency during walking or segmental
movements, thus reducing the risk of excessive pressure points and instabilities [20][21].

A key innovation is the adoption of CAD/CAM technology, which allows three-
dimensional scanning of the body segment and simulation of pressure and force
distribution before prototype fabrication [14][20]. In parallel, 3D printing has become a
widely used solution in clinical orthotics, enabling the creation of lightweight, fully
customized orthoses with differentiated stiffness zones, which are difficult to achieve
through traditional methods [18][58]. The stages of this process are illustrated in Figure
6, which shows plantar scanning, pressure analysis, and 3D printing of customized
orthoses [57].

Figure 6. Plantar scanning, pressure analysis, and 3D printing: stages in the fabrication of
customized plantar orthoses [57]
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The materials used have also undergone significant diversification. From metallic
alloys and rigid plastics, the field has moved toward technical polymers, carbon fibers,
composite materials, and shape-memory foams, which combine structural rigidity with
flexibility and biocompatibility [24][38]. These innovations not only increase comfort but
also enable the integration of sensors, transforming orthosis design into a predictive,
individualized process with clear benefits for therapeutic efficiency and broader clinical
applicability.

These advances in design and materials have paved the way for the development
of smart orthoses. The miniaturization of sensors and the increase in processing power
have made it possible to integrate modules capable of measuring pressure, acceleration,
joint position, or muscle activity, providing real-time feedback and allowing therapy to be
adapted to the patient’s needs [14][18][38]. Among the most relevant applications is the
integration of Functional Electrical Stimulation (FES), which can be automatically
activated to assist gait or stabilize joints.

Functional Electrical Stimulation (FES) is already a well-established method for
activating paralyzed or weakened muscles by applying electrical impulses to peripheral
nerves. When integrated into orthoses, this technique has led to the development of
hybrid devices that combine mechanical support with active motion control. Through this
approach, the patient benefits not only from support but also from direct facilitation of
walking and other complex functional activities [18][38].

Relevant clinical examples include the
Bioness L300 Go and WalkAide®, devices capable of
detecting gait phases through sensors and applying
electrical stimulation to the dorsiflexor muscles,
thereby correcting foot drop. Published results show
clear positive effects: increased walking speed,
reduced energy cost, and greater independence for :
patients with neurological conditions, including £
post-stroke or multiple sclerosis [61].

Figure 7. The Bioness L300 Go device used for
functional electrical stimulation of the dorsiflexor muscles
during walking [61]

Moreover, the integration of FES into hybrid orthoses represents a significant
advancement compared to traditional passive devices. These solutions not only provide
mechanical assistance for movement but also actively stimulate the muscles, promoting
coordination and neural reorganization. By including them in modern rehabilitation
protocols, patients increase their independence and reduce reliance on external
assistance, confirming both the clinical effectiveness and the potential of these
technologies to become a therapeutic standard in neuromotor disorders [61][62].

14
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Building on the integration of electrical stimulation and sensory feedback, hybrid
orthoses have naturally evolved into partial exoskeletons and robotic devices, enabling
active and real-time adaptive rehabilitation. Unlike classic EMG orthoses, which depend
on residual muscle activity, these systems use electric or pneumatic actuators and a wide
range of sensors (EMG, inertial, positional), making them suitable for supporting both
patients with minimal activation and those with severe paralysis. Clinical studies confirm
their benefits: from reducing spasticity and improving arm movements through the
integration of EMG and inertial sensors, to the use of neural networks or even EEG signals
for recognizing movement intentions and adjusting the level of assistance [65].

A notable advancement is the emergence of flexible and biocompatible sensors,
capable of providing precise biomechanical data without restricting mobility, thus
optimizing actuator control and patient comfort [72]. However, the performance of these
devices depends on critical technological factors such as sensor accuracy, actuator type,
response latency, weight, and portability. Electric actuators ensure precise control but
can be noisy, pneumatic ones offer more natural movements but are difficult to
miniaturize, while passive systems remain limited to static support [72]. Overall, these
advanced systems combine real-time personalization with the stimulation of
neuroplasticity, making them promising tools in modern functional rehabilitation.

! 4:5 a”é 1
Male 190 cm 1§ Female 157 cm Front

Figure 8. Upper-limb exoskeleton equipped with deformable sensors, designed to adjust the level of
assistance according to the patient’s movements and effort [72].

Chapter 3 highlighted the evolution of orthoses from simple passive devices to
intelligent and robotic systems capable of integrating sensors, electrical stimulation, and
real-time feedback. Their effectiveness depends on a balance between biomechanical
design, technology, and human and clinical factors. Essentially, the role of these devices
is no longer limited to providing support but to becoming active tools for recovery and
independence, confirming the importance of a personalized and multidisciplinary
approach in modern rehabilitation [75].
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CHAPTER 4: COMPUTER-AIDED ANALYSIS OF VIBRATIONS IN ORTHOTIC
SYSTEMS

Chapter 4 examines the ways in which vibrations applied in orthoses can be
studied and optimized using numerical simulations. These methods allow for a detailed
understanding of mechanical phenomena and the identification of optimal design
solutions without the need for repeated and costly experiments [79].

One of the fundamental tools is the Finite Element Method (FEM), widely used to
simulate the biomechanical behavior of orthotic structures. By discretizing a segment or
joint into finite elements, it becomes possible to highlight areas of mechanical stress,
stiffness, and vibration distribution. FEM makes it possible to anticipate how the
materials and geometry of the orthosis influence the transmission of vibrations to the
body, thereby reducing the risk of excessive pressure points or instabilities [20][21].

An illustrative example is the modeling of the wrist joint using an FEM mesh, which
enabled the analysis of stress distribution and the optimization of orthotic design for a
more precise user-specific adaptation [81].

-
nstagion o

Figure 9. Finite element mesh, boundary conditions, and load application directions corresponding to the
four main wrist joint movements: (a) flexion, (b) extension, (c) radial deviation, (d) ulnar deviation [81].

In addition to FEM, the Boundary Element Method (BEM) provides advantages in
analyzing structure—environment interactions, particularly in situations where vibration
transmission involves both tissues and the external environment. This method reduces
model complexity by discretizing only the surface, making it suitable for acoustic
simulations and for evaluating vibrations in areas that are difficult to model with FEM
[82][85]. Recent literature examples show that BEM, when combined with FEM, leads to
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a more realistic assessment of vibrational phenomena affecting both the body and the
orthotic device.

Another approach is the Discrete Element Method (DEM), used to simulate the
behavior of structures composed of particles or segments with multiple contacts. In
biomechanical orthotics, DEM has been applied to understand the contact between the
orthosis surface and the skin, as well as how vibrations are dissipated through materials
with variable stiffness. This method is particularly useful for designing customized
orthoses that include adaptive foams or composite materials [86)].

Overall, these numerical methods provide complementary perspectives, each with
its own advantages depending on the type of analysis required. FEM is more accurate for
assessing structural stress, BEM for boundary interactions, and DEM for complex and
dynamic contacts. Together, they create a detailed picture of how vibrations are
transmitted and controlled in orthoses, forming the basis for further design optimization.

In addition to numerical methods, this chapter also highlights the importance of
modal analysis, used to determine the natural frequencies and vibration modes of
orthotic structures. Identifying these frequencies is essential to avoid resonance, a
phenomenon that could amplify vibrations transmitted to the body. By correlating modal
data with FEM simulations, designers can adapt geometry and materials to achieve a
safe and efficient biomechanical response [82][84].

Building on these theoretical and experimental foundations, the classical
optimization of vibrations in orthoses relies on deterministic methods, relatively simple
yet accurate, aimed at either maximizing therapeutic effect or reducing discomfort.
Parametric analysis gradually modifies variables such as frequency, amplitude, or
vibration source location, evaluating their impact on mechanical behavior and patient
comfort. For example, the choice of where vibration is applied on the orthosis surface
can directly influence the efficiency of transmission to target tissues, while frequency
adjustment helps avoid resonance, a potentially harmful phenomenon [80][89].

A key aspect is the adjustment of vibration amplitude, which must remain within
a range that is both safe and therapeutically effective. Figure 10 illustrates this
relationship, distinguishing between the sub-therapeutic zone (low efficiency), the
optimal zone (effective and safe), and the unsafe zone, where excessive amplitudes may
cause discomfort or adverse effects [10][23][42]. Through such approaches, even
without complex technologies or advanced algorithms, the performance of an orthosis
can be significantly improved from the early stages of design.
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Adjustment of vibration amplitude as a function of frequency
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Figure 10. Representation of the relationship between vibration frequency and transmitted
amplitude, highlighting the efficient therapeutic range and safety limits

Beyond parametric optimization, the chapter also introduces topological
optimization, an advanced computer-aided design method. This approach is not limited
to modifying predefined parameters or shapes but allows the redistribution of material
within a structure, generating completely new configurations. In the orthotic field, this
method is extremely valuable, as orthoses must simultaneously meet multiple
requirements: efficiently transmit vibrations, remain as lightweight as possible, ensure
user comfort, and adapt to the patient’s morphology [79][81].

By applying topological optimization, areas of an orthosis can be identified where
material may be removed without compromising structural integrity, thus reducing the
device's weight and improving portability. At the same time, this method helps direct
vibrations toward therapeutically beneficial regions while preventing their propagation to
sensitive or painful areas [23][59]. Figure 11 illustrates how the outcome of a topological
optimization process, initially obtained as a discretized model, can be transformed into
a complete CAD geometry and later into a functional orthosis manufactured from modern
materials such as carbon fiber-reinforced PETG [91].

(a) (b) (0)

Figure 11. Stages of transforming a topologically optimized model into a wearable ankle orthosis
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Combined with modal analysis and finite element simulations, topological
optimization becomes an integrated design tool, capable of providing both the necessary
mechanical stability and a vibrational response adapted to therapeutic objectives. Thus,
this technique opens new perspectives for the development of personalized, efficient,
and innovative orthoses that go beyond the limitations of traditional solutions [80][81].

A crucial step after simulation and optimization is experimental validation. No
matter how advanced, numerical models prove their usefulness only when the obtained
data are confirmed through real biomechanical measurements, carried out either on
patients or on experimental models. In the reviewed studies, this validation was
performed using accelerometers mounted on a 3D-printed orthosis, fixed on a vibrating
platform, and the obtained results were compared with those calculated analytically,
confirming the accuracy of the applied models [13][15].

Vibration Testing

Equipment
N
Ao LA 4
Figure 12. Experimental setup for testing vibrations transmitted through a 3D-printed AFO
orthosis

Overall, Chapter 4 highlights the central role of numerical simulations in the design
and evaluation of hybrid orthoses with integrated vibrations. FEM, BEM, DEM, and modal
analysis provide a detailed picture of the interaction between vibrations, materials, and
the human body, while optimization combined with experimental validation ensures
clinical applicability. This synthesis between digital tools and practical verification forms
the foundation for developing a new generation of orthoses capable of maximizing
therapeutic effects and reducing the risks of vibrational exposure.
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CHAPTER 5: INTEGRATION OF VIBRATIONS INTO HYBRID ORTHOSES -
DESIGN AND OPTIMIZATION

Chapter 5 introduces the concept of the hybrid orthosis, defined as a device that
combines the passive mechanical structure of traditional orthoses (shell, joints,
fastening elements) with active or intelligent systems, such as vibration sources,
sensors, or actuators. This approach marks the transition from simple mechanical
support of the body segment to active interaction with the patient, including targeted
stimulation, data collection, and real-time adaptation [2][18].

An illustrative example is shown in Figure 13a, which depicts the NuroSleeve orthosis,
a customized device that integrates a 3D-printed structure, a central controller, multiple
activation options (joystick, EMG, voice, inertial sensors), and a functional electrical
stimulation (FES) module [92]. By comparison, Figure 13b shows a classic passive
orthosis, which provides only mechanical support of the joints, without interaction or
adaptation [93]. This difference highlights the transition from passive support to actively
assisted rehabilitation, characteristic of hybrid orthoses

b)

Figure 13. Comparison between two types of orthoses: (a) customized hybrid orthosis NuroSleeve,
with active control and integrated stimulation [92]; (b) classic passive wrist orthosis [93].

Compared to robotic exoskeletons, which can generate movement independently of
the user and have a high degree of autonomy, hybrid orthoses are not designed to replace
muscular effort but rather to assist and stimulate existing functions. They are mainly
used in rehabilitation to support the resumption of movement, muscle activation, and the
correction of postural imbalances. Clinical studies show that integrating active
stimulation with passive support yields promising results in post-stroke treatments,
neurological conditions, and the recovery of locomotor function [18][23].
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A central role in transforming a conventional orthosis into a hybrid device is played
by active rehabilitation systems. Among the most widely used technologies are:

e Functional Electrical Stimulation (FES), which triggers coordinated muscle
contractions and is successfully used for gait retraining or hand movements;

e EMG sensors, which capture muscle signals and allow real-time adaptation of
stimulation levels;

e as well as alternative control methods - inertial sensors, joysticks, or voice
commands — useful when the muscle signal is not available.

Such solutions personalize rehabilitation and facilitate the patient's active
participation, transforming the orthosis into an intelligent and adaptable tool.

A key element in the development of hybrid orthoses is the integration of vibrations
as a therapeutic method. The chapter emphasizes that vibrations can be used both for
stimulating muscles and proprioception, as well as for pain relief and increased joint
mobility [4][10]. In orthoses, this integration involves selecting miniaturized vibration
sources (motors, piezoelectric actuators) and strategically positioning them to transmit
the stimulus to the target areas without causing discomfort [18][38].

The basic principle lies in the selective transmission of vibrations. Thus, the geometry
of the orthosis and the materials used are adjusted to direct the mechanical stimulus
toward the desired region, avoiding propagation to sensitive structures. For example, in
ankle orthoses, vibrations can be focused on the dorsiflexor muscles to prevent foot
drop, while protecting the adjacent joints.

Moreover, the integration of vibrations in orthoses is not limited to passive
stimulation. By combining them with sensory feedback and control algorithms, the
devices can adapt the intensity and location of the stimulus in real time, depending on
the patient’s response. This bidirectional interaction transforms the orthosis from a
simple support into an intelligent rehabilitation system, capable of personalizing therapy
and maximizing recovery efficiency..

Vibration generation

/ module
Signal
» O
o Feedback __ ___ Lo
\ Microcontroller
AFO

Figure 14. Conceptual diagram of a hybrid orthotic system with controlled vibration generation
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The transmission of vibrations largely depends on the materials used. An ideal
material should combine the stiffness required for efficient propagation of the
mechanical wave with a moderate damping capacity, so that the stimulus is transmitted
to the tissues without causing discomfort [13][18]. Figure 15 compares the damping
coefficients of the main materials used in orthosis construction, illustrating the
differences between rigid, flexible, and textile ones.

Estimated damping coefficients for materials used in orthoses
0.7

0.5
0.4
03}

0.2

Estimated damping coefficient

0.1
0.05

0.0

PLA PETG PETG-CF TPU Neopren Metal (Al/Ti)
Figure 15. Estimated damping coefficients for the main materials used in orthosis construction

In this work, the focus was placed on two fundamental materials in additive
manufacturing of orthoses: PLA, known for its rigidity but fragile under dynamic
conditions, and PETG, which provides a compromise between strength and flexibility.
Their selection enables a direct evaluation of how damping coefficient and stiffness
influence the transmission of vibrations to anatomical segments [26][81][91].

Beyond intrinsic properties, the geometry of the orthosis and the configuration of 3D
printing play an important role: wall thickness, layer orientation, or infill density may
facilitate the propagation of the mechanical wave or, on the contrary, introduce
attenuation effects. The fastening method on the limb (bands, straps, or rigid systems)
determines the degree of contact with the skin and the level of vibration perceived by the
patient [81][91].

In conclusion, the choice of material and constructive configuration targets not only
mechanical strength and wearing comfort but also the efficiency of therapeutic vibration
transmission. Optimizing these factors is essential for obtaining modern orthoses
adapted to the functional objective—whether active stimulation, protection, or the
integration of smart modules. These aspects lay the groundwork for the detailed analysis
in Chapter 6, where the vibration behavior of 3D-printed AFO prototypes made of PLA and
PETG will be investigated through FEM simulations and experimental tests [13][26][91].
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CHAPTER 6: PRELIMINARY EXPERIMENTAL RESEARCH ON THE
INTEGRATION OF VIBRATIONS INTO ORTHOTIC DEVICES FOR
REHABILITATION

Chapter 6 describes the first experimental research dedicated to evaluating how
mechanical vibrations can be integrated into 3D-printed orthoses. The objective was to
analyze the vibration behavior of prototypes made from two materials frequently used in
additive manufacturing, PLA and PETG, in order to highlight the influence of both material
and geometry on the transmission of mechanical stimuli.

Two types of samples were tested: AFO (Ankle—Foot Orthosis) devices and simple
parallelepiped-shaped specimens, both entirely manufactured from PLA and PETG. This
dual approach allowed the observation of both the intrinsic vibrational properties of the
materials and the effect that the complex shape of an orthosis has on vibration
propagation.

In parallel with the experimental tests, numerical simulations were developed
based on the actual geometry of the orthoses, using platforms dedicated to mechanical
analysis. These virtual models were designed to reproduce the physical testing
conditions, serving to validate the obtained results and to identify behaviors that are
more difficult to capture experimentally.

Additionally, to complement the analysis, a practical visit was conducted to a
company specialized in customized 3D-printed orthoses. The experience provided
valuable insights into the manufacturing stages, from patient scanning to the final
product, as well as the challenges encountered in clinical application.

By combining experimental tests with numerical simulations and observations
from professional practice, the research creates a solid framework for evaluating how
materials and orthosis geometry can influence the transmission of vibrations and their
therapeutic relevance.

The numerical analysis involved the use of two specialized software platforms -
FEBio, focused on biomechanical applications, and SolidWorks Simulation, a
comprehensive commercial platform with extensive engineering applications.

In FEBio, the 3D models of the AFO orthoses and simple specimens were
imported, defined with the mechanical properties of PLA and PETG, and discretized into
finite elements. The fixation conditions were established to reproduce the experimental
setup, and the dynamic behavior was analyzed through mechanical impulses and the
monitoring of accelerations at key points.
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The simulation made it possible to highlight the natural vibration modes and the
general trends, even though some differences compared to the physical tests were
inevitable.

N ——

Figure 16. Configuration of mechanical impulse application in the vibration analysis performed
with FEBio

The simulation with FEBio required some additional adjustments, since in
harmonic analysis it was essential that the imposed acceleration remain constant
regardless of frequency. To achieve this, the mathematical relationships between
displacement and acceleration were manually introduced, with displacement amplitude
decreasing as frequency increased. In this way, the excitation could be applied
consistently within the 15-115 Hz range, and the results obtained were comparable and
relevant to the vibrational behavior of PLA and PETG orthoses. The analysis showed good
agreement between the mechanical impulse method and the harmonic method, with the
identified resonance regions being similar. This coherence confirms the robustness of
the numerical model and provides confidence in the reliability of the simulations for
characterizing the vibrational behavior of orthoses.

In SolidWorks Simulation, the analysis followed a similar approach, but with more
versatile preprocessing and visualization tools, which facilitated comparisons between
the materials used and the geometry of the parts. The platform automatically manages
vibration laws, so no manual interventions were required as in FEBio. A Frequency
analysis was used, through which the natural vibration modes were identified, determined
exclusively by the mass and stiffness of the structure.

The results showed that PETG AFO orthoses exhibited lower natural frequencies
(22-107 Hz), reflecting moderate stiffness, while PLA, a stiffer material, generated
higher values (26-124 Hz). The same trend was confirmed in the simple specimens,
where PLA consistently recorded higher natural frequencies than PETG.
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Mod 1
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Figure 17. Modal shapes of the PETG orthosis (modes 1-4)

Thus, the combination of the two analysis platforms—FEBio, with its
biomechanical rigor, and SolidWorks, with its engineering-oriented accuracy—provided a
complementary perspective on the vibrational behavior of orthoses. The choice of modal
analysis in SolidWorks proved useful for clearly identifying natural modes and for
validating the trends observed both in FEBio simulations and in experimental tests.

To verify the actual behavior of the 3D-printed AFO orthoses and specimens, a
series of experimental tests was carried out at the Research and Experimentation Center
for Acoustics and Vibrations (Magurele).

The tests consisted of applying controlled vibrations in the range of 0—-2000 Hz
using a fully calibrated system (Tiravib shaker, DYTRAN accelerometer, and Dewesoft
acquisition), while the response of the samples was analyzed using the Fast Fourier
Transform (FFT)

Figure 18. Positioning of the samples on the shaker and of the accelerometer during testing
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Orthoses printed entirely from PLA and PETG, as well as parallel test specimens
made from the same materials, were tested. The accelerometer was mounted
successively on the lateral and posterior sides to capture differences in response
depending on positioning.

The results confirmed the trends highlighted in the numerical simulations: the first
natural mode of the PLA orthoses was identified around 35 Hz, close to FEM predictions,
while for PETG the values were lower (24-26 Hz), reflecting the lower rigidity of the
material. The differences observed between simulations and reality can be explained by
the layered structure and infill percentage of the 3D-printed parts, but the overall
consistency between the methods validates both the numerical model and the relevance
of the experimental tests.

To complement the theoretical and experimental sections, the work also included
a practical documentation stage carried out in collaboration with the company EITguilde
SRL and the technical partner H-Shift Engineering, specialized in the design and
production of customized 3D-printed orthoses. Discussions with Eng. Mihail Hornea
provided a realistic perspective on the challenges of engineering practice and on the
technological workflow used in orthosis manufacturing.

The following key aspects were highlighted:

« Material selection (PLA Tough, PETG, PETG-CF, TPU), depending on rigidity,
pressure zones, and patient comfort.

o Design process: 3D scanning, CAD modeling adapted to the patient’s anatomy,
structural optimization with topological networks, and 3D printing with
differentiated infill.

o Clinical practice: contact areas are optimized for comfort, while fastening
systems (e.g., zip-tie) represent one of the major challenges.

» Vibrations are not yet part of clinical practice, but there is interest in integrating
active modules for neuro-motor rehabilitation.

o Future perspectives aim at moving from plaster to plastic, followed by the
integration of sensors and smart components.

Figure 19. Various orthosis models manufactured through 3D printing [99]
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Following the numerical simulations, experimental testing, and practical
documentation, the overall consistency of the results was confirmed, with the first natural
modes being consistently identified in the low-frequency range, directly relevant from a
clinical perspective. The differences between methods can be explained by the specific
characteristics of 3D-printed materials and the simulation assumptions; however, the
trends were mutually validated.

More importantly, the practical experience demonstrated that beyond numerical
or experimental rigor, personalization, comfort, and clinical adaptability remain the
decisive factors for the effectiveness of modern orthoses, representing the main applied
contribution of this chapter.
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CONCLUSIONS AND PERSPECTIVES

The purpose of this thesis was to explore the potential of mechanical vibrations
as a therapeutic stimulation method in biomechanical rehabilitation, by integrating them
into modern orthoses manufactured through 3D printing. The research combined
theoretical analysis and literature studies with numerical simulations using FEM
methods and physical tests on real prototypes, complemented by practical
documentation in a professional setting. This integrated approach provided a balanced
overview of the subject and confirmed the feasibility of applying vibrations in this field.

The results showed that, both through simulations and experimental tests, the
natural vibration modes of AFO orthoses manufactured from PLA and PETG could be
identified. The dominant frequencies were in the 20—-40 Hz range, which confirms the
initial hypothesis and supports the applicability of this frequency range in clinical
settings. In addition, the analysis performed on test specimens demonstrated good
agreement between simulations and measurements, validating the usefulness of FEM
methods in the design and optimization of orthoses.

The original contributions of this work are reflected in several directions: the
comparison between two different simulation platforms (FEBio and SolidWorks), the
updated synthesis of the specialized literature, the performance of physical tests
correlated with simulations, the proposal of an alternative analysis method through
mechanical impulse, and the inclusion of practical documentation directly from the
industrial environment. Together, these provide a comprehensive approach that
combines theory, computer simulation, and applied experience in the design of modern
orthoses.

However, the research also presents some limitations: FEM models assumed
idealized materials, different from the layered structure of 3D-printed parts, and the
physical tests did not perfectly reproduce the virtual conditions. Moreover, the study was
limited to passive prototypes, without integrating active vibration modules. Future
research directions aim at developing active orthoses with miniaturized vibration
sources, creating a clinical testing protocol, and extending studies to other types of
orthoses. Thus, this work may serve as a solid foundation for future intelligent orthotic
devices, scientifically validated and adapted to the real needs of rehabilitation.
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